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Thematic Minireview Series on Enzyme Evolution in the
Post-genomic Era
Published, JBC Papers in Press, November 8, 2011, DOI 10.1074/jbc.R111.307322

Norma M. Allewell1

From the Department of Cell Biology and Molecular Genetics, University of Maryland, College Park, Maryland 20742

The emergence of genomics; ongoing computational advanc-
es; and the development of large-scale sequence, structural, and
functional databases have created important new interdisciplin-
ary linkages between molecular evolution, molecular biology,
and enzymology. The five minireviews in this series survey
advances and challenges in this burgeoning field from comple-
mentary perspectives. The series has three major themes. The
first is the evolution of enzyme superfamilies, inwhichmembers
exhibit increasing sequence, structural, and functional diver-
gencewith increasing time of divergence froma common ances-
tor. The second is the evolutionary role of promiscuous
enzymes, which, in addition to their primary function, have
adventitious secondary activities that frequently provide the
starting point for the evolution of new enzymes. The third is the
importance of in silico approaches to the daunting challenge of
assigning andpredicting the functions of themany uncharacter-
ized proteins in the large-scale sequence and structural data-
bases that are now available. A recent computational advance,
the use of protein similarity networks that map functional data
onto proteins clustered by similarity, is presented as an
approach that can improve functional insight and inference.
The three themes are illustrated with several examples of
enzyme superfamilies, including the amidohydrolase, metallo-
�-lactamase, and enolase superfamilies.

AsTheodosius Dobzhansky famously remarked, “Nothing in
biologymakes sense except in the light of evolution.” Neverthe-
less, for many decades, protein science and evolutionary biol-
ogywere largely separate and distinct scientific disciplines, with
knowledge in one field often seemingly having little relevance
to the other. However, as a result of the emergence of genomics;
large-scale sequence, structural, and functional databases; and
powerful new computational approaches, insights frommolec-
ular evolution are now guiding and informing biochemical
investigations and vice versa. The wealth of microbial genomes
that are now available and the ease with which function can be
manipulated and analyzed experimentally both in vitro and in
vivomake enzyme evolution a particularly fruitful area of inves-
tigation. The five minireviews in this series provide reinforcing
and complementary perspectives on what has been learned
from post-genomic multidisciplinary investigations of enzyme
evolution and what remains to be learned.
The minireviews have several recurring themes, framed in

terms that may be unfamiliar to some readers but that are
defined here. Themost fundamental concept is the existence of

protein families, whosemembers share a common evolutionary
ancestor. The later in evolutionary history two family members
diverged from a common ancestor, the greater their sequence,
structural, functional, and mechanistic similarity. Thus, a fam-
ily consists of a group of enzymes that have diverged relatively
recently and share similar three-dimensional structures and
functions. Superfamilies are made up of several families that
diverged earlier in evolutionary time and therefore share fewer
common features. Members of specificity diverse superfami-
lies, as defined by Babbitt andGerlt in an earlierminireview (1),
catalyze the same chemical reaction but do not share the same
substrate specificities and have less sequence similarity than
members of the same family. Mechanistically diverse super-
families diverged even earlier and have greater diversity in that
many of their constituent families showno significant sequence
similarity and do not share the same substrate specificities, so
families within them catalyze different overall reactions and
share only some mechanistic attributes. Finally, enzymes that
have different substrates and mechanisms and that generally
share only a common fold and active site residues that each
family has evolved to perform different mechanistic roles can
be considered to form suprafamilies.
The concept of enzyme promiscuity is a second theme in

several minireviews. Promiscuous activities are adventitious
secondary activities that do not play a physiological role and
that do not normally affect the fitness of the organism. Even
though they are very inefficient, promiscuous enzyme activities
provide an excellent starting place for the evolution of new
enzymes. Copley places the evolution of new enzymes in a sys-
tems biology context. As she describes, the earliest enzymes
probably had low specificity and low catalytic efficiency. The
first steps in evolving today’s highly specific and efficient
enzymes were probably duplications of genes encoding primi-
tive enzymes, followed by divergence of the duplicated genes to
generate a family of enzymes with increased specificity and cat-
alytic efficiency. However, at some later time, possibly within a
billion years of the origin of life, the usual starting point in
evolving new enzymes became not generalist enzymes but the
promiscuous activities of specialized enzymes. As discussed by
Copley, the potential for evolution of a new enzyme by this
mechanism depends upon the collection of enzymes in a
microbe, the topology of the metabolic network, the environ-
mental conditions, and the net effect of the trade-offs between
the original and novel activities of the enzyme. Examples in this
minireview, drawn from several metabolic pathways, illustrate
and validate this conceptual framework.
The role of divergent, convergent, and parallel evolution of

protein superfamilies is the central theme of the review by Elias1 To whom correspondence should be addressed. E-mail: allewell@umd.edu.
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and Tawfik. As defined by these authors, divergent families
arose from the same common ancestor and are typically in the
same superfamily, sharing common structural and functional
motifs and significant sequence similarity. In contrast, although
convergent families have similar structural and functional fea-
tures, they arose from different ancestors, belong to different
superfamilies, and do not share detectable sequence similarity.
However, Elias andTawfik emphasize that families that are now
considered to be examples of divergent evolution may, with
further investigation, prove to be examples of parallel evolution
from amore distant, ancient ancestor. Thisminireview touches
on two examples of convergent evolution, in glycosidases and
membrane proteases, before turning to quorum-quenching
lactonases (QQLs)2 as a possible example of parallel evolution.
Three different families of QQLs, belonging to three different
superfamilies, have been identified. However, the QQLs in all
three superfamilies have the same key active site residues and
strikingly similar active site configurations. In all three super-
families, a promiscuous organophosphate hydrolase activity,
completely unrelated to lactonase activity, also has appeared.
This promiscuous activity has given rise to organophosphate
hydrolases that specifically hydrolyze paraoxon, a derivative of
parathion, the first widely used organophosphate pesticide.
Currently, these families would be considered as an example of
convergent evolution of enzymes with different ancestries.
However, if the relationship of the three superfamilies to a com-
mon ancient ancestor has simply not yet been discovered, the
common features of the threeQQL families would be the result
of parallel, rather than convergent, evolution. The authors
argue that the unexpected similarities between the active sites
and predicted mechanisms of the lactonases and organophos-
phate hydrolases and the appearance of organophosphate
hydrolase activity in all three superfamilies are further evidence
for parallel evolution.
Galperin andKoonin provide well developed examples of the

interplay between convergent and divergent evolution in both
eukaryotic and prokaryotic genomes in five superfamilies:
ATP-grasp, alkaline phosphatase, cupin, HD hydrolase, and
N-terminal nucleophile hydrolase. Several enzymes in these
superfamilies are moonlighters, promiscuous enzymes that
have other roles, often structural, in atypical environments.
This minireview also introduces a new concept: that main-
taining the active site in a strained conformation (the entatic
state, first identified by Vallee andWilliams (2)) that enables
it to bind substrates and form the transition state is likely to
be one of the most important constraints leading to conser-
vation of sequence motifs and active site residues in enzyme

superfamilies throughout evolution. In contrast, the subse-
quent fate of the transition complex is not necessarily con-
served, limiting our current ability to predict function from
sequence.
The last two reviews, by Gerlt et al. and Brown and Babbitt,

address the daunting challenge of assigning and predicting
functions of the many proteins of unknown function in large-
scale sequence and structure databases. Gerlt et al. took on this
challenge for the large and mechanistically diverse enolase
superfamily, which has�7200members. Thisminireview com-
pares three widely different approaches: developing inferences
from genomic context and testing those inferences through
knock-out experiments, screening physical libraries for possi-
ble substrates, and in silico ligand docking experiments. The
experience of these investigators led them to conclude that,
although all three strategies have had some success, in silico
approaches have the highest throughput capabilities and will
therefore become increasingly important as databases grow.
Building on this conclusion, Brown and Babbitt note how the

huge increase in sequencing data opens up opportunities for
large-scale mapping of sequences and structures to provide a
more informative context than has previously been available for
inference and interpretation of functional properties in enzyme
superfamilies. This minireview describes and assesses emerg-
ing large-scale computational approaches and introduces pro-
tein similarity networks to provide summary views of what is
known and unknown about large protein superfamilies in func-
tional space. The authors view networks not as a substitute for
phylogenetic analysis but as an approach that enables orthogo-
nal data to bemapped onto proteins clustered by similarity and
used to improve functional insight and inference. Discussions
of the application of this approach to the eukaryotic protein
kinase-like superfamily, acid-sugar dehydratases from the eno-
lase superfamily in the human intestinal microbiome, and the
GST superfamily illuminate the challenges and opportunities
of applying freely available computational tools to other
problems.
Collectively, these minireviews illustrate the potential of

multidisciplinary efforts that combine genomics, structural
biology, computation, bioinformatics, in vitro investigations of
mechanism, and in vivo analyses of function. Although very few
investigations will involve all of these approaches, their use in
various combinations will inform and accelerate investigations
of protein evolution, structure, function, and mechanism.
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Large superfamilies of enzymes derived from a common pro-
genitor have emerged by duplication and divergence of genes
encoding metabolic enzymes. Division of the functions of early
generalist enzymes enhanced catalytic power and control over
metabolic fluxes. Later, novel enzymes evolved from inefficient
secondary activities in specialized enzymes. Enzymes operate in
the context of complexmetabolic and regulatory networks. The
potential for evolution of a new enzyme depends upon the col-
lection of enzymes in a microbe, the topology of the metabolic
network, the environmental conditions, and the net effect of
trade-offs between the original and novel activities of the
enzyme.

The last universal common ancestor (LUCA)2 had a fewhun-
dred genes encoding the machinery needed for replication,
transcription, and translation; a few transporters and transcrip-
tional regulators; an ATP synthase; and metabolic enzymes for
synthesis of amino acids and nucleotides (1, 2). In the ensuing
3.8 billion years, the protein repertoire of the LUCA expanded
as new folds were discovered, domain fusions led to larger and
more complex structures, and families and superfamilies
emerged by duplication and divergence of ancestral genes (3).
As this process occurred, the number of metabolic enzymes
expanded, allowing microbes to take advantage of novel
sources of nutrients and energy. Evolution of new enzymes con-
tinues in the present day as microbes adapt to the introduction
of anthropogenic compounds such as antibiotics, pesticides,
synthetic dyes, and explosives into the environment.
The evolution of novel enzymes plays out in the context of

the metabolic and regulatory networks of the organism and the
environment it inhabits. This minireview will take a systems
biology perspective on the evolution of novel metabolic
enzymes in microbes by duplication and divergence of an
ancestral scaffold.

Enzyme Evolution Then and Now

The earliest enzymes were probably generalists, capable of
catalyzing particular chemical transformations with broad sub-
strate specificity. Duplication of genes encoding generalist
enzymes followed by division of ancestral functions among the
daughter genes would have generated enzymes with greater
specificity (Fig. 1a). More specific enzymes typically have
greater catalytic efficiency because specific substrate-binding
sites can position the substrate in an optimal orientation rela-
tive to functional groups on the enzyme. Furthermore, evolu-
tion of specialist enzymes allows fluxes through metabolic
pathways to be controlled more precisely.
At some point, possibly within one billion years after the

origin of life, microbes had evolved a few hundred specialized
enzymes that enabled efficient use of resources in their envi-
ronmental niches. Since that time, the starting points for evo-
lution of new enzymes have not been generalist enzymes, but
promiscuous activities in specialized enzymes. Active sites of
even very specific enzymes often bindmolecules that bear some
resemblance to their natural substrates, although usually with
much lower affinity. Such active site intruders sometimes bind
in an orientation that allows reactive functional groups on the
enzyme to catalyze a chemical reaction. Catalysis of adventi-
tious secondary reactions that are physiologically irrelevant is
called “catalytic promiscuity.” Promiscuous activities are gen-
erally orders of magnitude less efficient than well evolved activ-
ities because non-physiological substrates do not bind in opti-
mal orientations with respect to catalytic groups. Furthermore,
the full array of catalytic groups for effective catalysis of a pro-
miscuous reaction may not be present at an active site that has
evolved to serve a different function.
Although promiscuous activities are inefficient, they often

accelerate reactions by several orders of magnitude relative to
an uncatalyzed reaction. Consequently, they provide good
starting places for evolution of new enzymes (4). Fitness can be
enhanced by recruitment of a promiscuous enzyme to detoxify
a toxin, to use a newly available compound to generate a useful
metabolite such as NADPH or an intermediate in an existing
metabolic pathway, or to allow the organism to take advantage
of a novel source of nitrogen or phosphate. For example, Pseu-
domonas diminuta, Flavobacterium sp., and Agrobacterium
radiobacter use phosphotriesterases to release phosphate from
organophosphate insecticides; these enzymes are believed to
have evolved in response to the introduction of synthetic insec-
ticides in the 20th century (Ref. 5; see also the accompanying
minireview by Elias and Tawfik (50)). Similarly, a number of
bacteria have evolved a pathway for degradation of atrazine, a
widely used anthropogenic herbicide, to access a novel source
of nitrogen (6).
In some cases, a single novel enzyme cannot contribute to

fitness, and multiple promiscuous enzymes must be patched
together to form pathways that carry out an important func-
tion. Simultaneous recruitment of promiscuous activities to
form a novel pathway may seem unlikely. However, microbes
contain hundreds of enzymes (7), and each probably has a num-

* This work was supported, in whole or in part, by National Institutes of
Health Grants GM083285 and GM078554. This work was also supported
by National Science Foundation Grant MCB 0919617. This is the first
article in the Thematic Minireview Series on Enzyme Evolution in the
Post-genomic Era.

1 To whom correspondence should be addressed. E-mail: shelley@cires.
colorado.edu.

2 The abbreviations used are: LUCA, last universal common ancestor; PLP,
pyridoxal 5�-phosphate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 1, pp. 3–10, January 2, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 3

MINIREVIEW



ber of promiscuous activities. Thus, there is considerable
potential for combining physiological and promiscuous activi-
ties into novel sequences. For example, a two-step serendipi-
tous pathway can replace the function of transaldolase in Esch-
erichia coli. Transaldolase is required for generation of
erythrose 4-phosphate, a precursor of aromatic amino acids
and pyridoxal 5�-phosphate (PLP). Unexpectedly, mutants
lacking both transaldolase isozymes grow on xylose nearly as
well as wild-type cells. In these cells, buildup of sedoheptulose
7-phosphate, the substrate for transaldolase, allows a promis-
cuous activity of phosphofructokinase to generate sedoheptu-

lose 1,7-bisphosphate. (Because kcat/Km for promiscuous activ-
ities is very low, substantial conversion of substrates to
products requires unusually high levels of substrates.) Sedohep-
tulose 1,7-bisphosphate is then cleaved to erythrose 4-phos-
phate and dihydroxyacetone phosphate by a promiscuous
activity of fructose-bisphosphate aldolase (8) In this case, emer-
gence of a novel pathway may have been facilitated by recruit-
ment of two enzymes involved in glycolysis. However, such
prior associations are not essential. A pathway that restores
synthesis of PLP in a strain of E. coli lacking PdxB can be
patched together when either yeaB or thrB is overexpressed

FIGURE 1. Evolution of novel enzymes by duplication and divergence of an ancestral gene. a, the starting point is a generalist enzyme in which both
activities are important for function. b, the starting point is a promiscuous activity of a specialized enzyme. Promiscuous activities are denoted by lowercase
letters, and physiologically important activities are indicated by uppercase letters.
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using promiscuous activities of three enzymes and a non-enzy-
matic reaction to divert an intermediate in serine biosynthesis
to an intermediate downstream of the blocked step (Fig. 2) (9).
In this case, the three enzymes had no pre-existing physical,
genetic, or functional relationship.
The emergence of novel enzymes from promiscuous activi-

ties of specialized enzymes still occurs by gene duplication and
divergence of function, but the process occurs in a more com-
plex cellular context. Fig. 1b depicts an adaptation of the widely
favored IAD (innovation-amplification-divergence) model (10,
11) for evolution of a novel enzyme beginning from a promis-
cuous activity of a specialized enzyme. Evolution of a new
enzyme starting from a promiscuous activity cannot occur
unless the novel activity contributes to the fitness of the orga-
nism. In some cases, a promiscuous activity may be high
enough to enhance fitness when the environment changes.
However, many promiscuous activities are too inefficient to
affect fitness unless a mutation increases either the level of

expression of the gene or the level of the promiscuous activity.
Elevation of promiscuous activities to physiological relevance
by overproduction of an enzyme has been demonstrated in sev-
eral recent projects using the ASKA Library (12), which con-
tains every ORF from E. coli. High expression is achieved
because the plasmid is present in 20–30 copies, and expression
is controlled by a strong promoter. The substantial overproduc-
tion of enzymes achieved in this system allows promiscuous
enzymes to replace critical metabolic enzymes (13–15), confer
resistance to an antibiotic (16), or facilitate an alternative route
for synthesis of an importantmetabolite (9, 17). A physiological
process cannot generate such a high level of overexpression for
most genes. Furthermore, some promiscuous activities are too
low to be detected even with multicopy expression. For
instance, glutamyl-phosphate reductase (ProA) has a very inef-
ficient ability to reduceN-acetylglutamyl phosphate. However,
overproduction of ProA does not restore growth of a strain
lacking N-acetylglutamyl-phosphate reductase (ArgC) on glu-

FIGURE 2. Recruitment of three promiscuous enzymes allows biosynthesis of PLP in a �pdxB strain when either yeaB or thrB is overexpressed. YeaB
increases flux into the pathway; ThrB pulls material through the pathway and helps capture glycolaldehyde, which can be lost by diffusion through the
membrane.
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cose (18). In such cases, mutations that increase the level of the
promiscuous activity must occur to raise the activity to the
point at which it affects fitness. Mutations in ebg, which
encodes an enzyme with low �-galactosidase activity, enhance
activity by 9–42-fold and allow cells to grow on lactose, which
cannot be utilized by the wild-type strain (19). Similarly, muta-
tions in a gene encoding acetamidase give rise to enzymes that
hydrolyze butyramide, phenylacetamide, or valeramide (20).
Once a promiscuous activity crosses the threshold for phys-

iological relevance, selective forces will foster retention of
genetic changes that increase the level of the initially inefficient
activity. Such increases can be achieved by promotermutations
that increase gene expression, pointmutations that increase the
level of the new activity, or, most likely, gene duplication. Gene
duplication is quite common in bacteria. Indeed,�0.1% of bac-
teria have a duplication in any given gene even without selec-
tion (21).When an activity of the enzyme encoded by the dupli-
cated gene is important for fitness, further amplification occurs
readily by recombination between homologous sites in the
duplicated region. (The driver for this process can be solely the
need for the novel activity or the need for both activities.) At
steady state, the number of copies depends upon the size and
chromosomal location of the amplified region and the fitness
costs and benefits associated with multiple copies of the genes
within the amplified region (22).
The presence of multiple copies of a gene increases opportu-

nities to explore sequence space and find mutations that
increase the efficiency of the new enzyme. Furthermore,
recombination between copies allows rapid exploration of
combinations ofmutations. Ultimately, when a sufficiently effi-
cient enzyme can be encoded by a single gene, the fitness ben-
efit due to extra copies will be outweighed by the burden of
carrying the extra copies, and the extra copies will be lost, leav-
ing two paralogous genes encoding enzymes with different
functions.
In both cases depicted in Fig. 1, gene duplication resolves

an adaptive trade-off between the two functions of the
enzyme and allows each to be optimized. The difference lies
in the nature of the ancestral enzyme. In Fig. 1a, the ancestor
is a generalist enzyme in which both functions are important
for fitness. In Fig. 1b, the ancestor is a specialized enzyme
with a promiscuous activity that is initially irrelevant for
function. The process by which a promiscuous activity rises
to physiological relevance is complex, involving trade-offs
between the original and promiscuous activities that are
influenced by both the topology of the metabolic network
and the environmental conditions.

Trade-offs between the Normal and Novel Functions of a
Promiscuous Enzyme

Duplication of a gene encoding an enzyme whose promiscu-
ous activity is far below the level needed to affect fitness will not
provide selective pressure for retention of the duplicated gene.
In such cases, mutations must increase the level of the promis-
cuous activity above a critical threshold (or to at least half that
required to improve fitness so that gene duplication can push
the total level of activity across the line). Increased activity can
be provided by either promoter mutations that increase gene

expression ormutations in the structural region of the gene that
result in an increase in the promiscuous activity.
Because most active sites align the substrate optimally with

respect to catalytic groups, mutations that enhance a promis-
cuous activity might be expected to compromise the original
activity. This supposition is supported by many examples of
enhancements in promiscuous activities achieved by site-di-
rected mutagenesis (23–25) and in vitro evolution (26). For
example, a point mutation in alanine racemase decreases the
original activity by 4 � 103 while increasing a promiscuous
aldolase activity by 2.3� 105 (24). Surprisingly, however, this is
not always true. Khersonsky and Tawfik (27) reviewed 11 cases
in which substantial increases in a promiscuous activity (10–
106-fold) were achieved by mutations that caused only a small
decrease in the original activity (�42-fold). Such cases might
seem to be especially promising from an evolutionary stand-
point, allowing emergence of a new activity while the original
activity is maintained. However, the situation is often more
complicated. In many circumstances, mutations that diminish
the original activity of the enzyme can be tolerated, and indeed,
a decrease in the original activity may sometimes be desirable.
Metabolic networks have evolved to be robust in the face of

environmental perturbations. As a side effect, this robustness
can enable enzyme evolution. The fitness cost of diminishing or
even eliminating the activity of an enzyme is often surprisingly
modest. Only 80 of the 227 metabolic enzymes involved in glu-
cose metabolism, the TCA cycle, and synthesis of amino acids,
nucleotides, and cofactors are essential for growth of E. coli on
glucose. Isozymes, alternative enzymes, and broad specificity
enzymes can often substitute for a missing enzyme (9). In some
cases, alternative routes enabled by interconnecting pathways
allow a defective step to be bypassed. Similarly, only 339 of 745
reactions in the Saccharomyces cerevisiae metabolic network
are predicted to be active during growth on glucose (28). Of
these, 77% are catalyzed by enzymes predicted to be dispensa-
ble for growth on glucose. Even more are dispensable in com-
plex media when many synthetic pathways are unnecessary.
These predictions were tested by generating 38 knock-out
strains lacking predicted nonessential enzymes. Growth rates
of the knock-out strains were affected modestly or not at all
during growth on glucose and even less during growth on com-
plex medium.
When the environment renders an enzyme dispensable, a

substantial decrease in an original activity due to a mutation
that enhances a promiscuous activity can be tolerated. A strain
of E. coli lacking �-glutamylcysteine synthetase (GshA) cannot
synthesize glutathione (29) and cannot grow in the presence of
arsenate because arsenate reductase requires glutathione as an
electron donor. Pseudo-revertants obtained after treatment
with N-methyl-N�-nitro-N-nitrosoguanidine contained two
critical pointmutations.Onemutation abolishes feedback inhi-
bition of glutamyl kinase (ProB); the mutant ProB synthesizes
glutamyl phosphate even when proline is available. The other
mutation inactivates glutamyl-phosphate reductase (ProA), the
next enzyme in the pathway. In the absence of ProA, glutamyl
phosphate formed by ProB reacts with cysteine to form �-glu-
tamylcysteine, thus replacing the activity of the missing GshA
(Fig. 3a). Themutants are proline auxotrophs. However, in rich
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medium, ProA is dispensable. Thus, cells can survive when
arsenate is present by sacrificing the ability to make proline.
Such a sacrifice is not necessarily irreversible. Wild-type proA
and proB could be restored during a process of duplication and
divergence, as described above, or could be acquired by hori-
zontal gene transfer from another microbe.
Enzymes that are nonessential under certain environmental

conditions can only serve as a starting place for evolution of a
novel enzyme if they are expressed. Thus, a mutation that
causes constitutive expression of the genemay be a prerequisite
for recruitment of an enzyme to serve a new function. Such
mutations have been documented. Mutants of Enterobacter
aerogenes capable of growth on xylitol as a novel carbon source
constitutively express ribitol dehydrogenase, forwhich xylitol is
a substrate (30). Mutants of Pseudomonas aeruginosa capable
of growth on butyramide arose by alteration of a regulatory
protein to permit constitutive expression of an amidase that
had poor activity using butyramide as a substrate (31).
Even mutations that severely decrease the activity of an

essential enzyme can be tolerated if a novel activity is also
essential (18). A strain of E. coli that lacks ArgC (N-acetylglu-
tamyl-phosphate reductase) cannot grow on glucose because it

cannot synthesize arginine. Pseudo-revertants obtained after
mutagenesis withN-methyl-N�-nitro-N-nitrosoguanidine har-
bored a point mutation in proA that was responsible for resto-
ration of growth. The substrates for ArgC and ProA differ only
in the presence of an acetyl group on the substrate for ArgC
(Fig. 3). ProA(E383A) has a poor ability to catalyze both reac-
tions. Consequently, the pseudo-revertant has a poor ability to
synthesize both proline and arginine. However, the pseudo-
revertant is more fit during growth on glucose than the �argC
strain; it is better to have a poor ability to synthesize proline and
arginine than to have a good ability to synthesize proline but no
ability to synthesize arginine. Thus, the net effect of a trade-off
between the original and novel activities on fitness determines
whether a decrease in the original activity can be tolerated.
The previous discussion has emphasized that a decrease in

the original activity of an enzyme does not always result in a
decrease in fitness. However, a decrease in the original activity
of an enzyme may actually be advantageous in some cases.
When a single active site is being used to catalyzemore than one
reaction, each substrate acts as a competitive inhibitor of the
other reaction (32). The ratio of flux toward the two products
for a hypothetical case involving reactions of two substrates (A

FIGURE 3. Examples of situations in which compromising the original activity of ProA allows survival of a microbe. a, complete abrogation of the activity
of ProA allows L-glutamyl phosphate to be diverted to �-glutamylcysteine, thus enabling glutathione synthesis in the absence of GshA. b, a point mutation that
changes Glu-383 to Ala in E. coli ProA enhances its promiscuous ability to handle N-acetylglutamyl phosphate and, together with compensatory overexpres-
sion, allows synthesis of both arginine and proline.
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and B) is given in Equation 1 (assuming that the enzyme is not
saturated with either substrate).

vA

vB
�

(kcat�Km,A)[A]

(kcat�Km,B)[B]
(Eq. 1)

If kcat/Km,A is orders of magnitude higher than kcat/Km,B, sub-
stantial conversion of B can occur only if the concentration of B
is orders of magnitude higher than the concentration of A.
Alternatively, a mutation that decreases kcat/Km,A will increase
the flux of the reaction involving B. In the example of
ProA(E383A) discussed above (18), a decrease in the original
activity may have been necessary to allow both substrates
access to the active site so that comparable fluxes toward pro-
line and arginine could be achieved.

The Importance of Epistasis

Epistasis refers to the interaction between genetic loci. Epis-
tasis can occur between nucleotides in a gene and between
genes in a genome. Epistasis has profound effects on the evolu-
tionary potential of a promiscuous enzyme; all promiscuous
enzymes are not equal in terms of evolvability, and all microbes
are not equal in terms of evolvability.
Sequence divergence between homologs in different

microbes can affect the evolvability of a promiscuous enzyme
by affecting the level of the promiscuous activity. Neutral drift,
the accumulation ofmutations that have no effect on the fitness
of the organism, results in substantial changes in promiscuous
activities (33). Enzymes with �30% sequence identity often
have similar structures and kinetic parameters but different
promiscuous activities. For example, the promiscuous N-acyl-
amino acid racemase activities in o-succinylbenzoate synthases
from Amycolatopsis sp., E. coli, and Bacillus subtilis, which
have �29% pairwise sequence identity, vary by �4 orders of
magnitude (34). Neutral drift can also increase protein stability,
allowing the protein to accommodate later destabilizing muta-
tions needed to confer a novel property (35, 36).
Sequence divergence between homologs also affects evolv-

ability by influencing the availability of an evolutionary trajec-
tory for accumulation of mutations necessary to improve the
activity. Many studies have shown that mutations that are ben-
eficial in one context may be detrimental in another (37–40). A
complete exploration of the 120 possible trajectories for accu-

mulation of five mutations in TEM �-lactamase that together
increase resistance to cefotaxime by 100,000-fold (41) revealed
that only 18 are accessible due to epistatic effects; four of the
five mutations fail to increase fitness in at least some sequence
contexts. Such effects should strongly influence the evolvability
of promiscuous activities in divergent enzymes. Indeed, some
microbes will have the potential to evolve a new enzyme start-
ing from a promiscuous activity, whereas others will not. In
such cases, a critical novel enzyme might emerge from a pro-
miscuous activity of a different enzyme, if one is available, lead-
ing to convergent evolution of a new enzyme from a different
ancestor.
The potential for recruitment of promiscuous enzymes to

serve new functions is also affected by intergenic epistasis. As
described above, mutations that elevate a promiscuous activity
to a physiologically relevant level sometimes compromise the
original function of the enzyme. In such cases, microbes with
isozymes that render the original activity of an enzyme dispen-
sable have a greater potential for evolution of a novel activity.
The topology of the metabolic network is also important, as it
affects the potential for construction of alternative pathways
that reroute metabolism around a block caused by loss of the
original activity of an enzyme.
Epistasis also affects the evolution of novel pathways patched

together from promiscuous enzymes. The complement of
enzymes is different in different organisms (7), and by exten-
sion, the complement of promiscuous activities should also be
different. Thus, microbes may patch together different novel
pathways because they have different collections of promiscu-
ous enzymes. For example, degradation of 4-nitrotoluene
occurs by different pathways in Pseudomonas sp. strain 4NT
(42) and Mycobacterium strain HL 4NT-1 (Fig. 4) (43), and
degradation of pentachlorophenol occurs by different path-
ways in the Gram-negative bacterium Sphingobium chlorophe-
nolicum and the Gram-positive bacterium Rhodococcus chloro-
phenolicus (44, 45).

Summary

Divergence of function in duplicated genes has led to the
emergence of large superfamilies of enzymes over the billions of
years since the LUCA. Early diversification took place as gener-
alist enzymes evolved to generate specialized enzymes; later

FIGURE 4. Two pathways for degradation of nitrotoluene.
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diversification occurred by recruitment of promiscuous activi-
ties of specialized enzymes to serve new functions. The pro-
cesses by which a promiscuous activity rises to physiological
relevance are complex and depend upon the environmental
conditions, the collection of available promiscuous activities,
the topology of the metabolic network, and the relative impor-
tance of the original and novel functions of the enzyme. Evolution
of anovel enzymeorpathwaymayhavebeenpossibleonly in some
microbesandonlyundercertainenvironmental conditions.Genes
encodingnovel enzymesmayhave then spreadwidely by horizon-
tal gene transfer. In somecases, variations in theseparametersmay
have led to convergent evolution of enzymes and/or pathways as
microbes took advantage of different collections of promiscuous
enzymes to evolve a common function.
Studies of enzyme evolution in the last 2 decades have been

primarily protein-centric. This emphasis has arisen from the
efforts of protein engineers to evolve efficient enzymes for bio-
technology. Structural and mechanistic characterization of
enzymes evolved in vitro has greatly enhanced our understand-
ing of how point mutations lead to altered enzymatic properties.
The protein-centric approach has also grown out of efforts to
understand the emergence of mechanistically divergent super-
families by mining information in genomic databases (46). The
field of systems biology has emerged during the same time period,
providingahigher level viewof the interactionsofproteins,nucleic
acids, and small molecules in complex networks. The goal of this
minireview was to bring together these two perspectives and to
emphasize that understanding the processes by which enzymes
evolve in nature requires consideration of the function of enzymes
within the context ofmetabolic and regulatorynetworks, aswell as
the environmental conditions in which microbes attempt to sur-
vive and reproduce.
Our understanding of the evolution of enzymes in extant

proteomes will always be limited by incomplete information
about when and in what type of microbe a particular enzyme
first emerged, the characteristics of its metabolic network, and
the environment that allowed variation in the enzyme to
improve the fitness of the microbe. However, we can learn a
great deal about enzyme evolution in the context of complex
systems by exploiting omic techniques. For example, microbes
can be subjected to adaptive evolution under conditions in
which their growth is impaired until variants with improved
growth emerge. The whole genomes of variant strains can be
sequenced so that mutations leading to improved phenotypes
can be rapidly identified, and alternative approaches to
improved fitness can be discovered (47, 48). Transcriptomics,
proteomics, andmetabolomics can be used to assess changes in
the overall system in response to mutations (49). These tech-
niques will allow connections to be made between the effect of
mutations on the kinetic characteristics of individual enzymes,
changes in fluxes throughmetabolic pathways, perturbations of
the regulatory network, and the resulting phenotype of the
microbe: a systems biology perspective on enzyme evolution.
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We discuss the basic features of divergent versus convergent
evolution and of the common scenario of parallel evolution. The
example of quorum-quenching lactonases is subsequently
described. Three different quorum-quenching lactonase fami-
lies are known, and they belong to three different superfamilies.
Their key active-site architectures have converged and are strik-
ingly similar. Curiously, a promiscuous organophosphate
hydrolase activity is observed in all three families. We describe
the structural andmechanistic features that underline this con-
verged promiscuity and how this promiscuity drove the parallel
divergence of organophosphate hydrolases within these lacto-
nase families by either natural or laboratory evolution.

Common Descent

Darwin’s theory of evolution is associated mostly with the
idea of natural selection, as manifested in the title of his book,
On the Origins of Species by Means of Natural Selection. How-
ever, the more fundamental aspect of Darwinian theory is in
fact “common descent,” the notion that all extant species
diverged from one common ancestor (1). The crux of evolu-
tionary analyses is therefore understanding the routes and
mechanisms bywhich different species diverged fromone com-
mon ancestor. The ultimate goal is a detailed description of the
tree of life, starting from the earliest life forms to the last uni-
versal common ancestor (LUCA)3 that appeared over 3.5 bil-
lion years ago and subsequently to all extant species. The same
principle applies to proteins.We assume that all extant proteins
diverged from a rather small set of proteins that existed in the
LUCA. The minimal set of the LUCA proteins can be inferred
from phylogenetic trees based on the existing protein families
and superfamilies. Proteins found in all three kingdoms
(Archaea, Eukarya, andBacteria) and in nearly all organisms are
presumed to date back to the progenitor fromwhich these king-
doms have diverged, i.e. to the LUCA (2). The LUCAprotein set

can also be inferred by identifying the most ancient functions
(3). Although small (several hundred, possibly �1000) (4), the
LUCA protein set presumably included the progenitors of the
major protein superfamilies that are presently seen in all three
kingdoms (Refs. 5–7 and references therein).
The proteins of the pre-LUCA era remain a complete mys-

tery. We assume that there were many fewer proteins than in
the LUCA set and that these proteins may have been preceded
by short polypeptides within an RNA world (8). Thus, we
assume that all existing proteins, be they as different as they are
in sequence, structure, and function, are related to one another
via a small number of ancestral peptides. The identity of these
ancestral peptides is unknown. However, certain sequence
motifs, such as the P-loop motif, are present in a large number
of different protein superfamilies, suggesting that they were
already present in the early protein ancestors (9, 10).

Divergent, Convergent, or Perhaps Parallel Evolution?

Divergent evolution can be traced through sequence and/or
fold similarities (see definition in Fig. 1A).Members of the same
enzyme family are related by sequence, primarily by conserved
motifs that encode key active-site residues (see definition in Fig.
1A). However, sequence diverges far more rapidly than struc-
ture, and hence, the assignment of the same fold and active-site
chemistry serves as the basis for classifying enzyme superfami-
lies (11, 12). All members of a given superfamily (see definition
in Fig. 1A) are related by divergent evolution, albeit through
mostly uncharacterized nodes (Fig. 1B). For several superfami-
lies, putative routes of divergence have been described, from
the LUCA progenitors to the current, highly diverse superfam-
ily (for examples, see Refs. 13–17). However, due to the loss of
sequence identity, the ancestor(s) and the precise tree of diver-
gence (the lineages, ancestral nodes, and sequences of the lat-
ter) of these superfamilies (let alone of other) cannot be
inferred, at least not by the present sequence alignment-based
methodologies. It has been speculated that superfamily ances-
tors exhibited broad substrate specificity and could possibly
catalyze a range of reactions (18). However, the current reac-
tion and substrate diversity of superfamilies is so large such that
the inference of the ancestral function(s) is a challenging task.
Beyond the superfamily level, common ancestry is much

harder to assign. Thus, enzymes belonging to different folds, or
even superfamilies, but sharing the same substrate and reaction
and strikingly similar active-site arrangements are commonly
described as the outcome of convergent evolution (namely the
acquisition of the same trait in unrelated lineages) (see defini-
tion in Fig. 1A). However, if one assumes one or few common
ancestors, then all organisms and all their molecular compo-
nents, including enzymes, share a common ancestor and are
therefore related by divergent evolution. Parallel evolution, i.e.
the acquisition of the same trait in species descending from the
same ancestor but connected by non-continuous lineages (see
definition in Fig. 1A), might be a more adequate term for many
of these so-called cases of convergent evolution. Thus, although
the terms convergent and divergent evolution seem absolute,
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they are not: certain cases of convergent evolution actually con-
cern cases of parallel evolution related by ancestors that are too
ancient to be tracked down (Fig. 1B).
Two notable examples of convergent enzyme evolution are

glycosidases and proteinases (other examples and general
aspects of convergent and divergent evolution are discussed in
the accompanying minireview by Galperin and Koonin (78)).

Over 100 different families of O-glycosyl hydrolases share
essentially the same active-site architecture: two juxtaposi-
tioned acidic residues (Asp-Glu dyad) at a distance of �5 Å
(retaining hydrolases) or �10 Å (inverting hydrolases). This
architecture is found within numerous different folds (19).
Many of these folds are shared by enzymes exhibiting different
activities. For example, glycosyl hydrolase families are com-

FIGURE 1. Definition of key terms and schematic tree representation of protein universe. A, definition of key terms used in this minireview. B, protein
families (including certain orthologs and close paralogs) are represented as A, B, etc., and superfamilies, as 1, 2, etc. The routes of divergence of closely related
proteins can be readily inferred by sequence resemblance and are represented as continuous lines. However, most families within a given superfamily are so
remote in sequence that the routes of divergence remain hypothetical (depicted by dashed lines). The progenitors of many of the contemporary protein
superfamilies were present in the LUCA. The LUCA proteins diverged from unknown ancestors and by unknown routes, as indicated by thick dashed lines. Cases
of convergent evolution are represented by family A, i.e. enzymes with activity A that appeared in parallel in both superfamilies 1 and 2. If, however, the event
could be traced back to the node connecting the LUCA ancestors of these two superfamilies, this would be a case of parallel evolution. In some cases, the same
family (e.g. OPH, depicted as F) has diverged in parallel, within two or more superfamilies, from the same ancestral family (QQL, depicted as E).
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monly found with �/�-barrels (TIM) or �-propeller folds.
However, these folds encompass numerous other activities,
essentially from all six EC classes. Did these different families
diverge from an ancestral protein with an Asp-Glu dyad that
later adopted different folds, or did these families evolve in par-
allel while converging into the same active-site arrangement?
The divergence routes within and between superfamilies
remain largely unknown, and so are the answers to the above
questions.
Another interesting case regards membrane proteinases.

Threemajor active-site arrangements have long been known in
ordinary (soluble) proteinases, namely serine/cysteine and
aspartic proteinases and metalloproteinases. These three
classes have also been identified amongmembrane proteinases.
The active-site architectures of membrane proteinases (e.g. a
Ser-His dyad and an oxyanion hole) are highly similar to those
of the respective soluble proteinases (20). However, the struc-
ture of membrane proteins is fundamentally different. Soluble
and membrane proteins may have diverged from a common
ancestor, possible via an inside-out rearrangement (21, 22). Did
an ancient progenitor of serine/cysteine proteinases diverge

into soluble andmembrane forms, or did the soluble andmem-
brane proteinase families evolve in parallel? Although distin-
guishing between these two scenarios is, at present, impossible,
discoveries of new proteinase families may reveal a bridging
scenario between the currently unrelated soluble and mem-
brane proteinases.

Quorum-quenching Lactonases

The emergence of quorum-quenching lactonases (QQLs)
within different superfamilies constitutes another example of
convergent/parallel evolution, and so does the intriguing case
of parallel divergence of organophosphate hydrolases (OPHs)
from these lactonases. Bacterial quorum sensing is mediated by
a wide range of molecules, from small ligands to proteins.
N-Acylhomoserine lactones (HSLs) were the first class of quo-
rum-sensing molecules to be discovered (Fig. 2A) (23). Their
role inmediating the pathogenicity of Pseudomonas aeruginosa
constitutes a well established experimental model (24). In
essence, the binding of a given HSL to a transcription factor
(LuxR) turns on the expression of a set of genes that relate to the
virulent state. Specificity is determined by the N-acyl group,

FIGURE 2. HSLs, their hydrolysis by QQLs, and promiscuous paraoxonase activity of QQLs. A, structure of HSLs. B, schematic representation of the common
catalytic features of the three QQL families described here. The lactone substrate binds to the metal cation via its carbonyl oxygen, thus making the carbonyl
carbon more electrophilic. The attacking water molecule is deprotonated either by the active-site metal or by an amino acid side chain acting as a base. The
resulting tetrahedral intermediate is subsequently broken (with protonation of the alkoxide leaving group) to give the hydrolyzed product. C, catalytic features
of the promiscuous paraoxonase activity of QQLs. Binding of the substrate phosphoryl oxygen and formation and stabilization of the pentacovalent interme-
diate make use of the same active-site features that mediate the lactonase activity.

MINIREVIEW: Parallel Evolution of Paraoxonases and Lactonases

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 13



MINIREVIEW: Parallel Evolution of Paraoxonases and Lactonases

14 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 1 • JANUARY 2, 2012



alkyl chains with varying length and substituents (e.g. 3-oxo
group), or p-coumaroyl (25, 26). The quorum signal is
quenched by lactonases that open the lactone ring or by deacy-
lases that cleave the N-acylamide bond (27). QQLs therefore
possess a therapeutic potential in preventing biofilm formation
and virulence (24).
QQLs are found in Bacteria, Archaea, and Eukarya, including

mammals. In some bacterial strains, aQQL is present alongside
an HSL-based quorum-sensing machinery. However, in many
cases, a QQL is found with no other HSL components (e.g. in
Mycobacterium tuberculosis (28)). The role of these QQLs
might be to intercept the quorum signal of other bacteria or to
utilize HSLs as a carbon and nitrogen source.
QQLs exhibit different specificities with respect to short or

longN-acyl chains and/or for the presence of a 3-oxo group, but
some of these enzymes also hydrolyze lactones other than
HSLs. As exemplified below, lactonase families appear to have
diverged such that some members specialize in hydrolyzing
HSLs, whereas other members hydrolyze other lactones (either
�-lactones, as are HSLs, or �-lactones).
At present, three lactonase families that include QLLs are

known in detail. These belong to three different superfamilies,
as described below.However, QQLs that belong to other super-
families, such as AiiM fromMicrobacterium testaceum, which
seems to belong to the �/�-hydrolase superfamily (29), have
also been identified.

AiiA: Metallo-�-lactamase-like Lactonase

The first QQL to be discovered, AiiA, was found in Bacillus
thuringiensis. Its structure and mechanism of catalysis have
been studied in detail (30–33). AiiA and the related AiiB from
Agrobacterium tumefaciens (�23% sequence identity) (34)
belong to themetallo-�-lactamase superfamily. This superfam-
ily includes enzymes with many different hydrolytic activities
(cleavage of C–O/N/S bonds, as well as S–O and P–O), as well
as non-hydrolytic activities (35, 36).
The active site of AiiA is composed of a bimetallic center

(two zinc cations), coordinated by five histidines and two aspar-
tates (Fig. 3A). The lactone substrate binds the bimetallic center
via the two oxygen atoms of its ester group. The carbonyl oxy-
gen also interacts with Tyr-194. The N-acyl chain resides in a
hydrophobic crevice. Awatermolecule bridging the twometals
constitutes the putative nucleophile that attacks the sp2 car-
bonyl carbon of the lactone, thus forming a tetrahedral inter-
mediate (Fig. 2B). This activated intermediate breaks down to
yield the ring-open formof carboxylate and alcohol. Themetal-

ligating residueAsp-108 is thought to act as a base that activates
the bridging water for the attack and subsequently as an acid
that protonates the alkoxide leaving group (32, 33).

Phosphotriesterase-like Lactonases

The second known QQL family is named phosphotries-
terase-like lactonases (PLLs). It belongs to the amidohydrolase
superfamily, a highly diverse superfamily that, as is the case
with the metallo-�-lactamase superfamily, includes many dif-
ferent hydrolytic and other activities (37). However, unlike the
metallo-�-lactamases, amidohydrolases do not possess a
unique fold. The (�/�)8-barrel (or TIM barrel) fold adopted by
all amidohydrolases is the most common fold among enzymes
(38) and is shared by many other superfamilies. Whether these
different superfamilies diverged from a common ancestor that
already possessed a (�/�)8-barrel fold or whether they con-
verged to the same fold remains unclear (39).
The PLL family was discovered in an attempt to decipher the

evolutionary origins of bacterial phosphotriesterases (PTEs;
discussed in detail below). Genes showing 26–35% amino acid
identity to PTEs turned out to encode lactonases and have thus
been named PLLs (28). Indeed, the first family member was
biochemically characterized as paraoxonase (40) but was later
found to be a lactonase with promiscuous paraoxonase activity
(28). Additional members of the PLL family have been discov-
ered (41–43), including members whose substrates are lac-
tones other than HSLs (44). This shift in specificity is not
unique though. Divergence of family members that have spe-
cialized in hydrolyzing lactones other than HSLs has also
occurred within mammalian serum paraoxonases (described
below).
SsoPox is a hyperthermophilic PLL from the archaeon Sul-

folobus solfataricus. Its structure was determined in the free
form and also in complex with an HSL analog (45, 46). The
active site of SsoPox shows striking resemblance to that of AiiA
(Fig. 3B). The twometal cations are chelated by four histidines,
one aspartic acid, and one carboxylated lysine. A water mole-
cule that bridges the two metal cations comprises the putative
nucleophile, and the carbonyl oxygen also interacts with the
Tyr-97 hydroxyl group. Finally, Asp-256 in SsoPox adopts a
very similar position to Asp-108 in AiiA, suggesting that this
Asp plays a similar role in catalysis in both lactonase families.

Serum Paraoxonases

In contrast to the first two families, which are bacterial, the
third family is primarily mammalian, with few other vertebrate

FIGURE 3. Stereo representations of active-site models of representative lactonases from three known QQL families. A, docking model of AiiA (Protein
Data Bank code 2A7M), representing the metallo-�-lactamase QQL family, with the tetrahedral reaction intermediate of N-dodecanoylhomoserine lactone. The
active-site zinc cations are shown as gray spheres. The carbonyl oxygen interacts with one of the zincs, as well as with the hydroxyl of Tyr-104. The intermediate’s
hydroxyl interacts with the other zinc cation and with the metal-ligating residue Asp-108, which acts as a base (to generate the attacking hydroxide) and
subsequently as an acid (to protonate the alkoxide leaving group). B, same model for SsoPox (Protein Data Bank code 2VC5), representing the PLL family. Tyr-97
and Asp-256 play equivalent roles to Tyr-104 and Asp-108 in AiiA. The spheres represent an iron (orange) and a cobalt (pink) cation, although this enzyme is
active with other transition metals. C, active site of PON1 (Protein Data Bank code 1V04), representing the PON family. Shown are the catalytic calcium cation
(green sphere) and His-115, which is thought to act as a base in generating the attacking hydroxide. Reasonably accurate docking models of the bound lactone
could not be generated because the only available PON structure is without a ligand, at pH 4.5 when the enzyme is inactive, and with an active-site loop
missing. D, AiiA and SsoPox active sites are mirror images of one another. The AiiA (green) and SsoPox (blue) active-site models were manually aligned based on
their bimetallic centers and their bridging water molecules. Docking models were generated with AutoDock 4.0 (77). The docked ligands were generated using
JLigand and DockingServer. A single negative charge was attributed to the intermediate’s carbonyl oxygen atom and �2 for the metal cations. The remaining
charges for both the intermediate and the enzyme residues were attributed using the Gasteiger method. The docking calculations were performed using a
Lamarckian genetic algorithm. The images were generated with PyMOL.
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representatives (47). As is the case with PLLs, the identification
of serum paraoxonases (PONs) and the family’s name relate to
their paraoxon-hydrolyzing activity. Although the earliest
identification might have been of a lactonase (48), it was only
much later realized that PONs are in fact lactonases (49, 50)
that also exhibit some quorum-quenching activity (51). The
paraoxonase activity exhibited by PONs turned out to be a pro-
miscuous coincidental activity (50, 52). Examination of all three
PON families revealed that PON2 (an isozyme distributed in all
human tissues)may indeed specialize in hydrolyzingHSLs with
long acyl chains (53, 54). The remaining two isozymes, PON1
and PON3, found in the liver and blood, show lower activity
toward HSLs. Their primary substrates seem to be �-lactones
and/or �-lactones with lipophilic side chains (49, 50, 55).
PONs adopt a six-bladed �-propeller fold and a central tun-

nel with two calcium cations, one playing a structural role and
the other serving in catalysis (56). The catalytic calcium is coor-
dinated by three asparagines, one glutamate, and one aspartate
(Fig. 3C). As is the case with the other two families, the PON
active-site metal cation aligns the lactone molecule via its car-
bonyl oxygen and stabilizes the oxyanion tetrahedral interme-
diate that is formed upon hydroxide attack (Fig. 2B). The latter
is thought to be generated via deprotonation of a water mole-
cule by His-115 (assisted by His-134 in a dyad format) (57).

Convergence of Lactonase Mechanistic and Structural
Features

The three lactonase families described above share no
sequence or fold similarity, but their catalytic chemistries are
similar (Figs. 2 and 3). In particular, AiiA and PLLs constitute a
remarkable example of convergent or parallel evolution. These
two families not only share the same chemistry but also exhibit
essentially identical active-site architectures. Indeed, the mod-
els for the bound reaction intermediates for the representatives
of these two families, SsoPox and AiiA, show highly similar
interaction networks, including the interactions with the bime-
tallic center, the metal-ligating Asp residue that acts as a base/
acid, and the tyrosine hydroxyl group (Fig. 3, A and B). In fact,
the model suggests that these enzyme active-sites are mirror
images of one another (Fig. 3D).

Convergence of Promiscuous Paraoxonase Activity

That the native activity of QQLs evolved in parallel with-
in three different superfamilies (and possibly more) is obvious.
The different QQL families diverged from different hydrolases
that were available as starting points in different organisms in
which hydrolyzing HSLs turned out to be advantageous. The
ancestral forms of these lactonase families remain unknown.
However, at least for AiiA and PLLs, the superfamily context
suggests that these were hydrolases and, most likely, C–O or
C–NH hydrolases. Convergence of the active-site features may
therefore stem from similarities in the active-site architectures
of the starting points and from having the same function,
namely hydrolysis of HSLs.
In addition to their native function (HSL hydrolysis in the

case of QQLs), enzymes exhibit promiscuous functions that
have never been selected for (18, 58). These side activities result
from the fact that no protein is likely to exhibit absolute speci-

ficity, and substrates other than the native onemay bind and get
transformedwith low efficiency (18). By definition (see Fig. 1A),
promiscuous functions are functions that have not been
selected for and are therefore coincidental (18). A curious
observation regarding QQLs and the related lactonases is that,
irrespective of the fold and specific active-site arrangement,
members from all three families described above have been
found to exhibit promiscuous paraoxonase activity (and OPH
activity in general). In fact, as described above, two of the three
known families, PLLs and PONs, were initially identified as
paraoxonases and were only later defined as lactonases. Repre-
senting the third family, AiiA may also exhibit promiscuous
paraoxonase activity.4 Furthermore, numerous hydrolases (ser-
ine hydrolases in particular) react with organophosphates such
as paraoxon. However, the reaction occurs with no or
extremely slow turnover primarily because the phosphoryl-en-
zyme intermediate is not further hydrolyzed. In contrast, the
lactonases described here hydrolyze organophosphates with
turnover.
The paraoxonase activity is unlikely to have emerged under

selection. Paraoxon is a newly introduced, man-made sub-
stance present in distinct environments only. Phosphonodi-
esters, the closest natural compounds to paraoxon (a phospho-
triester), were thus far found only in specific marine
environments (59). It is therefore unlikely that the paraoxonase
activity was selected for in diverse organisms ranging from
archaea to humans. Furthermore, the magnitude of paraox-
onase activity dramatically varies from one family member to
another as expected for a coincidental activity. The turnover
numbers (kcat) with paraoxon vary from 0.5 up to 104 M�1 s�1

for bacterial PLLs (28) and from non-detectable up to 104 M�1

s�1 for PONs (49, 50).

Why Do Lactonases Exhibit Promiscuous Paraoxonase
Activity?

The convergence of the promiscuous paraoxonase activity
seems to stem from a fortuitous overlap between the substrates
and intermediates for the native promiscuous reactions. Lac-
tones have an sp2 carbonyl group that becomes tetrahedral (sp3)
upon nucleophilic attack by a hydroxide ion or by an active-site
catalytic side chain. Paraoxon possesses a tetrahedral configu-
ration at the ground state that becomes bipyramidal upon
attack (Fig. 2). How do these different substrates and interme-
diates overlap?
Crystal structures ofmembers fromall three families described

above are available, some with substrate analogs. There are no
structures, however, of the same enzyme with both a lactone and
organophosphate analog.We therefore generateddockingmodels
of HSL and paraoxon and of their respective reaction intermedi-
ates in the active sites of AiiA and SsoPox. As observed in the
structural models of HSL and its reaction intermediate (Fig. 3, A
and B), a very similar binding mode is observed for paraoxon in
both enzymes. Specifically, in both enzymes, superposition of the
reaction intermediates for the lactone and paraoxon results in the
following: (i) the ethyl ester substituent of paraoxon transition
state overlaps the ester group of the lactone, and (ii) the phenoxy

4 H.-S. Kim, personal communication.
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leaving group of paraoxon occupies a similar position as the lac-
tone oxyanion (Fig. 4,A and B).
These active-site models, which we hope will be experi-

mentally validated in the future, suggest that the appearance
of the promiscuous paraoxonase activity in three evolution-
arily independent lactonase families is not a coincidence.
Rather, it is an outcome of overlaps in specific substrate,
reaction, and active-site features. These overlaps go beyond
the obvious, e.g. the attack by hydroxide or stabilization of
the oxyanion intermediates of lactones and paraoxon. The
lactone structure, as opposed to ordinary (non-cyclic) esters,
appears to maximize this overlap, as most esterases do not
exhibit promiscuous paraoxonase activity with multiple
turnovers (28).

Parallel Evolution of Paraoxonases

Latent promiscuous functions provide the starting points for
the evolution of new protein functions (Refs. 18 and 58; see also
the accompanying minireview by Copley (79)). Indeed, the
paraoxonase promiscuity of lactonases seems to have been
exploited by nature as a starting point for the evolution of new
enzymes that specialize as paraoxonases. These paraoxonases
seem to have diverged only few decades after the introduction
of parathion, the first widely used organophosphate pesticide.
The product of the spontaneous oxidation of parathion, para-
oxon, is a potent inhibitor of insect acetylcholinesterase. By the
1950s, parathion was routinely used in many countries. Micro-
organisms that metabolize parathion and/or paraoxon have
been reported as early as the mid-1960s (60). Their enzymes

FIGURE 4. Stereo view of superposition of lactonase and paraoxonase reaction intermediates. Presented are docking models of SsoPox (Protein Data Bank
code 2VC5; A) and AiiA (code 2A7M; B) with the reaction intermediates that form upon a nucleophilic attack by hydroxide. The structures of the reaction
intermediates for N-acylhomoserine (carbon atoms in pink) and paraoxon (carbon atoms in blue) are aligned. Note that the intermediate for lactone hydrolysis
is tetrahedral, and that for paraoxon is bipyramidal.
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degrade organophosphates, presumably to supplement short-
ages in inorganic phosphate (61).
By 1981, the first bacterial paraoxonase, called PTE or

organophosphate-degrading enzyme, was identified in Pseu-
domonas diminuta (62) on a plasmid that comprises part of a
transposable element (63, 64). Closely related enzymes (�95%
identity) were found in other bacteria (65, 66). Paraoxon (or
methyl paraoxon (66)) is by far the best substrate for these
enzymes, with rates approaching the diffusion limit (kcat/Km �
4 � 107) (67). Parathion is also hydrolyzed by PTE with very
similar kinetic parameters.5 How could proficient and special-
ized paraoxonases such as PTE evolve in a matter of a few
decades?
The ancestor of PTEmust have exhibited promiscuous para-

oxonase activity that served as the starting point for a special-
ized paraoxonase. Along the same vein, promiscuous activities
of PTE may comprise vestiges of the native activity of its pro-
genitor. Among other promiscuous hydrolytic activities, PTE
was found to exhibit relatively high lactonase activity (68). This
suggested that PTE could have diverged from a lactonase.
Indeed, genes exhibiting �30% sequence identity to PTE and
that were annotated as “putative PTEs” turned out to be mem-
bers of a newly identified family of lactonases, which we named
PLLs. All key active-site residues are shared between PTE and
PLL (28), and all currently known PLLs exhibit promiscuous
paraoxonase activity (28, 41–43). It was therefore assumed that
a yet unknown PLL gave rise to PTE via a series of sequence
modifications, including insertion and deletions in the active-
site loops (28).
A different bacterial strain (Pseudomonas sp. WBC-3) that

can grow on methyl parathion as a sole carbon and nitrogen
source was isolated near a pesticide-manufacturing site in
China. Its PTE seems to have evolved toward degradation of
methyl parathion (kcat/Km � 106 M�1 s�1). Methyl parathion
hydrolases with �90% amino acid identity were isolated from
similar sites. The sequence and structure indicate that this fam-
ily of paraoxonases belongs to the metallo-�-lactamase super-
family (69). Our analysis indicates that AiiA (ProteinData Bank
code 3DHA; 24.1% sequence identity) and AiiB (code 2R2D;
16.4% sequence identity) are among the best hits in a search for
related structures and sequences in the Molecular Modeling
Database (70). We surmise that this homology is no coinci-
dence and that the parathion hydrolases probably diverged
from a QQL ancestor that resembles AiiA in structure, func-
tion, and sequence. One might also speculate that other
enzymes whose structures are closely similar to AiiA but whose
functions are unknown (e.g. Protein Data Bank codes 3ESH,
2ZWR, and 3KLD) are either lactonases or OPHs.
In the case of the third family, the mammalian PONs, no spe-

cialized paraoxonase has been thus far identified. However, labo-
ratory evolution experiments have unambiguously shown that at
least two family members, PON1 and PON3, could be readily
evolved into a highly proficient OPH (71, 72). Notably, this func-
tional transition is mediated by mutations in His-115, a residue
that is thought to act as the catalytic base (Fig. 3C). Mutations of

His-115 dramatically reduce the lactonase activity while improv-
ing the OPH activity (57). The laboratory experiments therefore
parallel the two natural examples in diverging a specialized OPH
from a lactonase that belongs to yet another superfamily.

Concluding Remarks

Through structural and functional similarities, the finger-
prints of divergent evolution are evident in the two cases of
recently evolved paraoxonases described above. Because the
divergence of paraoxonases is a relatively recent event, one also
expects to find lactonases that are highly similar in sequence.
However, the currently known lactonases and the related para-
oxonases exhibit �25% sequence identity. This is not surpris-
ing, however. The available sampling of protein sequences is
extremely small and highly biased, thus resulting inmembers of
the same family being related by as little as 25% identity (e.g.
AiiA and AiiB). The likelihood of discovering the actual ances-
tors of the paraoxonases that evolved only 2 decades ago is
therefore slim, not to mention the identification of divergence
events that occurred hundreds of millions of years ago.
The prediction that the PTE ancestor is aQQLwas also based

on considerable luck and somewhat preparedminds. Nonethe-
less, the functional, structural, and laboratory evolutionary
linkages between these two seemingly unrelated classes of
enzymes, lactonases and paraoxonases, suggest that the parallel
evolution of paraoxonases in two different superfamilies is
more than a coincidence. It therefore appears that the identifi-
cation of patterns of overlapping activities, both native and
promiscuous, betweendifferent familieswithin the same super-
family constitutes a powerful means of deciphering evolu-
tionary relationships (12, 68, 73–76). As discussed here, these
patterns relate to specific overlaps between transition states
and/or intermediates of different reactions (see also Refs. 12
and 73–76). These overlaps are not random, as suggested by the
fact that they are observed in three different folds and active-
site architectures.
Further exploration of patterns of overlapping activities,

alongside a systematic mapping of sequences, functions, and
structures within superfamilies (see also the accompanying
minireview byGerlt et al. (80)), may enable the identification of
more cases of divergent evolution. The ultimate goal is the gen-
eration of a unified tree that describes the divergence of all
protein families and superfamilies from a few early progenitors.
How far-reaching (or perhaps far-fetched) is the task of unrav-
eling the complete history of protein evolution based on the
anecdotal and biased information we currently have? This is
best described by Charles Darwin’s analogy: “I look at the geo-
logical record as a history of the world imperfectly kept and
written in a changing dialect. Of this history we possess the last
volume alone, relating only to two or three countries. Of this
volume, only here and there a short chapter has been preserved,
and of each page, only here and there a few lines.”
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Comparative analysis of the sequences of enzymes encoded in
a variety of prokaryotic and eukaryotic genomes reveals conver-
gence and divergence at several levels. Functional convergence
can be inferred when structurally distinct and hence non-ho-
mologous enzymes show the ability to catalyze the same bio-
chemical reaction. In contrast, as a result of functional diversi-
fication, many structurally similar enzyme molecules act on
substantially distinct substrates and catalyze diverse biochemi-
cal reactions. Here, we present updates on the ATP-grasp, alka-
line phosphatase, cupin, HD hydrolase, and N-terminal nucleo-
phile (Ntn) hydrolase enzyme superfamilies and discuss the
patterns of sequence and structural conservation and diversity
within these superfamilies. Typically, enzymes within a super-
family possess common sequence motifs and key active site res-
idues, as well as (predicted) reaction mechanisms. These obser-
vations suggest that the strained conformation (the entatic
state) of the active site, which is responsible for the substrate
binding and formation of the transition complex, tends to be
conserved within enzyme superfamilies. The subsequent fate of
the transition complex is not necessarily conserved anddepends
on the details of the structures of the enzyme and the substrate.
This variability of reaction outcomes limits the ability of
sequence analysis to predict the exact enzymatic activities of
newly sequenced gene products. Nevertheless, sequence-based
(super)family assignments and generic functional predictions,
even if imprecise, provide valuable leads for experimental stud-
ies and remain the best approach to the functional annotation of
uncharacterized proteins from new genomes.

The availability of complete genome sequences of numerous
bacteria, archaea, and eukaryotes has fundamentally trans-
formed modern biology. With complete genomes, it is a realis-
tic goal to catalog all proteins that are responsible for every
essential cellular function, i.e. to create a “genomic parts list.”
Comparative genomics revealed a surprising flexibility of the
key metabolic pathways, including numerous biochemical
reactions catalyzed by highly diverged or previously uncharac-
terized enzyme forms (1). Due to the combination of computa-
tional and experimental approaches, many such “missing”

enzymes have been identified and characterized in some detail,
uncovering many cases in which consecutive steps of the path-
way are catalyzed by enzymes with different evolutionary his-
tories (reviewed in Refs. 1–5). In addition, it has been shown
that many key biochemical steps can be catalyzed by two or
more diverse, often unrelated enzyme forms (6, 7), a phenom-
enon known as non-orthologous gene displacement. This
patchy complex distribution of enzymes reflects a long evolu-
tionary history of the enzymes with numerous events of gene
duplication, followed by diversification, gene loss, and non-or-
thologous gene displacement, often via horizontal gene transfer
(1, 3). Here, we consider the two key processes in enzyme evo-
lution, namely sequence divergence, which leads to functional
diversification within the same protein superfamily, and func-
tional convergence, which results inmembers of distinct super-
families being recruited to catalyze the same metabolic reac-
tion. We also briefly discuss how sequence comparison can
assist the experimental research in enzymology.

Functional Diversification of Protein Superfamilies

Historically, proteins were unified in families based on
sequence similarity (8). Protein families were combined into
superfamilies based on similar catalytic activities, sequence
motifs, and other conserved features (9, 10). The rapid growth
of protein structural data, brought about in part by the struc-
tural genomics initiatives, has put identification of protein
superfamilies on a firm(er) basis. The current classifications of
protein structural (super)families, implemented in the popular
SCOP, CATH, and Dali databases, are generally compatible
with each other despite the differences between the underlying
methodologies (11–13). Furthermore, these superfamilies
often correspond to sequence-based domain families (or clans)
in the Pfam database (14) and contain conserved sequence
motifs that are represented in such databases as InterPro (15).
Therefore, proteins within the same superfamily can be confi-
dently inferred to have evolved from a common ancestor, even
though theymight have dramatically different enzymatic activ-
ities or no (known) activity at all (16–18). Most studies on
enzyme evolution consider evolution only within families of
closely related enzymes, which typically involves changes in the
enzymatic specificity without any major changes in protein
structure. Here, we focus instead on the evolution of functional
diversity within large protein superfamilies that are unified by
common sequence motifs and structural cores. Table 1 lists
catalytic activities and three-dimensional structures, where
known, for members of five representative protein superfami-
lies thatwediscuss in thisminireview and that, to the best of our
knowledge, have not been recently reviewed from an evolu-
tionary standpoint. These superfamilies span a wide range of
sequence and structure conservation and provide multiple
examples of divergence and convergence in the evolution of
enzymes. We use these examples as leads for a general dis-
cussion of evolutionary trends in enzymes (see Refs. 10, 17,
and 19–25 for in-depth reviews of several other enzyme
superfamilies).

* This work was supported, in whole or in part, by the National Institutes of
Health Intramural Research Program at the National Library of Medicine.
This is the third article in the Thematic Minireview Series on Enzyme Evo-
lution in the Post-genomic Era.
Author’s Choice—Final version full access.

□S This article contains supplemental Table S1.
1 To whom correspondence should be addressed. E-mail: koonin@ncbi.nlm.

nih.gov.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 1, pp. 21–28, January 2, 2012
Author’s Choice Published in the U.S.A.

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 21

MINIREVIEW

http://www.jbc.org/cgi/content/full/R111.241976/DC1


ATP-grasp—The original description of the ATP-grasp
superfamily featured five enzymes with very similar three-do-
main structures (each featuring an ���-sandwich) and several
other enzymes assigned to that superfamily based solely on
conserved sequence motifs (26, 27). Since then, crystal struc-
tures of some of these enzymes have been solved, confirming
sequence-based predictions and expanding the ATP-grasp
superfamily to include, among others, a variety of peptide syn-

thetases (amino acid ligases) (28); tubulin glycylase and tubulin
polyglutamylase, which regulate ciliary motility; and the syn-
thetases of carnosine and N-acetylaspartylglutamate, dipep-
tides that are abundant inmuscle and brain tissues, respectively
(Table 1). In addition, the ATP-grasp fold and the conserved
mode of ATP binding, albeit without an apparent enzymatic
activity, have been identified in synapsin I, a regulator of neu-
rotransmitter release.

TABLE 1
Common features of proteins from several structural superfamilies
Root mean square deviation (r.m.s.d.) values of C� traces were taken from the Dali and Molecular Modeling Databases (12, 82). An expanded version of this table that
includes EC numbers, references, and hyperlinks to related databases is available in supplemental Table S1 as well as on the NCBI ftp site (ftp.ncbi.nih.gov/pub/galperin/
EnzymeSuperfamilies.html). aa, amino acids; GPI, glycosylphosphatidylinositol; fGly, formylglycine.

Member enzymes (Protein Data Bank code, where available) Common traits of superfamily members Refs.

ATP-grasp superfamily
Glutathione synthetase (1gsh, 2hgs), D-ala-D-Ala ligase (1iov), D-Ala-D-
lactate ligase (1e4e), biotin carboxylase (1dv1), carbamoyl-phosphate
synthase (1jdb), pyruvate-phosphate dikinase (1dik), phosphoribosylamine-
glycine ligase PurD (1gso), phosphoribosylglycinamide formyltransferase
PurT (1eyz), N5-carboxyaminoimidazole ribonucleotide synthase PurK
(1b6s), 5-formaminoimidazole-4-carboxamide ribonucleotide synthase PurP
(2r7k), tubulin-tyrosine ligase, tubulin glycylase, tubulin polyglutamylase,
ribosomal protein S6-glutamate ligase RimK, succinate-CoA ligase (1jkj),
ATP-citrate synthase (3mwd), malate-CoA ligase, synapsin (1aux), �-
aminoadipate-LysW ligase LysX (1uc9), glutathionylspermidine synthetase
GspS (2io9), D-aspartate ligase Aslfm, carnosine synthase, �-F420–2:�-L-
glutamate ligase CofF, tetrahydromethanopterin:�-L-glutamate ligase MptN,
alanine-anticapsin ligase BacD/YwfE, L-amino acid ligase, N-
acetylaspartylglutamate synthase, �-citrylglutamate synthase, nikkomycin
biosynthesis carboxylase SanS, inositol-1,3,4-trisphosphate 5/6-kinase
(1z2n), mycosporine glycine synthetase Ava_3856

Conserved structural core (�4.3 Å C� r.m.s.d.
on �230 aa); common ATP-binding
residues, which include two conserved Lys/
Arg residues that bind �- and �-phosphates
of ATP, Glx/Asp residue that interacts with
adenine amino group and N6 atom,
hydrophobic residues that bind adenine
ring, and three Glx/Asx residues that
coordinate Mg2� ions; common catalytic
mechanism that includes formation of
phosphoacyl intermediate

27, 29, 63–65

AlkP superfamily
Alkaline phosphatase (1alk), phosphoglycerate mutase (1o98, 2zkt),
phosphopentomutase (3ot9), acid phosphatase (2d1g), nucleotide
pyrophosphatase/phosphodiesterase (2gso), arylsulfatase (1auk), N-
acetylgalactosamine 4-sulfatase (1fsu), steryl-sulfatase (1p49),
phosphonoacetate hydrolase (1ei6), phosphoglycerol transferase MdoB,
phosphonate monoester hydrolase/phosphodiesterase (2vqr), GPI
phosphoethanolamine transferase PIG-N/Mcd4, LPS:phosphoethanolamine
transferase EptB, polyglycerol-phosphate lipoteichoic acid synthase LtaS
(2w8d), pilin phospho-form transferase PptA, inorganic pyrophosphatase

Conserved structural core (�3.6 Å C� r.m.s.d.
on �220 aa); conserved metal (Zn2�, Mn2�,
or Mg2�)-binding His and Asp residues;
common catalytic mechanism that includes
phosphorylation (sulfatation) of active site
Ser/Thr/fGly residue

31–35, 38–40

Cupin superfamily
Oxalate oxidase (1fi2), oxalate decarboxylase (1uw8), gentisate 1,2-
dioxygenase (2d40), homogentisate 1,2-dioxygenase (1ey2), 3-
hydroxyanthranilate 3,4-dioxygenase (1yfu), cysteine dioxygenase (3eln),
quercetin 2,3-dioxygenase (1juh), acetylacetone dioxygenase Dke1 (3bal),
1,2-dihydroxy-3-keto-5-methylthiopentene (acireductone) dioxygenase
(1vr3), 1-hydroxy-2-naphthoate dioxygenase, phosphomannose isomerase
(1pmi), glucose-6-phosphate isomerase (1qy4), D-lyxose isomerase, 5-keto-
4-deoxyuronate isomerase KduI (1xru), dTDP-4-dehydrorhamnose 3,5-
epimerase RmlC (1dzr), dTDP-4-keto-6-deoxyglucose 5-epimerase EvaD
(1oi6), dTDP-6-deoxy-3,4-ketohexulose isomerase FdtA (2pa7), ectoine
synthase, ureidoglycolate hydrolase (1yqc), hydroxypropylphosphonic acid
epoxidase (2bnm), dimethylsulfoniopropionate lyase DddL, phaseolin (2phl),
canavalin (2cau), pirin (1j1l), auxin-binding protein (1lrh), ethanolamine
utilization protein EutQ (2pyt), polyketide cyclase RemF (3ht1), bacilysin
biosynthesis protein BacB (3h7j), cuproprotein CucA (2xla), vitamin K-de-
pendent �-carboxylase

Conserved structural core (�4.6 Å C� r.m.s.d.
on �99 aa); partly conserved metal (Mn2�,
Fe2�, Cu2�, Ni2�, or Zn2�)-binding His
residues that often form
G X5H XH X3,4E X6G and
GDX4PXGX2HX3N motifs; common
catalytic mechanism that includes binding
of dioxygen to metal atom and substrate
with formation of peroxidic intermediate

41–44

HD domain phosphohydrolase superfamily
3�,5�-cAMP/cGMP phosphodiesterase (2hd1), (p)ppGpp hydrolase (1vj7),
cyclic di-GMP phosphodiesterase (3tm8), exopolyphosphatase (1u6z),
dNMP 5�-nucleotidase YfbR (2par), dNTP triphosphohydrolase (2dqb),
dGTPase (3bg2), cyanamide hydratase, 7,8-dihydro-D-neopterin 2�,3�-cyclic
phosphate phosphodiesterase MJ0837, 2�,3�-cAMP/cGMP hydrolase, 3�-5�
exoribonuclease YhaM, uridylyl-removing enzyme GlnD,myo-inositol
oxygenase MioX (2huo)

Conserved structural core (�3.6 Å C� r.m.s.d.
on �105 aa); conserved metal (Mn2�,
Mg2�, Co2�, or Fe2�)-binding His and Asp
residues organized into HX20–50HDX60–
140D motif

45–50

Ntn hydrolase superfamily
Penicillin acylase (1pnl), glutamine 5-phosphoribosyl-1-pyrophosphate
amidotransferase (1ecc), proteasome subunit (1pma), glucosamine-6-
phosphate synthase (1xff), protease Hs1V (1m4y), aspartylglucosaminidase
(1apy), �-glutamyltranspeptidase (2dg5), asparagine synthetase B (1ct9), �-
lactam synthetase (1jgt), glutamate synthase (1ea0), L-asparaginase (2gez),
threonine aspartase (2a8i), acyl-CoA:isopenicillin N-acyltransferase (2x1c),
bile salt hydrolase (2hez), N-acylhomoserine lactone acylase PvdQ (2wyb),
acid ceramidase, IMP cyclohydrolase PurO (2ntk)

Common structural core (�4.1 Å C� r.m.s.d.
on �96 aa) decorated with variety of
structural elements; sequence conservation
limited to N-terminal �-hairpin that
contains catalytic Ser, Cys, or Thr residue

51–55
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The diverse members of the ATP-grasp superfamily share
the conserved structural fold, typically retain a similar arrange-
ment of the active site residues, and appear to have a common
reaction mechanism that includes interaction of ATP with a
carboxyl group of one substrate, followed by formation of a
phosphoacyl intermediate and nucleophilic attack by an amino
group of the second substrate (27). Until recently, the only devi-
ations from this pattern were succinyl-CoA synthetase and
pyruvate-phosphate dikinase, which form phosphohistidine
intermediates that are attacked by a thiol or carbonyl group,
respectively. However, two newly described ATP-grasp
enzymes act on substrates that contain hydroxyl groups instead
of carboxyl groups. Inositol-1,3,4-trisphosphate 5/6-kinase cat-
alyzes phosphorylation of a hydroxyl group at position 5 or 6 of
the inositol ringwith a likely involvement of a phosphohistidine
intermediate (29), whereas mycosporine glycine synthetase has
a 4-deoxygadusol substrate that contains a hydroxyl group
attached to an aromatic ring (30). These examples reveal sub-
stantial plasticity of theATP-grasp fold that allows itsmembers
to evolve a variety of specific activities while preserving the key
features of the superfamily.
Alkaline Phosphatase—Enzymes of the AlkP (alkaline phos-

phatase) superfamily share a core domain that consists of an
eight-strand �-sheet surrounded by �-helices (31, 32). The
recent expansion of this superfamily included both new
enzymes and identification of new enzymatic activities in the
known members of the superfamily. The family prototype,
Escherichia coli AlkP, has been shown to possess phosphodies-
terase, phosphonatemonoesterase, and even phosphite-depen-
dent hydrogenase activities, in addition to its well known phos-
phatase and sulfatase activities (33). Conversely, the enzyme
originally characterized as a phosphonate monoesterase has
been shown to have also phosphatase, sulfatase, sulfonate
monoesterase, and phosphodiesterase activities (34). This cat-
alytic promiscuity appears to be a characteristic feature of the
AlkP superfamily enzymes (35). However, this is not a property
of the entire superfamily, as a recently described member
appears to be a highly specific inorganic pyrophosphatase (36).
Other highly specific members of the AlkP superfamily are
phosphotransferases that transfer phosphoglycerol, phosphoe-
thanolamine, and phosphocholine moieties of the respective
phospholipids to such acceptors as bacterial lipopolysaccharide
or eukaryotic glycosylphosphatidylinositol (37). A particularly
important example is the lipoteichoic acid synthase (phospho-
glycerol transferase) LtaS, an essential enzyme in Gram-posi-
tive bacteria and a potential drug target (38, 39).
Despite the variety of their catalytic activities, AlkP super-

family members share a conserved structural fold (decorated
with a variety of additional structural elements), similarly orga-
nized active sites, and the general catalytic mechanism that
includes phosphorylation (or sulfation) of the active site resi-
due, which can be Ser, Thr, or formylglycine (formed post-
translationally from Cys or Ser). In phosphopentomutase, the
phosphorylated Thr residue appears to be present in the
ground state, leading to the suggestion that the substrate enters
this enzyme at a different point in the catalytic cycle than in
AlkP (40). A phosphorylatedThr residue has also been reported
in the active site of LtaS (38).

Cupins—The cupin superfamily, together with the 2-ketogl-
utarate- and iron-dependent dioxygenase superfamily, belongs
to the double-stranded �-helix fold, and members of both
superfamilies have been occasionally referred to as cupins (41,
42). However, even cupins sensu stricto are extremely diverse,
ranging from metal-binding proteins with dioxygenase,
hydroxylase, and other activities to sugar isomerases (epi-
merases), some of which aremetal-dependent and some not, to
catalytically inactive seed storage and sugar-binding proteins. A
recent analysis of the evolution of this fold suggested an early
divergence of metal-dependent and metal-independent cupins
with subsequent re-emergence of metal binding in various lin-
eages (43). For metal-dependent cupins, the proposed reaction
mechanisms typically include sequential binding of the sub-
strate and dioxygen to the catalytic divalent metal cation (44).
HD Domain Phosphohydrolases—Members of the HD

domain superfamily were originally described as (putative)
metal-dependent phosphatases and phosphodiesterases (45).
However, this superfamily also included a Zn2�-dependent
cyanamide hydratase (urea hydro-lyase), which suggested that
it might possess additional catalytic activities (45). In the past
several years, the HD domain has been identified in several
phosphohydrolases, including the widespread HD-GYP
domain phosphodiesterase that specifically hydrolyzes bacte-
rial second messenger cyclic di-GMP (46–48). In addition,
structural comparisons unexpectedly identified this domain in
the iron-dependent enzyme myo-inositol oxygenase (49).
Structures of more than a dozen HD domain-containing
enzymes have been solved by structural genomics projects.
However, few of these enzymes have been biochemically char-
acterized, so the full range of catalytic activities evolved in this
superfamily remains unknown. A plausible catalytic mecha-
nism has been proposed for the 5�-nucleotidase (50) and might
prove applicable to the whole superfamily.
N-terminal Nucleophile Hydrolases—The N-terminal

nucleophile (Ntn)2 hydrolase superfamily unifies diverse ami-
dohydrolases that share a four-layered ����-structure and a
common catalytic mechanism but do not have recognizable
sequence similarity (51). Members of this superfamily are typ-
ically synthesized as catalytically inactive precursors that
undergo autocatalytic processing to generate active enzymes.
Their common reaction mechanism includes deprotonation of
the hydroxyl or thiol group of the side chain of the N-terminal
residue (Ser, Thr, or Cys) of the enzyme molecule by the free
amino group of the same residue (52, 53). This stage is followed
by nucleophilic attack on the carbonyl carbon of the amide
bond of the substrate, formation of an acyl-enzyme intermedi-
ate coupled with the release of an amino group-containing part
of the substrate, and subsequent hydrolysis of the acyl-enzyme,
leading to the release of the carboxyl group-containing portion
of the substrate (reviewed in Refs. 53 and 54).
The Ntn hydrolase-like fold is also present in the archaeal

IMP cyclohydrolase PurO, which catalyzes the final step of
purine biosynthesis (55). This enzyme retains all the structural

2 The abbreviations used are: Ntn, N-terminal nucleophile; NISE, non-
homologous isofunctional enzyme; AMP-PCP, adenosine 5�-(�,�-
methylene)diphosphonate.
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features of the Ntn hydrolase superfamily but is not proteolyti-
cally processed, lacks a nucleophilic residue at the N terminus,
and does not function as an amidohydrolase. Accordingly, the
SCOP database assigns it to a separate superfamily (11). This
enzyme is found only in a small set of methano- and haloar-
chaea and represents an unusual variant of extreme divergence
within the common structural core.
Two other enzymes, DmpA (L-aminopeptidase D-Ala-ester-

ase/amidase) and ornithine acetyltransferase, share with the
Ntnhydrolase superfamily the����-structure andcatalyze a sim-
ilar amidohydrolase reaction; the former enzyme also undergoes
proteolytic activation. However, these proteins display a substan-
tially different directionality and connectivity of the structural ele-
ments, indicating that their similarity to Ntn hydrolases results
from convergent rather than divergent evolution (56).

Did Evolution Favor Conservation of Entatic State?

Although the abovementioned enzyme superfamilies have
been defined based primarily on the structural similarity of
their members, most of these members share additional prop-
erties beyond the structural fold. Such conserved features
include the overall organization of the active sites, conservation
of certain (although not all) active site residues, and (where
known) common reaction intermediates (Table 1). To discuss
the interplay of common and unique features among enzymes,
it is instrumental to consider the concept of the entatic state
that was originally proposed by Vallee and Williams in 1968
(57) and developed in greater detail in subsequent reviews (58,
59). The term “entatic,” meaning a stretched (or otherwise
stressed) state, was used to describe “a catalytically poised state
intrinsic to the active site.” This concept implied “the possibility
that enzymesmight be poised for catalytic action in the absence
of substrate, i.e. are in an entatic state” (57). The authors
acknowledged the difficulties in the interpretation of the poten-
tial indications of the entatic state, such as an exceptionally high
reactivity or anomalous pKa values of particular amino acid side
chains, for most (non-metallo)enzymes (57) and concentrated
on demonstrating the existence of the entatic state for catalyt-
ically active metal atoms (58, 59). As a result, entatic state is
often viewed as a specific property of metalloenzymes, despite
well documented instances of steric strain and perturbed pKa
values in a variety of enzyme active sites (60–62).
The concept of entatic state helps to define the characteristic

features of an enzyme superfamily and explain their evolution-
ary conservation. Each member of the superfamily has its own
range of substrates that need to be tightly bound, attacked,
brought to the transition complex stage, and finally converted
into the products. Although some amino acid residues, appar-
ently those responsible for the unique specificity of the enzyme,
vary from one enzyme family to another, certain residues are
conserved within the superfamily as a whole. Although conser-
vation of certain residues, e.g. glycines in the various cupin
domains, appears to be related to the unique folding patterns of
the respective proteins, the most conserved residues in the
ATP-grasp superfamily are responsible for binding ATP; in the
AlkP, cupin, and HD domain superfamilies for binding active
site metal ions; and in the Ntn hydrolase superfamily for pro-
viding theN-terminal nucleophile and the oxyanion hole (Fig. 1

andTable 1). In these five superfamilies, sequence conservation
apparently extends to the residues that directly participate in
the initial attack on the substrate and stabilization of the tran-
sition complex. The proper positioning of these residues is pro-
vided by a variety of conserved structural elements. In ATP-
grasp enzymes, for example, these include a helix-turn-helix
structure connecting the first two domains (63, 64); a conserved
flexible loop with a sharp turn (designated the T-loop by
Thoden et al. (65)), which follows the ATP/�-phosphate-bind-
ing Lys/Arg residue (Lys-136 in Fig. 1A); a cis-peptide bond in
the backbone just upstream of that Lys/Arg residue; and other
rare structural features.3 As a result, members of these super-
families typically share the initial stages of the catalytic process.
On the other hand, the breakdown of the transition complex in
different enzymes (or, as discussed by Jencks (66), in the same
enzyme under different conditions) can follow a number of dif-
ferent paths, yielding, for example within the AlkP superfamily,
substrate hydrolysis, isomerization, or phosphate group trans-
fer (see also Refs. 10 and 19–21).
One could argue that the emergence of each distinct entatic

state conformationwas amajor evolutionary event, opening the
door to the utilization of new classes of substrates or to the
catalysis of new classes of reactions. During the subsequent
evolution,major changes in protein structurewere restricted by
the likelihood of the formation of toxic (or inactive) misfolded
molecules (67). Thus, only those sequence changeswould prove
viable that preserved the structural fold and accordingly the
mechanism of formation of the same entatic state. These con-
straints led to the formation of series of structurally and cata-
lytically (albeit not necessarily functionally) related protein
molecules, which later evolved into the current superfamilies. A
somewhat similar conclusionwas reachedbyWarshel andFlorián
(68), who singled out pre-oriented dipoles as the source of the
catalytic power of enzymes and argued that evolutionary optimi-
zation of enzymes increased their “preorganization effect”, i.e. the
ability of enzymes to “minimize the reorganization energy associ-
ated with the formation of the charged transition state.”

Practical Aspects of Superfamily Assignment

The conservation of catalytic elements within enzyme super-
families makes sequence analysis an extremely useful tool in
enzymology: assignment of a poorly characterized enzyme to a
specific superfamily immediately predicts the structural fold,
active site residues, a range of its potential catalytic activities,
and even the likely catalytic mechanism. This could be partic-
ularly valuable for enzymes with complex substrates, for which
direct assays are complicated and cumbersome. Thus, meas-
uring the activity of tubulin-modifying enzymes, which are
involved in tumor progression and have a vital role in neuronal
organization, is certainly not an easy task. The assignment of
tubulin-tyrosine ligase to theATP-grasp superfamily (27) led to
prediction of its active site residues and suggested a plausible
catalyticmechanism for this enzyme (69). Likewise, assignment
of the glycosylphosphatidylinositol phosphoethanolamine
transferase PIG-N (Mcd4) to the AlkP superfamily was instru-
mental for the studies of this and related enzymes (37).

3 M. Y. Galperin, unpublished data.
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Superfamily assignments proved most valuable when used
for the analysis of metabolic pathways where the nature of the
“missing” enzyme could be used to look for suitable candidates
among uncharacterized genes (3, 4). Reconstruction of purine
biosynthesis in archaea, which included characterization of the
PurP and PurO gene products (55, 70), provides an impressive
example of the power of the integrative approach that combines
sequence analysis with biochemical assays and structural stud-
ies (reviewed in Ref. 71).
Superfamily assignments could also be useful for the func-

tional annotation of newly sequenced genes that do not show
clear sequence similarity to any well characterized enzymes. In
such cases, searching new gene products against superfamily-
specific sequence profiles (available, for example, in the NCBI

Conserved Domain Database (72)) provides hints that can be
used for generic functional prediction and as guidance for sub-
sequent experiments, e.g. by predicting catalytic residues that
are targets of choice for site-specific mutagenesis. For example,
identification of the cupin domain in the sequence of the vita-
min K-dependent �-glutamyl carboxylase (residues 524–625
of VKGC_HUMAN (15)) could open new avenues for studying
this important but still enigmatic enzyme.

Convergent Evolution: Similar Active Sites in Analogous
Enzymes

Diversification of enzyme families can result in functional
overlap when members of two or more distinct families end up
catalyzing the same biochemical reaction. In some cases, such

FIGURE 1. Conservation of structural core and active site residues in ATP-grasp (A), AlkP (B), cupin (C), and HD phosphohydrolase (D) superfamily
enzymes. Conserved structural elements, identified through VAST alignments (83), are shown in tan, active site residues are shown as sticks, the most
conserved residues are shown in bright colors (with carbon atoms shown in green), and catalytic metal atoms are shown as pink spheres. A, inositol-1,3,4-
trisphosphate 5/6-kinase (Protein Data Bank code 1z2p (29)) with bound ATP analog AMP-PCP. Carbon atoms are in silver. B, AlkP(H331Q) mutant with a
phosphoserine intermediate (code 1hjk (84)). C, cysteine dioxygenase with a persulfenate intermediate (code 3eln (85)). D, 5�-deoxyribonucleotidase with
bound dAMP (code 2pau (50)).
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enzyme isoforms are distantly related, and the low sequence
similarity conceivably stems from rapid divergence of homolo-
gous protein sequences that accompanies adaptation to differ-
ent environmental conditions. Examples of such enzyme pairs
include the thermostable and mesophilic forms of �-glucosi-
dase and adenylate kinase, which have retained very similar
structures but share only a limited number of conserved resi-
dues (7).
There are cases, however, in which distinct enzyme forms

catalyzing the same reaction share no detectable sequence sim-
ilarity or even belong to two or more distinct structural
superfamilies or folds (6, 7). The best known examples
include superoxide dismutase, for which four distinct struc-
tural forms have been described, and cellulase, which is
found in at least five structurally distinct forms. For such
analogous (as opposed to homologous) enzymes, adoption of
different structural folds indicates independent evolutionary
origins; we have recently proposed a more precise designa-
tion for these enzymes, non-homologous isofunctional
enzymes (NISEs) (7).
As in the textbook example of trypsin and subtilisin, diverse

enzymes that act on related substrates might still share similar-
ities in the organization of their active sites. Such similarities
have been noted, for example, in the similar configurations of
the ATP-binding residues in the ATP-grasp enzyme D-Ala-D-
Ala ligase and enzymes that adopt two other folds, cAMP-de-
pendent protein kinase and ribonucleotide reductase (73). A
subsequent comparison of the adenine-binding sites revealed a
common structural framework with similar polar and hydro-
phobic interactions in representatives of eight different folds
(74). A similar pattern of structural convergence of evolution-
arily unrelated enzymes has been revealed in the organization
of pyridoxal phosphate-interacting residues of pyridoxal phos-
phate-dependent enzymes representing five distinct folds (75).
Similar examples of functional convergence can be seen in
NISEs, which, by definition, act on the same substrates. A
recent comparison of the enzyme-substrate complexes of the
phosphorylated chemotaxis proteinCheYwith two structurally
distinct phosphatases, CheZ and CheX, revealed a very similar
organization of the catalytic residues involved in the dephos-
phorylation of phospho-CheY (76).
An interesting evolutionary feature is the often skewed phy-

logenetic distribution of distinct isoforms of the same enzyme.
For example, the archaeal shikimate kinase (77) has not yet
been detected outside of the archaeal domain, whereas the
other form of shikimate kinase is found in bacteria and
eukaryotes. Similarly, the recently described cupin form of glu-
cose-6-phosphate isomerase is found only in certain bacteria
and archaea, whereas the other form of this enzyme, a member
of the sugar isomerase family, is widespread. For the cases in
which a particular enzyme is confined to a certain taxonomic
group, recent evolutionary emergence from an enzyme of a dif-
ferent specificity seems to be the easiest explanation (7).
Archaeal shikimate kinase, for example, is a member of the
GHMP kinase superfamily and could have evolved from homo-
serine kinases or similar enzymes (77).

Recruitment for Non-enzymatic Functions: Moonlighting
Enzymes

As discussed above, certain members of the ATP-grasp and
cupin superfamilies lack (known) enzymatic activities and act
solely as ATP-binding (synapsin), auxin-binding, or seed stor-
age proteins. Many enzymes acquire such additional (typically
non-enzymatic) functions even without the loss of their cata-
lytic activity. This phenomenon, referred to as “moonlighting”
(78, 79), is usually observed when the respective genes are
expressed in atypical environments (tissue, cell organelle, or
secreted). First observed in eye lens crystallins, where lactate
dehydrogenase, enolase, argininosuccinate lyase, aldehyde
dehydrogenase, and a variety of other proteins play predomi-
nantly or exclusively structural roles (80), moonlighting has
since been demonstrated for a variety of glycolytic, TCA cycle,
and othermetabolic enzymes. It is now clear that moonlighting
represents an important source of protein diversity inmulticel-
lular eukaryotes and is relevant for certain human diseases (79,
81).

Conclusions

The availability of complete genome sequences of diverse
bacteria, archaea, and eukaryotes illuminated the unexpected
diversity of protein sequences encoded in those genomes.Many
genomes turned out to lack genes for well known enzymes
involved in key steps of certain metabolic pathways. Identifica-
tion of the alternative enzymes that catalyzed those steps was
made possible only through a detailed computational analysis
of the respective genomes, followed by experimental study of
the plausible candidates (3, 4, 71). Alternative enzyme forms
often appear to be recruited from distinct superfamilies, so
NISE is a common evolutionary phenomenon (6, 7). Notably,
some of theNISEs share not only the reactions they catalyze but
also the configurations of the catalytic residues, although in
these cases, the catalytic centers are embedded in distinct unre-
lated folds. Complementary to the cases of functional and even
structural convergence and despite extensive diversification,
superfamilies of enzymes show remarkable evolutionary con-
servation. It appears that the commondenominator behind this
conservation is the persistence of amino acid residues that are
required to maintain the strained (entatic) state involved in the
formation of transition complexes. To summarize, evolution-
ary approaches are critically important for the analysis of met-
abolic pathways, especially in poorly studied organisms. These
approaches also provide valuable clues to the catalytic proper-
ties of even relatively well characterized enzymes.
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Gaertig, J., and Eddé, B. (2005) Science 308, 1758–1762

70. Zhang, Y., White, R. H., and Ealick, S. E. (2008) Biochemistry 47, 205–217
71. Zhang, Y., Morar, M., and Ealick, S. E. (2008) Cell. Mol. Life Sci. 65,

3699–3724
72. Marchler-Bauer, A., Lu, S., Anderson, J. B., Chitsaz, F., Derbyshire, M. K.,

DeWeese-Scott, C., Fong, J. H., Geer, L. Y., Geer, R. C., Gonzales, N. R.,
Gwadz, M., Hurwitz, D. I., Jackson, J. D., Ke, Z., Lanczycki, C. J., Lu, F.,
Marchler, G. H., Mullokandov, M., Omelchenko, M. V., Robertson, C. L.,
Song, J. S., Thanki, N., Yamashita, R. A., Zhang, D., Zhang, N., Zheng, C.,
and Bryant, S. H. (2011) Nucleic Acids Res. 39, D225–D229

73. Denessiouk, K. A., Lehtonen, J. V., and Johnson,M. S. (1998) Protein Sci. 7,
1768–1771

74. Denessiouk, K. A., and Johnson, M. S. (2000) Proteins 38, 310–326
75. Denessiouk, K. A., Denesyuk, A. I., Lehtonen, J. V., Korpela, T., and John-

son, M. S. (1999) Proteins 35, 250–261

MINIREVIEW: Divergence and Convergence in Enzyme Evolution

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 27



76. Pazy, Y., Motaleb, M. A., Guarnieri, M. T., Charon, N. W., Zhao, R., and
Silversmith, R. E. (2010) Proc. Natl. Acad. Sci. U.S.A. 107, 1924–1929

77. Daugherty, M., Vonstein, V., Overbeek, R., and Osterman, A. (2001) J.
Bacteriol. 183, 292–300

78. Jeffery, C. J. (2009)Mol. BioSyst. 5, 345–350
79. Huberts, D. H., and van der Klei, I. J. (2010) Biochim. Biophys. Acta 1803,

520–525
80. Piatigorsky, J. (2003) J. Struct. Funct. Genomics 3, 131–137
81. Sriram, G., Martinez, J. A., McCabe, E. R., Liao, J. C., and Dipple, K. M.

(2005) Am. J. Hum. Genet. 76, 911–924

82. Wang, Y., Addess, K. J., Chen, J., Geer, L. Y., He, J., He, S., Lu, S., Madej, T.,
Marchler-Bauer, A., Thiessen, P. A., Zhang, N., and Bryant, S. H. (2007)
Nucleic Acids Res. 35, D298–D300

83. Gibrat, J. F., Madej, T., and Bryant, S. H. (1996) Curr. Opin. Struct. Biol. 6,
377–385

84. Murphy, J. E., Stec, B., Ma, L., and Kantrowitz, E. R. (1997) Nat. Struct.
Biol. 4, 618–622

85. Simmons, C. R., Krishnamoorthy, K., Granett, S. L., Schuller, D. J.,
Dominy, J. E., Jr., Begley, T. P., Stipanuk, M. H., and Karplus, P. A. (2008)
Biochemistry 47, 11390–11392

MINIREVIEW: Divergence and Convergence in Enzyme Evolution

28 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 1 • JANUARY 2, 2012



Divergent Evolution in Enolase
Superfamily: Strategies for
Assigning Functions*
Published, JBC Papers in Press, November 8, 2011, DOI 10.1074/jbc.R111.240945

John A. Gerlt‡1, Patricia C. Babbitt§, Matthew P. Jacobson¶,
and Steven C. Almo�

From the ‡Departments of Biochemistry and Chemistry and The Institute
for Genomic Biology, University of Illinois, Urbana, Illinois 61801, the
Departments of §Bioengineering and Therapeutic Sciences and
¶Pharmaceutical Chemistry, School of Pharmacy, University of California,
San Francisco, California 94143, and the �Department of Biochemistry,
Albert Einstein College of Medicine, Yeshiva University,
Bronx, New York 10461

Nature’s strategies for evolving catalytic functions can be
deciphered from the information contained in the rapidly
expanding protein sequence databases. However, the functions
of many proteins in the protein sequence and structure data-
bases are either uncertain (too divergent to assign function
based on homology) or unknown (no homologs), thereby limit-
ing the utility of the databases. Themechanistically diverse eno-
lase superfamily is a paradigm for understanding the structural
bases for evolution of enzymatic function. We describe strate-
gies for assigning functions to members of the enolase super-
family that should be applicable to other superfamilies.

Nature continues to evolve an extraordinarily diverse collec-
tion of enzymes.2 The reactions they catalyze and themetabolic
pathways in which they participate provide organisms with the
ability to thrive in different metabolic niches; they also provide
potential for biomedical and chemical applications. To fully
understand the importance and implications of this diversity,
the challenges are both to provide descriptions of the full range
of functional diversity, i.e. molecular and biological functions,
and to use those descriptions to understand and exploit natural
design principles. However, the number of protein sequences2
is growing much faster than the number of experimentally
based annotations (ExPASy UniProtKB/Swiss-Prot Database).
Therefore, novel approaches for reliable functional annotation
are required to maximize the utility of the data.
In genome sequencing projects, automatedmethods identify

the sequences and then typically annotate their functions by
transfer fromahomolog using simple pairwise comparisons (1),
despite the availability of more sophisticated and orthogonal

tools (2). A recent analysis of the annotation error rate revealed
that it can be very high, sometimes exceeding 80% for particular
monofunctional families (3). Even now, this error rate prevents
reliable use of annotations to infer in vitromolecular and in vivo
biological functions; the problem will become even more criti-
cal as the errors in functional annotation are propagated.
Assignment of correct functions to homologous enzymes is

confounded because they need not catalyze the same reaction.
From a survey of structurally characterized superfamilies,
almost 40% are functionally diverse, i.e. different members cat-
alyze reactions with different EC numbers (4). Thus, trivial
annotation transfer by sequence homology is often not suffi-
cient to assign function. In mechanistically diverse enzyme
superfamilies, all of the homologous enzymes catalyze different
reactions using a conserved partial reaction; in functionally dis-
tinct enzyme suprafamilies, homologous enzymes catalyze dif-
ferent reactions that do not share anymechanistic attribute (5).
This minireview focuses on approaches for functional

assignment in the mechanistically diverse enolase superfamily,
a paradigm for understanding relationships among sequence,
structure, and function in homologous enzymes. The current
challenge is to devise a general strategy for assignment of func-
tions to members discovered in genome projects. This chal-
lenge is not restricted to the enolase superfamily, so the
approaches developed for the enolase superfamily should be
applicable to other superfamilies.

Sequence-Structure-Function Relationships in Enolase
Superfamily

The first mechanistically diverse superfamily was discovered
when the structural similarity of muconate lactonizing enzyme
(MLE)3 and mandelate racemase (MR) was recognized (Fig.
1A). These proteins share 1) a (�/�)7�-barrel domain (a modi-
fied (�/�)8-barrel (TIM barrel)) containing the active site func-
tional groups that support chemistry and 2) an ���-capping
domain formed from polypeptide segments at the N and C ter-
mini that provide many of the determinants for substrate rec-
ognition (6). Later, the structural similarity to enolase was rec-
ognized,4 establishing the “enolase superfamily” (7). The
substrates for MLE, MR, and enolase are carboxylate anions
with a proton on the �-carbon. In each reaction, the proton is
abstracted to form an enolate anion intermediate, although the
overall reactions are different (Fig. 2).
The active sites are located at the interface between the bar-

rel and capping domains, sequestered from solvent by a flexible
loop in the capping domain that allows access of the substrate.
The active sites contain an essential Mg2� ion coordinated to
conserved side chain functional groups in the barrel domain
(Fig. 1B) and to at least one carboxylate oxygen of the substrate.

* This work was supported, in whole or in part, by National Institutes of Health
Grants P01GM071790-07 and U54GM093342-01. This is the fourth article in
the Thematic Minireview Series on Enzyme Evolution in the Post-genomic
Era.

1 To whom correspondence should be addressed. E-mail: j-gerlt@uiuc.edu.
2 The (public) TrEMBL non-redundant protein sequence database contains

13,499,622 sequences (Release 2011_02, February 8, 2011), primarily the
result of microbial genome projects (1457 completed, 1775 in assembly
stage, and 2881 incomplete; www.ncbi.nlm.nih.gov/genomes/lproks.cgi).
The number of bases in the GenBankTM Data Bank has doubled every 18
months (ftp.ncbi.nih.gov/genbank/gbrel.txt), so the content of protein
sequence databases is expected to continue to increase.

3 The abbreviations used are: MLE, muconate lactonizing enzyme; MR, man-
delate racemase; AEE, L-Ala-D/L-Glu epimerase; OSBS, o-succinylbenzoate
synthase; NSAR, N-succinylamino acid racemase.

4 Although enolase shares the characteristic bidomain structure with MLE
and MR (and all other structurally characterized members), the barrel
domain in enolase has an unusual ����(�/�)5�-structure.
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Abasic catalyst abstracts the�-proton to generate the interme-
diate that is stabilized by coordination to the Mg2� ion. An
acidic catalyst usually directs the intermediate to the product;
the acidic catalyst can be the conjugate acid of the basic catalyst
or another catalyst.
Unlike the ligands for the essentialMg2� ion, the basic/acidic

catalysts are not conserved across the superfamily. The differ-
ences allow the superfamily to be partitioned into several sub-
groups that provide structure-based restrictions on the mech-
anism and therefore the overall reaction: enolase, MLE, MR,
and D-glucarate dehydratase (31); D-mannonate dehydratase
(23);�-methylaspartate ammonia lyase (32, 33); and galactarate
dehydratase (28). The structures of the barrel domains in the
MLE and MR subgroups are compared in Fig. 1B.

TheMg2� ion and the basic/acidic catalysts are “hard-wired”
features of the active sites. The capping domain, including its
flexible loop, defines the volume, shape, and polarity of the
active site, thereby selecting the substrate that is presented to
the hard-wired catalytic residues. This dissection of reactivity
mediated by the barrel domain and substrate specificity by the
capping domainmay appear simplistic. However, substitutions
of specificity-determining residues are sufficient to interchange
the substrate specificities of “monofunctional” members of the
enolase superfamily (8–10). Remarkably, in this laboratory evo-
lution experiment, themechanismwas determined by the iden-
tity of the substrate, e.g. an enzyme catalyzing a 1,1-proton
transfer using two basic/acidic catalysts (L-Ala-D/L-Glu epi-
merase (AEE)) was evolved to an enzyme catalyzing syn-dehy-
dration using a single basic/acidic catalyst (o-succinylbenzoate
synthase (OSBS)). These experiments suggest that Nature
could use the same strategy for divergent evolution, i.e. “new”
reactions can be catalyzed if volume, shape, and/or polarity of
the active site is changed.

Enolase Superfamily

The enolase superfamily now includes�8000members5; the
size is increasing rapidly asmicrobial genome projects are com-
pleted (ExPASy UniProtKB/Swiss-Prot Database). The super-
family can be partitioned into “clusters” using sequence simi-
larity networks (11); in these networks, each sequence (node) is
connected to all other sequences that share a maximum
BLASTPE value (Fig. 3). The networkwas constructed using an
E value threshold of�10�90, corresponding to �35% sequence
identity.Most of the discrete clusters are isofunctional families.
Each node is colored according to reaction specificity, with gray
indicating unknown function;�50%of themembers have func-
tions that are currently unknown. (The accompanying minire-
view byBrown andBabbitt (12) provides additional examples of
the use of sequence similarity networks to discover functional
divergence in enzyme superfamilies.) More than 20 different
reactions have been identified in the enolase superfamily by in
vitro enzymatic assays (Fig. 4); many more remain to be
discovered.
In the following sections, three strategies for assigning func-

tions are described. A single general strategy with “high
throughput” capabilities is desirable, given the rapidly increas-
ing membership of the superfamily.

Assigning Function

Operon Context—The majority of the members of the eno-
lase superfamily are found inmicrobes.6 This offers advantages
for annotating members with unknown functions. 1) Enzymes

5 The membership of the enolase superfamily is frequently updated and
made publically available by the Structure-Function Linkage Database
(SFLD; supported by National Institutes of Health Grants R01GM60595 and
P41RR01081 and National Science Foundation Grant DBI-0234768) (34).
SFLD facilitates investigation of sequence, structure, and function in mech-
anistically diverse superfamilies by providing tools that allow sequence
relationships to be explored.

6
L-Fuconate dehydratases are found in humans and other chordates, acid-

sugar dehydratases with diverse substrate specificities are found in fungi,
and a dipeptide epimerase family is found in plants. Of course, enolase is
ubiquitous because of its role in glycolysis and gluconeogenesis.

FIGURE 1. A, structure of MR showing the bidomain structure described in
text. B, (�/�)7�-barrel domains of MLE and MR showing the conserved and
divergent metal ion ligands and general basic/acidic catalysts.

FIGURE 2. Substrates, enolate anion intermediates, and products for
reactions catalyzed by MLE, MR, and enolase.
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in metabolic pathways are often encoded by operons; and 2)
many bacterial species are genetically tractable, so genetics can
be used to construct knock-out mutants, allowing assessment
of the relevance of an in vitro enzymatic activity to physiology
(or vice versa).
In some cases, genome context alone provides sufficient

information to assign function. The gene encoding amember of
previously unknown function in Escherichia coli (ycjG) is clus-
teredwith genes encoding enzymes that hydrolyzemurein pep-
tides and also a periplasmic binding protein specific for L-Ala-
D-Glu-meso-diaminopimelic acid, a component of the murein
peptide (13). Assuming that it could catalyze a 1,1-proton
transfer reaction (Lys catalysts on opposite faces of the active
site) (14) and use a substrate derived from the murein peptide,
YcjG was assigned as AEE, a previously unknown reaction.
Members of another family of previously unknown function

(“unknowns”) are encoded by operons that also encode
orthologs of enzymes in the �-ketoadipate pathway. The MLE
from Pseudomonas putida, a “founding member” of the super-
family, catalyzes the syn-cycloisomerization of cis,cis-mu-
conate to (4S)-muconolactone in the pathway; this MLE shares
�30% sequence identity with members of the unknown family.
A member of the unknown family catalyzes the MLE reaction
(15), as expected from its operon context; however, the reaction
is an anti-cycloisomerization, i.e. the proton is delivered to the
opposite face of the proximal double bond of the substrate.
Structures for product-liganded complexes revealed that the
unanticipated (and biologically irrelevant) distinct stereochem-

ical behavior of this second family of MLEs is explained by dif-
ferent spatial arrangements of the substrate specificity determi-
nants relative to the conserved Lys acidic catalyst (16).
Supporting the notion that new functions evolve readily in
mechanistically diverse superfamilies, phylogenetic analysis
suggested that the newMLEs evolved from a different interme-
diate ancestor than the previously recognized MLEs.
We have encountered many examples of functional promis-

cuity, which further complicates functional annotation, includ-
ing enzymes that catalyze both the OSBS reaction in menaqui-
none biosynthesis and the racemization of N-succinylamino
acids (N-succinylamino acid racemase (NSAR)) (17).OSBSs are
highly divergent in sequence; however, the genes encoding
OSBSs can be recognized by their co-localization with genes
encoding orthologs of enzymes in the menaquinone biosyn-
thetic pathway (18). Some promiscuous OSBSs/NSARs are
encoded by operons that encode a succinyl-CoA:D-amino acid
N-succinyltransferase and a N-succinyl-L-amino acid hydro-
lase, both previously unknown reactions, with NSAR equili-
brating the N-succinyl D-amino acid and its enantiomer (19).
The common substrate specificities provide unequivocal evi-
dence for a previously unknown metabolic pathway that irre-
versibly converts a D-amino acid to an L-amino acid; however,
its physiological context is unknown. This example emphasizes
a further “complication” in functional assignment: the relation-
ship of in vitro enzymatic reactions to in vivo physiological
function. As novel in vitro reactions are discovered, biological
experiments are required to establish their in vivo context.

FIGURE 3. Sequence similarity network for enolase superfamily members (excluding enolase subgroup). The various sequences (nodes) are shown as
circles; the lines (edges) connecting the nodes are BLASTP connections with E values �10�90. The nodes colored gray have unknown functions; those with other
colors have assigned functions.
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A more common situation is that genome context provides
clues of reaction type but not substrate specificity. Many
unknownmembers are encoded by operons that encode aldose
1-epimerases, dehydrogenases, aldolases, and/or sugar kinases
in catabolic pathways for carbohydrates. In such cases, the
unknown members almost certainly are acid-sugar dehydrata-
ses, but the identities of the substrates cannot be specified. In
some cases, the specificity of one enzyme in the catabolic path-
way can be confidently assigned by sequence homology, e.g. a
protein annotated as a “fucose permease” provided sufficient

information to assign the L-fuconate dehydratase function (20).
However, operon context usually is not sufficient to specify the
identity of the substrate for either the operon or the
dehydratase.
Library Screening—An alternative approach is to screen a

physical library of possible substrates, e.g. a library of acid sug-
ars for potential acid-sugar dehydratases. This approach has
been successful for identifying substrates for dipeptide epi-
merases. However, for the putative dehydratases, this approach
has been less successful (21–24).Wehave assembled a library of

FIGURE 4. Reactions catalyzed by enolase superfamily members. The various boxes enclose reactions catalyzed by the seven subgroups that have been
recognized. 2-PGA, 2-phosphoglycerate; PEP, phosphoenolpyruvate; MAL, �-methylaspartate ammonia lyase; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexa-
diene-1-carboxylic acid; OSB, o-succinylbenzoic acid; AE Epim, L-Ala-D/L-Glu epimerase; GalD, D-galactonate dehydratase; GlcD, D-gluconate dehydratase; FucD,
L-fuconate dehydratase; TarD, D-tartrate dehydratase; RhamD, L-rhamnonate dehydratase; AraD, D-arabinonate dehydratase; GalrD/TalrD, galactarate dehy-
dratase/L-talarate dehydratase; XylD, D-xylonate dehydratase; GlucD, D-glucarate dehydratase; ManD, D-mannonate dehydratase.
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all mono- and diacids derived from D- and L-hexoses, D- and
L-pentoses, and D- and L-tetroses; a partial set of hexuronic
acids; and the (very few) commercially available phosphory-
lated acid sugars (20). Many members of the library are not
included in the BRENDA and KEGG databases of known
metabolites.
We identified an acid-sugar dehydratase from Salmonella

typhimurium LT2 that catalyzes dehydration of both L-talarate
and meso-galactarate as well as their interconversion by epi-
merization (22). The identification of L-talarate as a substrate
illustrates a challenge for functional assignment: L-talarate is
not in the databases of metabolites. The gene encoding the
dehydratase is adjacent to a gene encoding a permease, suggest-
ing that L-talarate may be a previously unrecognized carbon
source for S. typhimurium LT2. We determined that L-talarate
is a carbon source; when the gene encoding the L-talarate dehy-
dratase is disrupted, L-talarate no longer serves as a carbon
source. Galactarate is catabolized by another pathway, so the
dehydration of L-talarate appears to be both the in vitro enzy-
matic function and the in vivo physiological function. Library
screening not only allowed a physiologically relevant function
assignment but also discovered an unknown metabolite.
However, for many putative dehydratases, this library has

been ineffective. The explanation for failure is uncertain: if the
function of an enzyme is not known, it is impossible to deter-
mine whether the protein is catalytically active as isolated. A
more troubling explanation is that the library is incomplete and
does not contain the substrate. Elaboration of a physical library
requires extensive resources.
A corollary of the fact that many of the proteins/enzymes in

public databases do not have experimentally based functions is
that the identities of many metabolites are not known. Thus,
even if all known metabolites were available, the library would
not be useful for all enzymes with unknown functions.We have
concluded that in vitro physical library screening, by itself, is
not a general solution for functional assignment in the enolase
superfamily.
In Silico Ligand Docking—The identity and spatial arrange-

ment of the amino acids in the active site of an enzyme deter-
mine its substrate specificity; in the enolase superfamily, the
specificity-determining residues are usually located in the cap-
ping domain. Computational ligand docking methods, more
commonly used for computer-aided drug design, provide an
approach for inferring substrate specificity from the structure
of a binding site. Specifically, we and others (25–27) have dem-
onstrated the feasibility of using in silico libraries of known or
potential metabolites in combination with various docking
methods to suggest substrates for experimental testing.
This approach has resulted in the assignment of novel func-

tions tomembers of the enolase superfamily (and the amidohy-
drolase superfamily, e.g. Ref. 25); it has also suggested further
developments in the strategy both to increase its success rate
and to provide a connection between in vitro enzymatic func-
tions and in vivo physiological functions.
The Protein Structure Initiative (PSI) provided structures for

many enzymes of unknown function in meeting its goal of
“increasing structural coverage of sequenced genes” (PSI-2,
www.nigms.nih.gov/research/featuredprograms/psi/centers/,

and PSI:Biology, www.nigms.nih.gov/research/featuredpro-
grams/psi/psi_biology/). In the case of Protein Data Bank code
2OQY, a divergent member of the enolase superfamily, in silico
ligand docking was used to focus in vitro enzymatic assays (28).
Unlike other members, the structure of 2OQY revealed the
presence of two Mg2� ions in the active site: one in the canon-
ical position and a second 10.6 Å away in the capping domain.
Also, the basic/acidic residues differed from those previously
observed in the superfamily. In silico docking of the KEGG li-
brary identified diacid sugars andphosphorylated acid sugars as
likely ligands, with each of the anionic groups interacting with
one of the Mg2� ions. 2OQY was screened with our acid sugar
library; only galactarate was identified as a substrate.
However, in silico ligand docking to experimental structures

is not always successful: conformational changes frequently
accompany ligand binding, so a structure determined in the
absence of a ligand may not be useful for inferring substrate
specificity. In the enolase superfamily, this is a major challenge
because the flexible loop in the capping domain, which contains
residues important for selectivity, is almost always “open” or
disordered in the absence of a ligand. An alternative approach is
to use homology modeling to obtain “dockable” structures
using an experimentally determined liganded structure as the
template. Residue substitutions in the binding site provide
information about differences in specificity, which can be cap-
tured using docking methods.
Using the substrate/product-liganded structure of the AEE

fromBacillus subtilis (14) as the template to generate homology
models, we have successfully predicted a novel enzymatic func-
tion as well as the substrate specificities for many members of
the specificity diverse dipeptide epimerase family. The mem-
bers of a family of previously uncharacterized enzymes do not
possess the specificity determinants in the AEE template, so we
expected a novel function (29). N-Succinyl-Arg was predicted
to be the “best” substrate, followed by dipeptides with C-termi-
nal Arg/Lys residues and also N-succinyl-Lys. Assays using
N-succinylamino acids and dipeptides confirmed thatN-succi-
nyl-Arg is the best substrate for racemization (kcat � 71 s�1 and
kcat/Km � 1.4 � 105 M�1 s�1). N-Succinyl-Lys also is a good
substrate; various dipeptides with Arg/Lys in the C-terminal
epimerized position are substrates with inferior kinetic con-
stants. A subsequent x-ray structure with N-succinyl-Arg con-
firmed the predicted structure of the liganded complex, thereby
explaining the successful prediction of this novel enzymatic
function. However, the physiological function of the in vitro
N-succinyl-Arg racemase is unknown: the genomic context
does not provide any clues about its function.
This approach has also been appliedwith excellent success to

diverse dipeptide epimerases; these are identified by a con-
servedAsp-X-Aspmotif at the end of the eighth �-strand in the
barrel domain that provides the specificity determinant for the
�-ammonium group of the dipeptide. Althoughmost are AEEs,
some have widely varying specificities, such as a dipeptide epi-
merase from Thermotoga maritima with specificity for dipep-
tides such as L-Ala-D/L-Phe (30). The physiological roles of
these specificity diverse epimerases are unknown.
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Summary

The mechanistically diverse enolase superfamily continues
to serve as a paradigm that provides novel insights into the
structural basis for divergent evolution. The current challenge
is to develop strategies that allow definition of the full set of
reactions catalyzed by its members. Our experience is that this
can be best (only?) accomplished by multidisciplinary efforts
that include bioinformatics, structural enzymology, computa-
tional enzymology, and experimental enzymology to establish
in vitro enzymatic functions and genetics/physiology/metabo-
lomics to establish in vivo physiological functions. To helpmeet
this challenge, the Enzyme Function Initiative (supported by
National Institutes of Health Grant U54GM093342) has been
assembled to develop and disseminate integrated sequence/
structure-based strategies for predicting the substrates for
unknown enzymes.
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As increasingly large amounts of data from genome and
other sequencing projects become available, new approaches
are needed to determine the functions of the proteins these
genes encode. We show how large-scale computational anal-
ysis can help to address this challenge by linking functional
information to sequence and structural similarities using
protein similarity networks. Network analyses using three
functionally diverse enzyme superfamilies illustrate the use
of these approaches for facile updating and comparison of
available structures for a large superfamily, for creation of
functional hypotheses for metagenomic sequences, and to
summarize the limits of our functional knowledge about even
well studied superfamilies.

In the post-genomic era, access to large amounts of gene
sequence and protein structure data has become the norm;
by mid-2011, the number of protein sequences in the Uni-
Prot/TrEMBL Database (1) topped 16 million, whereas the
Protein Data Bank (2) contained over 73,000 structures.
Additional millions of sequences are becoming available
from newer types of genome projects, including metag-
enomics projects, with one report for the human gut micro-
biome accounting for an additional 3.3 million microbial
genes (3). Because experimental determination of protein
function lags far behind the rate of sequence and structure
determination, improved computational methods for func-
tion prediction are urgently needed to help bridge the gap
between sequenced genes and functionally characterized
protein products. In response, new methods are rapidly
being developed to address these challenges, and community
efforts are now under way to increase the pace of experimen-
tal and computational prediction of protein function (4,
5). Another large-scale effort (http://www.nigms.nih.gov/
News/Results/gluegrant_051510.htm) aims to develop a
combined experimental/computational strategy for the pre-
diction of the reaction and substrate specificity of enzymes,
the protein class that is the subject of this minireview. Addi-

tionally, community challenges such as the Critical Assess-
ment of Function Annotations (CAFA) (Automated Func-
tion Prediction 2011) have been mounted to assess and
improve the current state of automated prediction of protein
function. Viewing the glass as half-full, progress in sequenc-
ing and annotation over the last decade led one group to
estimate that some functional features can be assigned to as
much as 85% of proteins in completely sequenced genomes
(6). From a more skeptical perspective, more recent assess-
ments of annotation accuracy suggest that computational
approaches are especially prone to misannotation (7, 8),
indicating that significant challenges for functional infer-
ence remain.
This minireview focuses on how new insights about protein

structure-function relationships and functional inference can
be obtained from large-scale analyses of proteins, specifically
for “functionally diverse” enzyme superfamilies. We define
these types of superfamilies as sets of homologous proteins that
conserve structural and active site features that can be explicitly
associated with a conserved partial reaction or other chemical
capability. Within a superfamily and constrained by these
superfamily-common features, many divergent families may
have evolved that exhibit different reaction and/or substrate
specificities (9). (See the Prologue for somedefinitions of super-
families, families, and related terms.)
These types of superfamilies provide a useful context for

inference of functional properties of members of unknown
function (“unknowns”) because the constraints imposed by
the structure-function paradigm unique to each superfamily
restrict the search space for functional inference of their
reaction and substrate specificities, simplifying their func-
tional assignments. Because the number of sequences in
each superfamily is still increasing rapidly, large amounts of
new data are regularly available to inform these investiga-
tions. Moreover, sequence and structural similarities among
all of the members of a superfamily can be associated with
many types of functional information, allowing us to lever-
age what is known to guide inference of functional properties
of unknowns that are similar. (See the minireview by Gerlt et
al. (48) in this thematic series describing strategies for
assigning functions in the enolase superfamily for an exam-
ple.) Furthermore, as our coverage of genome space
increases, new “outlier” functions in superfamilies can be
identified from specialized environmental niches, extending
our estimates of the natural boundaries of functional varia-
tion that a particular superfamily supports.
Below, we describe how the continuing increase in sequence

and structural data can be used to understand better the evolu-
tion of new functions and to improve functional inference
accessed using a relatively new application of network-based
methods, protein similarity networks, an attractive approach
for investigation of functional properties from the context of
sequence and structural similarity. Results from such large-
scale studies are reviewed here using examples from three dif-
ferent superfamilies of enzymes: the eukaryotic protein kinase
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(ePK)2-like superfamily, a large group of acid-sugar dehydrata-
ses from the enolase superfamily, and the glutathione transfer-
ase (GST) superfamily.

Emerging Roles for Large-scale Computational Analysis
of Protein Superfamilies

Asmethods formanaging and analyzing sequence and struc-
tural data have improved, computational studies can more
effectively address broad issues in large-scalemapping of struc-
ture-function relationships and deduction of the patterns by
which natural evolution has led to the divergence ofmany func-
tions from an ancestral structural scaffold. For example, for
protein kinases, one of the largest and most important enzyme
superfamilies, the seminal Manning tree (10) provided a foun-
dation for classification of human kinases and those from other
eukaryotes. Likewise, a large-scale study of redox proteins gen-
erated a census of sequence, structural, and functional charac-
teristics of the divergent superfamilies of the thioredoxin fold
class that are represented in nature (11).
Large-scale analyses have the additional advantage of reveal-

ing patterns not easily observable when smaller data sets are
examined. For example, comparison of sequence and structural
features conserved in the active sites of the members of the
large and functionally diverse enolase superfamily allowed the
prediction of the specific partial reaction uniting the entire
superfamily, the abstraction of an�-proton of a carboxylic acid,
thereby restricting the functional prediction problem for the
thousands of sequences now identified as superfamilymembers
to consideration of only the overall reactions and substrates
consistent with that paradigm (12). Using that structure-func-
tion mapping as a foundation, more detailed computational
and experimental studies have identified differences among
superfamily members that distinguish the reaction and sub-
strate specificities of the �20 constituent families whose func-
tions can now be assigned (see the minireview by Gerlt et al.
(48) for a listing). Other notable studies linking structural and
mechanistic features across large enzyme superfamilies include
analyses of the amidohydrolase (13, 14), enoyl-CoA hydratase
(15), nudix (16), haloalkanoic acid dehalogenase (17), and two
dinucleotide-binding domain flavoprotein (18) superfamilies,
to name a few.
As more powerful tools and computers have been created,

the ease of mounting such studies has enabled new types of
analyses that provide context for interpreting functional char-
acteristics across homologousmembers of superfamilies. These
include sophisticated algorithms for multiple alignment and
phylogenetic inference, both of which have long been used
to examine evolutionary relationships among groups of
sequences. Especially relevant to this minireview, phylog-
enomic approaches, first described over a decade ago (19), com-
bine phylogenetic reconstruction with functional assignment
of unknowns based on their placement in the tree relative to
knowns. Phylogenomic approaches have now been applied
extensively to improve the accuracy of homology-based anno-

tation and to distinguish divergent families within enzyme
superfamilies (see Ref. 20 for an example). Additionally, search-
able online databases such as BRENDA (21) provide access to a
large store of enzyme function information, whereas others
provide online curation and computational tools created to link
enzyme sequence and structural information with functional
characteristics and mechanistic properties (22–25).

Network-based Approaches for Large-scale Analysis of
Protein Superfamilies

Although large-scale analyses indeed provide a “big picture”
perspective that adds much to our understanding of genomic
and chemical biology, the growing size of the data sets and their
associated metadata continue to raise significant challenges for
analysis and dissemination. Network-based analysis represents
one approach used to capture biological context, with genetic
or protein interaction networks using computational and/or
experimental data being among the most common. Sequence
and structure similarity networks have also been used for the
analysis and visualization of structure-function relationships
(26–28). This technique allows users to efficiently and quickly
examine similarities of much larger sets of proteins than is gen-
erally possible using traditional methods such as phylogenetic
trees and multiple alignments. For example, one such study
mounted a comparison of over 145,000 sequences to create a
map in which proteins are positioned according to sequence
relationships and gene functions (29). The recent development
of software platforms such as Cytoscape (30) facilitates the use
of network methods and algorithms of several types, enabling
access to these types of tools by non-experts.
Although they are not a substitute for phylogenetic infer-

ence, networks generated from even such simple metrics as
all-by-all pairwise comparisons of a large number of divergent
sequences have been shown to track well with known relation-
ships and with the clustering provided by trees. Furthermore,
they support facilemapping ofmany types of orthogonal data to
proteins clustered by similarity (31). Types of information such
as genome/operon context, interaction networks and path-
ways, and organism-specific information have been shown to
enhance the accuracy of functional inference (see Refs. 32 and
33 for relevant reviews). In analogy to phylogenomics, func-
tional information of many types can be associated with nodes
(e.g. protein sequences or structures) in a similarity network to
improve functional inference and insight. Because protein sim-
ilarity networks can be quickly generated in interactive formats,
users can easily explore these associations by coloring nodes
with different combinations of sequence/structural properties
and functional information.
Examples illustrating the application of large-scale analysis

of structure-function relationships using protein similarity net-
works are described below. Interactive versions of these net-
works are available from the authors and can be viewed using
the freely available Cytoscape software (30).

Tracking Growth of Structural Coverage: ePK-like
Superfamily

The ePK-like superfamily is a large and diverse group of
homologous enzymes that share a common protein kinase-like

2 The abbreviations used are: ePK, eukaryotic protein kinase; GST, glutathione
transferase; HMM, hidden Markov model; SFLD, Structure-Function Link-
age Database; r.m.s.d., root mean square deviation.
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fold (34) and conserved residues associated with ATP-depen-
dent phosphorylation of proteins and smallmolecules. ePK-like
enzymesmediate many important cellular processes, including
signal transduction (10). Theymake up almost 2% of eukaryotic
genes and, although present as a smaller percentage of bacterial
genes, may be at least as important in bacterial cellular regula-
tion as the structurally unrelated histidine kinases (35).
The size and diversity of the ePK-like superfamily make it

hard to generate a global overview of their sequence and struc-
tural relationships. As a result, only a small number of groups
have attempted the time-consuming task of generating large-
scale classifications of the kinases. In one of these studies, Kan-
nan et al. (35) used a library of hiddenMarkovmodels (HMMs)
to identify �45,000 ePK-like sequences from the NCBI non-
redundant database (36) and the Global Ocean Sampling data
set (37) and to classify them into 20 families. Examination of
this diverse sequence set allowed the identification of 10 resi-
dues conserved across most families. Six of these residues were
known to be involved in ATP and substrate binding and catal-
ysis, whereas the functional role of the remaining residues had
not been established. This study also showed that all but one of
these well conserved residues had been lost over the course of
evolution in one or more families (in some cases, substituted
with changes in other regions of the protein), illustrating the
plasticity of the ePK-like fold. Although profile-profile align-
ments and alignments of conserved motifs could be used to
group some families into related clusters, the size and diversity
of the superfamily have continued to challenge the construc-
tion of a more detailed evolutionary history.
Scheeff and Bourne (38) were able to surmount the problem

of low sequence identity across the superfamily by combining
sequence and structural information into a single phylogenetic
analysis. The results suggested that the tree constructed by this
method had some advantages and was more reliable than trees
produced using either sequence or structural data alone.
In addition to these types of global analyses, many thousands

of detailed studies have been published describing properties of
smaller groups and of individual enzymes. However, the sheer
number of sequences and structures in this superfamily, cou-
pledwith the rate of growth of the sequence and structure data-
bases, makes keeping an up-to-date record of kinase relation-
ships increasingly difficult, even without the inclusion of linked
functional information. (The Pfam (39) PKinase clan currently
includes nearly 85,000 sequences.) Here, we illustrate the use of
similarity networks to keep track of relationships between
enzymes in large superfamilies. In this example, networks gen-
erated from pairwise structural comparisons provide a current
update of the structural coverage of the superfamily.
Fig. 1 shows structure similarity networks for the ePK-like

superfamily,3 colored by Pfam classifications, with Fig. 1A indi-
cating the differences in structural coverage in the years

between when the study by Scheeff and Bourne (38) was pub-
lished (October 2005) and May 2011, respectively. As is clear
from these summaries, the structure space has filled out signif-
icantly over this 6-year span. Most strikingly, the fructosamine
kinase family defined by Pfam, Fructosamin_kin (red oval in
Fig. 1A, lower panel), was not represented at all in the network
from 2005. Fig. 1B shows the same network as in Fig. 1A (lower
panel), but thresholded at a higher stringency scoring cutoff
(achieved by increasing the score threshold required for draw-
ing edges between two nodes), enabling amore detailed view of
the same structural relationships. Fig. 1B provides a different
and somewhat more detailed view of the growth of structural
coverage between these two time points. Although these net-
works use a set of structures that is larger and somewhat differ-
ent from that used by Scheeff andBourne, they track reasonably
well with those trees (data not shown). Some exceptions
include structures for which the position was labeled as uncer-
tain in the Scheeff and Bourne tree. Alternative versions of
these networks colored by theManning classification (10), with
the addition of the atypical kinase class used in Ref. 38, are
provided in Fig. 2.
As shown in this example, similarity networks can be used

effectively to update relationships among proteins in a super-
family as new structures become available, if, as for the ePK-like
superfamily, its structural coverage is good. Sequence networks
can also be used to summarize relationships among proteins on
a large scale (11), as described below. Although the scale at
which networks can easily query such data is still much larger
than can generally be accommodated using multiple align-
ments and trees, the size of networks that can be viewed and
manipulated by software such as Cytoscape is limited by the
number of edges they contain. In practice, for a superfamily as
large as the kinases, only a small proportion of the available
sequences can be represented in a single network, typically
requiring the use of representative sequences to cover the
divergence space. Additionally, because of the diversity ofmany
superfamilies, including the ePK-like superfamily, it is not pos-
sible to connect the whole set of sequences at statistically sig-
nificant scores.

Prediction of New Carbon Sources in Human Gut
Microbiome from Comparisons with Acid-sugar
Dehydratases of Enolase Superfamily

Microbes residing in the gut have a significant influence on
human health. In addition to aiding in energy harvest from food
and synthesizing essential vitamins, changes in the gut micro-
bial population are associated with medical conditions such as
inflammatory bowel disease and obesity (3). Variations in
microbiome populations have also been observed following
treatment with antibiotics (40). Thus, much interest is now
focused on determining the molecular functions and biological
roles of the gut metaproteome both in healthy individuals and
in those suffering from disease.
One of the most comprehensive studies on the human gut

microbiome to date describes a set of 3.3 million microbial
genes sequenced and assembled from fecal samples of 124 indi-
viduals (3). As expected, the census of protein functions initially
identified in this metagenome includes proteins in many cen-

3 For network analysis for the ePK-like superfamily, structures were chosen to
include only one structure for each unique UniProt ID, with a preference for
1) structures solved October 2005 or previously and 2) wild-type, 3) ligand-
bound, and 4) good resolution structures. Using the FAST algorithm (46),
each structure in the set was used as a query against a database containing
all structures in the set. Networks were created at various N-score cutoffs
and visualized using Cytoscape.

MINIREVIEW: Functional Inference in Enzyme Superfamilies

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 37



tral metabolic pathways such as those involved in carbon utili-
zation pathways. We used the information available in the
Structure-Function Linkage Database (SFLD)4 (25) for a large
set of acid-sugar dehydratases in the enolase superfamily to
probe for additional and possibly unique carbon sources in the
microbiome. This was accomplished by identifying putative
acid-sugar dehydratases in the gutmetagenome that differ from
those that had been previously identified, whether of known or
unknown specificity.
The substrate specificities of 10 acid-sugar dehydratases

have now been biochemically established,5 allowing functional

assignment of specificity to �40% of the �2000 sequences cur-
rently represented in this subgroup of the superfamily in SFLD.
Although the rest can be assignedwith high confidence as likely
acid-sugar dehydratases, their substrate specificities remain
unknown. Using SFLD tools, protein sequences from the
human gut microbiome predicted to be acid-sugar dehydrata-
ses were identified and clustered together with the knowns and
unknowns of the subgroup already annotated in the database.
The results are summarized in the network shown in Fig. 3A.6

This network is thresholded at a relatively permissive cutoff,
wheremost families are found in onemajor cluster. Other reac-
tion families that do not show similarities to any of the nodes in

4 SFLD is a joint project of the Babbitt laboratory (supported by National Insti-
tutes of Health Grant GM60595 and National Science Foundation Grants
DBI-0234768 and DBI-0640476) and the UCSF Resource for Biocomputing,
Visualization, and Informatics (supported by National Institutes of Health
Grant P41 RR001081). Additional support for the creation of networks
available at SFLD is provided by the Enzyme Function Initiative (supported
by National Institutes of Health Grant U54 GM093342).

5 Of 10 acid-sugar dehydratase families of known reaction specificity in SFLD,
only seven are colored in Fig. 3, as two others are not represented in this
analysis. The mandelate racemase family, the namesake of the subgroup, is
also colored. Although mandelate racemase is not an acid-sugar dehydra-
tase, it is a member of this subgroup by sequence and structural similarity
and is therefore included in Fig. 3.

6 For network analysis for the gut metagenome, the sequence set consists of
1) the subgroup from SFLD containing acid-sugar dehydratases (named
the mandelate racemase subgroup), filtered to 90% identity, aside from
experimentally characterized members, all of which are present, and 2) all
gut metagenome sequences that matched either this SFLD subgroup
HMM or an SFLD family HMM from a family within the subgroup with an
e-value cutoff of at least 1e�2 and that did not better match any other
enolase superfamily SFLD HMMs. These sequences were filtered to 90%
identity and to remove fragments under 150 amino acids. BLAST analysis
(47) was performed using each sequence in the set as a query against a
database containing all sequences in the set. Networks were created at
two different e-value cutoffs and visualized as described in Footnote 3.

FIGURE 1. Structure similarity networks of ePK-like superfamily generated from pairwise comparisons using FAST algorithm. Each node represents a
structure. Each edge represents a connection with a FAST N-score better than a given threshold. A, FAST N-score cutoff � 11, colored by Pfam family. Upper
panel, structures available as of October 2005 (97 nodes). At this cutoff, the average root mean square deviation (r.m.s.d.) is �2.81 Å with �213 C� atoms
aligned. Lower panel, structures available as of May 2011 (295 nodes). At this cutoff, the average r.m.s.d. is �2.98 Å with �207 C� atoms aligned. B, FAST N-score
cutoff � 23. At this cutoff, the average r.m.s.d. is �1.97 with �247 C� atoms aligned. Nodes colored green represent structures available in the Protein Data
Bank as of October 2005; those colored blue represent structures added to the Protein Data Bank between October 2005 and May 2011 (total of 295 nodes).
Nodes were arranged using the yFiles organic layout provided with Cytoscape version 2.7. Lengths of edges are not meaningful except that sequences in
tightly clustered groups are relatively more similar to each other than sequences with few connections.
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this large cluster at a threshold better than the cutoff form
smaller clusters arranged randomly at the bottom of Fig. 3A.
Simple examination reveals a few emerging clusters in themain
cluster and also in the separated clusters (e.g. the circled group
in Fig. 3A) that are populated primarily or exclusively by gut
metagenomic sequences. Because these sequences are some-
what distant from those with characterized functions (desig-
nated by different colors), they may indeed represent unique
acid-sugar dehydratases and, hence, new carbon sources not
previously associated with the superfamily.
A more detailed examination of this hypothesis can be

obtained by visualization of the network at the more stringent
e-value cutoff, shown in Fig. 3B. In this view, most of the char-
acterized familieswithin the subgrouphave separated into indi-
vidual clusters, suggesting that this threshold cutoff may be
useful for hypothesizing the boundaries of at least some of the
functionally distinct families within it. From this view, we can
predict the specificity of some of the metagenomic sequences
that cluster closelywith known families, e.g. fuconate and galac-
tonate dehydratases. The perspective provided in Fig. 3B also
lends support to the hypothesis that the separated clusters pop-
ulated only by gut metagenomic sequences and other unchar-
acterized sequences from the GenBankTM Data Bank may
indeed represent new carbon sources not previously identified
as members of the enolase superfamily. Finally, the addition of
these metagenomic sequences to the networks helps to fill out
the sequence space representing the acid-sugar dehydratases

and illustrates more fully the breadth of their natural diversity.
It is also interesting that some clusters containing members of
characterized families in Fig. 3B have no representatives from
the gutmicrobiome, suggesting that these functionsmay not be
represented in themicroorganisms that live in the gut (or those
functions are supplied by enzymes from a different evolution-
ary background).

What We Do Not Know About Cytosolic GST Superfamily

GSTs constitute a large class of enzymes that play important
biological roles in cell signaling andmetabolism of endogenous
compounds, drugs, and other xenobiotics. They are ubiquitous
in nature (except for archaea) and may represent as much as
0.01% of the enzyme universe.7 Based on sequence similarities,
GSTs have historically been organized into major classes using
the names of Greek letters (e.g. Alpha, Pi, Omega, Theta, etc.)
(41). Within each major class, subclasses designate functional
and other properties. Although a number of GSTs have been
experimentally characterized in terms of their general substrate
profiles, the physiological substrates and reaction specificities
of only a small minority are known. Still, because of their
importance to human biology and health, GSTs are among the
best studied of enzyme superfamilies, with thousands of publi-
cations detailing their biological roles and structural and func-
tional properties.

7 H. J. Atkinson and P. C. Babbitt, unpublished data.

FIGURE 2. Alternative view of structure similarity networks of 86 representative structures in ePK-like superfamily (generated as described for Fig. 1).
Nodes are colored according to their Manning/Bourne group classification. Dark gray nodes represent structures that were not classified. A, FAST N-score
cutoff � 4. B, FAST N-score cutoff � 23.
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Only a few studies have focused on the GST superfamily on a
large scale, however (11, 42, 43). The sequence similarity net-
work8 shown in Fig. 4 provides an overviewof the cytosolicGST
superfamily from one of these (42). It compares 622 GSTs rep-
resenting �6000 sequences and shows that they can be divided
into twomajor groups distinguished by sequence and structural
similarity (and also by variations in their active site features).
The majority of the enzymes in the smaller of the two groups
shown in Fig. 4 (Group 1) are from eukaryotic organisms,
whereas those from the larger group (Group 2) aremoremixed,
but with the largest number coming from bacteria.
The summary of sequence relationships and structural cov-

erage provided in Fig. 4 is the first time that similarity relation-
ships across the entire GST superfamily were captured in a
single view. This map shows both the sequences that could be
classified asmembers of one of themajor classes (colored nodes)
as well as those that had not even been assigned to one of these
general classes (light and dark gray nodes) and had thus far only
been identified as belonging to the cytosolic GST superfamily.
Remarkably, despite decades of study, these results reveal that
the huge majority of GSTs have never been functionally char-

acterized at any level. Furthermore, the representation of the
colored nodes in the overall topology suggests that many addi-
tional classes likely remain to be defined. The view provided in
Fig. 4 thus lays a foundation for choosing new sequences for
which functional and structural characterization may be espe-
cially valuable for prediction of new functional classes. Many
additional GST sequences have recently been identified,9 so the
proportion of GSTs for which no functional information is
available continues to increase dramatically.

Challenges for Computational Prediction of Functional
Properties

The examples provided in this minireview suggest the value
of large-scale analyses such as similarity networks for summa-
rizing sequence and structural relationships in large superfami-
lies and for developing hypotheses about how structure- or
sequence-based clustering tracks with functional boundaries.
However, like any other method, similarity networks also have
some significant limitations, a few of which have been
addressed above and others elsewhere (31). Although it is only
by experimental investigation that the in vitro and in vivo func-
tions of unknowns can ultimately be validated, the continual

8 For network analysis for the GST superfamily, the sequence set was gener-
ated, and networks were calculated and visualized as described previously
(42). 9 P. C. Babbitt and D. Stryke, unpublished data.

FIGURE 3. Sequence similarity networks of acid-sugar dehydratases known or predicted to belong to enolase superfamily and human gut micro-
biome. Networks were generated from all-by-all BLAST comparisons of 1578 sequences representing sequences of eight known acid-sugar dehydratase
families and the mandelate racemase family from the mandelate racemase subgroup (see Footnote 5) as defined by SFLD and a filtered set of gut metagenome
sequences that showed significant similarity to the members of the subgroup. Each of the 1578 nodes represents a sequence. Larger square nodes represent
those that have been experimentally characterized, so their reaction and substrate specificities are known. Brown nodes represent sequences from the human
gut metagenome, and white nodes represent SFLD sequences in the subgroup for which the reaction and substrate specificities have not been predicted. The
remainder (small nodes) represent sequences for which specificity can be predicted at high confidence, colored by their SFLD family names (see Footnote 4).
Nodes were arranged using the yFiles organic layout provided with Cytoscape version 2.7. A, each edge in the network represents a BLAST connection with an
e-value of 1e�44 or better. At this cutoff, sequences have a median percent identity and alignment length of �32% and 369, respectively. B, each edge in the
network represents a BLAST connection with an e-value of 1e�84 or better. At this cutoff, sequences have a median percent identity and alignment length of
�44% and 384, respectively. Lengths of edges are not meaningful except that sequences in tightly clustered groups are relatively more similar to each other
than sequences with few connections.
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growth of sequence data makes it increasingly difficult for
either focused or high-throughput experimental studies to keep
up. Even a reasonable fallback position requires the develop-
ment of new strategies for identifying the few experiments that
could bemost useful for validation of large-scale computational
predictions. As illustrated here and elsewhere (44, 45), protein
similarity networks represent one way to generate the context
needed for choosing those experiments and interpreting the
results.
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Human visual perception is initiated through absorption of
light by photoreceptors in the retina. To maintain vision,
11-cis-retinal, which is photoisomerized to all-trans-retinal, is
continuously regenerated through the retinoid (visual) cycle. In
the first minireview of this thematic series, entitled “Chemistry
and Biology of Vision,” I describe the visual system from both
chemical and structural perspectives. First, I note that a com-
plete set of transcripts is now available for all gene products in
the retina. Translated products give rise to a unique retinal
architecture that includes rod and cone photoreceptor cells and
the adjacent retinal pigmented epithelium. Further molecular
understanding of phototransduction will require even higher
resolution structures of phototransduction and retinoid cycle
components obtained by x-ray and NMR techniques. This
minireview also describes the chemistry of spent chromophore
regeneration via the retinoid cycle. As post-mitotic neurons,
photoreceptor cells regenerate chromophore and shed their
outer segments throughout their life. Nothing is stated about
phagocytosis of the outer segments. Finally, I summarize recent
discoveries about other light-sensitive reactions governing cir-
cadian rhythm that occur in the eye as well as substantial pro-
gress in identifying novel therapies for blinding retinal diseases.
Photon absorption and visual signaling occur in the outer

segments, ciliary organelles of rods and cones tightly packed
with stacks of membranous discs containing extremely high
densities of visual pigments andother signaling proteins such as
those in the associated G-protein cascade. In the second mini-
review, entitled “Photoreceptor Signaling: Supporting Vision
across a Wide Range of Light Intensities, Vadim Y. Arshavsky
and Marie E. Burns describe molecular and cellular mecha-
nisms that allow photoreceptors to both detect low light levels,
including single photons, and continue to rapidly and reliably
signal changes in light intensity as illuminance increases over
10 orders of magnitude during the course of a typical day. Two
topics are emphasized: the role of light-induced calcium
changes in photoreceptor light adaptation and both mechanis-
tic and functional aspects of themassive light-driven transloca-
tion of several major signaling proteins between photoreceptor
outer segments and other compartments of these cells.
The vitamin A derivative retinal possesses a unique chemis-

try that makes it an ideal visual chromophore. Retinal can
reversibly bind to visual pigments via its aldehyde group, and its
double bonds can undergo light-dependent cis-to-trans-
isomerization. Animals have evolved pathways by which die-
tary chromophore precursors are absorbed in the intestine,
transported in the body, taken up by the eyes, and metabolized
to this chromophore. Ocular 11-cis-retinal must be continu-

ously regenerated by the visual cycle(s) to sustain vision. In the
third minireview, entitled “Metabolism of Carotenoids and
Retinoids Related to Vision,” Johannes von Lintig discusses
the biochemical pathways by which different animal classes
metabolically process this reactive compound. Knowledge
about the basic chemistry of vision should help develop strate-
gies to combat ocular diseases associated with aberrant chro-
mophore metabolism.
In the fourth minireview, entitled “Rod and Cone Visual Pig-

ments and Phototransduction through Pharmacological,
Genetic, and Physiological Approaches,” Vladimir J. Kefalov
describes how the properties of rod and cone visual pigments
can be investigated in situ. Physiological recordings from indi-
vidual intact rod and cone photoreceptor cells allow a quanti-
tative analysis of their functional properties. Thismethod com-
bined with pharmacological and genetic tools aimed at
modifying visual pigments can be used to investigate pigment
properties and how they affect the function of photoreceptors.
This approach has enabled observation of responses produced
by thermal activation of individual cone pigment molecules
expressed in transgenic rods and a direct measurement of the
cone pigment thermal activation rates. In addition, pharmaco-
logically manipulating the equilibrium between free opsin and
chromophore-bound pigment demonstrated the reversibility
of covalent bond formation between opsin and chromophore in
cones and the resulting free opsin at equilibrium in dark-
adapted cones. Expression of various pigments in transgenic
rods with deficient phototransduction inactivation also
enabled estimates of the life times of their physiologically active
intermediates.
In the fifth minireview, entitled “Loss of Daylight Vision in

Retinal Degeneration: AreOxidative Stress andMetabolic Dys-
regulation to Blame?,” Claudio Punzo, Wenjun Xiong, and
Constance L. Cepko highlight progress made on developing
therapies that prolong vision in inherited and acquired forms of
retinitis pigmentosa, primarily by preventing likely mecha-
nisms that cause photoreceptor cell death. The minireview
focuses on metabolic imbalances and oxidative damage and
provides experimental data on possible therapeutic interven-
tions. Excellent animal models for retinitis pigmentosa are
facilitating the development of several approaches to improve
therapy.One is touseadeno-associatedvirusgene therapybecause
of promising early studies that employed this treatment for other
eye diseases. Another involves the use adeno-associated virus to
deliver algal or bacterial photosensitive genes to rescue photo-
transduction in ailing cones or endowother retinal cells with pho-
tosensitivity. A third strategy is to deliver replacement photore-
ceptor cells derived from stem cells.1 To whom correspondence should be addressed. E-mail: kxp65@case.edu.
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Other than classical rod and cone photoreceptors, the eye
also contains a recently discovered class of photoreceptors that
transmit brightness information to deep centers of the brain,
including the hypothalamus and tectum. The physiology and
biochemistry of this “vision” are summarized in the last mini-
review, entitled “Melanopsin and Mechanisms of Non-visual
Ocular Photoreception,” by Timothy Sexton, Ethan Buhr, and
Russell N. Van Gelder. Intrinsically photosensitive retinal gan-
glion cells synchronize the circadian clock to external light/
dark cycles and control the pupillary light response by using a
different opsin pigment, melanopsin, as their photopigment.

Melanopsin photoreceptive mechanisms resemble those
employed by invertebrate rhabdomeric opsins more than those
used by vertebrate rhodopsin or cone opsins. The melanopsin
photocycle can function independently of the classical pigment
epithelium-based photocycle and may rely on a bistable
sequential photoisomerization mechanism for photopigment
regeneration.

Acknowledgments—I thank the authors for participating in this the-
matic minireview series and for their help with summaries of their
contributions.
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Visual perception in humans occurs through absorption of elec-
tromagneticradiationfrom400to780nmbyphotoreceptors inthe
retina. A photon of visible light carries a sufficient amount of
energy to cause, when absorbed, a cis,trans-geometric isomeriza-
tion of the 11-cis-retinal chromophore, a vitamin A derivative
boundtorhodopsinandconeopsinsof retinalphotoreceptors.The
unique biochemistry of these complexes allows us to reliably and
reproducibly collect continuousvisual informationaboutourenvi-
ronment. Moreover, other nonconventional retinal opsins such as
the circadian rhythm regulatormelanopsin also initiate light-acti-
vated signaling based on similar photochemistry.

Our visual system operates over an extremely broad dynamic
range, detecting variations in light intensity of over 8 orders of
magnitude, from single photons to more than one-hundred
million photons/s (1). This dynamic range is attributed to adap-
tation processes in rods and cones, with the remainder arising
from pupil contractions, processes within inter-retinal neu-
rons, and the production rate of visual chromophore. The rod
cell saturates at several thousand photons/s, whereas cones
continue to function at several millionfold higher light intensi-
ties (2). The central foundation of our vision is the photochem-
ical isomerization of the vitamin A-derived visual chro-
mophore (11-cis-retinal) from its cis- to trans-configuration. A
single photon of light isomerizes a single 11-cis-retinal bound
to rod or cone opsins. A photon carries �2.5 eV energy (at 500
nm), but only a fraction (1.5 eV/opsin molecule) is utilized to
elicit changes in retinal conformation and subsequently protein
conformational changes, whereas the remaining energy is dis-
sipated. The high excess of energy ensures that photoisomer-
ization occurs with high fidelity (3). To renew a functional
receptor after photoactivation, the chromophore must be
regenerated metabolically through a series of enzymatic pro-
cesses that include isomerization and oxidation of all-trans-
retinyl ester to 11-cis-retinal. Enzymatic re-isomerization of all-
trans-retinoid to 11-cis-retinoid requires only 3–4 kcal/mol
energy (or 0.13–0.17 eV/molecule) (4).
The retina is a layered sensory organ containing all necessary

functional and structural proteins to support human vision.
How this remarkable tissue develops and operates over such an
incredible dynamic range andhow retinoids are recycled are some

of the most stirring questions in biology. Blindness is one of the
most feared and debilitating illnesses affecting humans, and with-
out a detailed understanding of the basic events in vision, rational
approaches to treating blinding diseases will not be possible.With
the current methodology, it is now possible to identify all compo-
nents of the retina and trace mutations to retinopathies.

Complete Mouse Transcriptome in Eye and Retina

The eye is a complex organ composed of specific tissues that
carry out different functions to maintain continuous visual
responsiveness. Themain players are the cornea and lens in the
front of the eye and the retina and retinal pigmented epithelium
(RPE)2 in the back. The primary light absorption events take
place within the retina, a 0.24-mm thick tissue (mouse) com-
posed of multiple cell layers (Fig. 1). Retinal development and
maintenance, as well as light-sensitive visual functions, are
highly regulated. Physical dissection of different ocular tissues
followedby global analysis of their gene expression bymassively
parallel RNA sequencing (RNA-seq) allowed the assignment of
a complete comprehensive transcriptome to the ocular tissue
(5). The completeness of such analysis is an important prereq-
uisite to understand the structure and physiology of the retina
by identifying all players involved. Using RNA-seq of mature
WT mouse ocular tissues (the retina and whole eye), we
recently determined the complete composition of these tran-
scriptomes (5). Retinal tissue yielded 13,406 unique transcripts,
and as expected, many transcripts fromWT retinal tissues had
annotated functions that could be linked to specific metabolic
processes or structural and regulatory functions (Fig. 2, upper)
(5). In addition, analysis of WT whole eye tissues revealed a
large number of genes with unknown functions that await fur-
ther careful analysis (Fig. 2, lower). These studies complement
and greatly expand earlier gene chip-based expression analyses
in both accuracy and quantification (6, 7). This new depth of
knowledge of the retinal transcriptomewill facilitate large-scale
analyses of the functional consequences of manipulating pho-
toreceptor gene expression (i.e. using gene transfer by retinal
electroporation) (8). In addition to protein-coding mRNAs, a
large number of microRNAs (miRNAs) and other noncoding
RNAs are expressed in the eye (9, 10). Together with many
metabolites and dietary components, these RNAs regulate
developmental and circadian control over the translation of
proteins in each cell type. At least 78miRNAs are preferentially
expressed in the mouse retina from 689 identified miRNAs
(miRBASE Sequence Database Release 13.0, March 10, 2009)
(11), suggesting the importance ofmiRNAs inmodulating gene
expression profiles in retinal cells. Moreover, inactivation of
Dicer (an essential RNase III endonuclease required formiRNA
maturation) leads to progressive functional and structural
degeneration of the mouse retina (12). Regulating miRNA lev-
els could be an important approach to treat human retinal dis-
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eases, as demonstrated in a mouse model of light-induced ret-
inal degeneration (13).

Photoreceptor Structure

Proteins involved in visual phototransduction are located pre-
dominantly in the photoreceptor outer segments (OS) of rods and
cones.PhotoreceptorOSof thesehighlydifferentiatedneuronsare
actually specialized cilia (Fig. 1A). Structural studies of these cilia
were first carried out with guinea pig and frog rod outer segments
(ROS) (14, 15). More recently, mouse tissue has been favored
because of the ease of genetic manipulation (5, 16).
The averagemouse ROS length and diameter were estimated

to be 23.8� 1.0�mand 1.22–1.32� 0.12�m, respectively (17).
AmouseROScontains�800membranous disks stacked on top
of each other (Fig. 1A). These internal diskmembranes increase
the total membrane surface area by�1500-fold compared with

the plasma membrane surface alone (18), promoting a high
density of the rod visual pigment rhodopsin. Cryo-electron
tomography of vitrified mouse retina provided reliable three-
dimensional morphological information about this structure
(Fig. 1B) (19). Fig. 1C presents a diagram of this ROS structure
with distances between different membrane components
obtained from cryo-electron tomograms. Based on these and
the abovementioned electron microscopy data, the ROS inte-
rior volume, including both the intradiskal and cytoplasmic
space, is 32� 10�12ml, and the cytoplasm occupies 10� 10�12

ml in the ROS (19). Thus, it is amazing that the cytoplasmic
space used for phototransduction represents only �30% of the
space inside a ROS, underscoring the importance of internal
membrane structures in phototransduction. This phototrans-
duction cascade occurs as catalytic processes on the interface of
diskmembranes and the cytoplasm (interfacial catalysis). Cryo-

FIGURE 1. Structures of rod and cone OS and ROS internal membranes. A, neuronal organization of a typical mammalian retina. A cross-sectional repre-
sentation of rod and cone photoreceptors is presented, illustrating their connections to the RPE distally and to relaying cells (bipolar, horizontal, amacrine, and
ganglion cells) proximally. The rod structure has a longer OS with membrane-enclosed disks tightly packed without connections to the plasma membrane.
Cone disks are continuously connected with the plasma membrane. This figure was reprinted from Ref. 101 with permission. B, electron tomogram of vitrified
ROS. The electron tomogram is represented in three orthogonal slices through the ROS volume. An x-y slice (right) and a y-z slice (left) display the high order and
regular arrangement of stacked disks. Red represents the high concentrations of rhodopsin found in disk membranes; spacer structures (pillars) are colored
green. Scale bar � 200 nm. C, blueprint of ROS. A schematic of a plasma membrane and two disks with measured distances between membrane components
is shown. Green cylinders represent monomeric rhodopsin, which forms a larger cluster in native ROS. B and C were reprinted from Ref. 19 with permission.
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electron tomograms also show spacers that keep the disks sep-
arate from one another and maintain appropriate distances
between adjacent disks and the plasmamembrane (19). Spacers
consist of complexes of proteins with estimated molecular
masses of �500 kDa distributed at a mean density of �500
molecules/�m2 throughout the disks (19). Intuitively, the pres-
ence of proteins responsible for maintaining this structure
could be predicted because structural components are essential
formaintaining the complex architecture of these fluid internal
membranes. The intervening spacers are likely occupied solely
or in part by glutamic acid-rich proteins and a membrane-
bound retinal tetraspanin protein called peripherin/RDS (20).
Rhodopsin occupies �50% of the membrane volume within

the disks of ROS (21). This high density of photoreceptor opsin
could be needed to increase the probability of photon absorp-
tion. In addition, it appears that rhodopsin could play a critical
structural role in establishing ROS morphology, as opsin
knock-out mice form only small ROS appendices early in life,
before the cells degenerate (22). The size of the ROS is dictated
by the expression level of rhodopsin (17), as heterozygous
knock-out mice for the opsin gene possess �50% smaller ROS
(23), and overexpression of this protein leads to rod cell degen-
eration (24). Rhodopsin is not uniformly distributed through-
out disks (25). For example, cryo-electron microscopy images

of vitrified unstained native mouse ROS reveal high density
regions on the disk surface. This difference in density could
arise only from an uneven distribution of rhodopsin, which is
the main protein in these disks, representing �90% of all disk
proteins.Moreover, patches of diskmembrane containing rows
of rhodopsin dimers have been observed by atomic force
microscopy, a finding supported by other biochemicalmethods
summarized previously (3). Paracrystalline patcheswithin care-
fully isolated fresh disks from photoreceptors of mouse retina,
wherein the building blocks consist of rhodopsin dimers (26),
imply functional significance in rhodopsin biosynthesis or
function (27) and remain a topic of considerable interest
(reviewed in Ref. 28). Interestingly, Corless et al. (29) found that
crystalline structure is formed from visual pigments in cone
cells when frog retinas are exposed to light.
Because both the mouse rhodopsin level (�520 pmol/eye)

(16, 17) and total cell number (6.4 � 106 rods) (30) can be
measured precisely, rhodopsin is calculated to have a concen-
tration of 4.62mM in diskmembranes and 8.23mMwith respect
to the ROS cytoplasm. The density of rhodopsin in the disk
membrane is estimated to be 2.4� 104molecules/�m2on aver-
age or up to�3.4� 104molecules/�m2 in high density patches.
Atomic force microscopy measurements yielded a density of
30,000–55,000 rhodopsin molecules/�m2 and �108 rhodopsin
molecules/rod, partially organized in paracrystalline arrays (16,
26).As thewhole retinal transcriptomehasnowbeenanalyzedand
the majority of the ROS proteome has been identified by mass
spectrometry, attention isnowfocusedon the interactionsof these
proteins, their effects on function, and their regulation. More
structural studies are required to answer these questions.

Structures of Phototransduction and Visual Cycle
Components

Further molecular understanding of phototransduction
inevitably focuses on the structures of phototransduction and
retinoid cycle components and their complexes because the
spatial organization of photoreceptor proteins underlies their
functional ability to harvest light and generate a neuronal sig-
nal. Great progress has already been made by defining struc-
tures of a number of full-length proteins or fragments, either
alone or in complex with effector proteins (see Ref. 31). A few
interesting examples are listed below, but it is likely that more
will be known in the near future about the structures of differ-
ent components involved in this G protein-mediated process
than about most other signal transduction systems in nature.
Structures of multiple forms of the G protein-coupled recep-

tor (GPCR) rhodopsin (Fig. 3) (32–37), as well as various forms
of G proteins (38–40), the receptor-capping protein arrestin
(41), or likely G protein partners involved in intracellular trans-
location between photoreceptor compartments (42), have been
determined (43). Rhodopsin has been extensively studied as a
prototypical GPCR (3), and insights derived from comprehen-
sive biochemical and biophysical studies of rhodopsin and its
cognate G protein, transducin, have significantly improved our
understanding of GPCR signaling in general (44).
An enhanced insight into the dynamics of rhodopsin activa-

tion and interaction with ligand and G protein has been
obtained more recently by NMR techniques that show confor-

FIGURE 2. Transcriptome analysis of wild-type mouse eye. RNA sequenc-
ing of WT mouse eye reveals the transcriptional landscape of this tissue and
the precise quantification of transcripts present. A breakdown of assigned
transcripts is presented along with the number of transcripts in each cate-
gory. The table highlights key Gene Ontology (GO) term categories and sub-
categories that relate to different aspects of visual processing. Notable are
2570 transcripts of unknown function of a total of 13,406 transcripts detected
in WT eye, prospects for new avenues of vision research. Data shown are
reprinted from Ref. 5 with permission.
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mational flexibility of this receptor and the G protein upon
activation (45–48). Several methods demonstrated that mem-
brane proteins (49), including rhodopsin (50), contain integral
ordered water molecules that play important roles in both
structure and function. These water molecules could be key to
the initial folding of these proteins as they insert into mem-
branes, facilitating their assembly into functional entities, as
well as playing roles in the activation process. Using radiolytic
footprinting techniques, we found that water molecules are
associated with highly conserved and functionally important
residues (50). In all sub-3 Å resolution GPCR crystal structures
determined to date, the observation of “conserved” waters in
similar locations supports the notion that thesewaters are likely
to be as important to receptor function as the conserved amino
acid residues (32, 37, 51).
Key myristoylated Ca2�-binding proteins involved in photo-

transduction, namely guanylate cyclase-activating proteins
(52), have been visualized at high resolution by NMR and crys-
tallographic methods to reveal their internal architecture, but
only in their Ca2�-bound forms (53–55). More advanced stud-
ies have been performed on anothermyristoylated photorecep-
tor protein called recoverin. In recoverin, Ca2� induces the
N-terminal extrusion of a myristoyl group that interacts with a
lipid membrane bilayer (56, 57). This transition, termed a cal-
cium-myristoyl switch, could allow a protein to translocate
from the cytoplasm to membranes in a calcium-dependent
manner (56). In contrast, GCAP1 has its myristoylated group
boundwithin a cavity formed by the polypeptide chain, but this

does not exclude the possibility that this acyl group ismobilized
in complexes with targeted guanylate cyclases.
Other important structures of phototransduction proteins

include rhodopsin kinase (GRK1) (58) and RGS-9 (regulator of
G protein signaling 9), the latter alone or in complex with the
activated �-subunit of the photoreceptor G protein transducin
and/or an inhibitory subunit of phosphodiesterase 6 (59, 60).
These studies provide specific information about the termina-
tion of signal transduction on photoactivated rhodopsin and
the activated G protein transducin.
In addition to high resolution crystal structures, complemen-

tary methods have proven to be informative about complex pro-
teins that are not yet amenable to crystallographic approaches.
Among these methods are cryo-electron microscopy and single-
particle analysis. For example, single-particle analysis and model-
ingprovided the first viewsof phosphodiesterase organization (60,
61) and of the complex of dimeric rhodopsin and heterotrimeric
transducin (Fig. 3)(62). However, many additional proteins whose
atomic level structural details are critical tounderstanding the reg-
ulation and precise mechanism of phototransduction continue to
escape structural interrogation.
In addition to these functional receptors, enzymes, and

structural proteins, the chemical transformation of retinoid
metabolites, i.e. the retinoid cycle, is critical for proper visual
function. The structure of retinoid isomerase RPE65, the key
enzyme of this metabolic pathway, has been determined (63).
This crystal structure reveals a seven-bladed �-propeller motif
with single-strand extensions on blades VI and VII and a two-

FIGURE 3. Visualization of photoactivation and subsequent G protein activation. A, structural representation of the photoactivation process. Upon
adsorption of a photon of light, the bound inverse agonist 11-cis-retinal chromophore isomerizes to the all-trans-state. Through a series of small-scale changes
in protein side chains and their interactions with bound water molecules, this initial signal is transmitted to the cytoplasmic surface 40 Å away, where it triggers
nucleotide exchange on the heterotrimeric G protein transducin. Upon nucleotide exchange, transducin dissociates and activates downstream signaling
events. B, photographic documentation of spectral changes in rhodopsin upon activation. Once rhodopsin in its dark 11-cis-retinal-bound state (a) is exposed
to light, it immediately goes through a series of photointermediate states, including metarhodopsin I (Meta I; b), and eventually progressing to the Rho*
(metarhodopsin II (Meta II)) activated state (c). All images shown were taken upon exposure with standard room lighting (10 and 40 s). Upon treatment with
hydroxylamine, the chromophore is hydrolyzed, resulting in a largely colorless solution (d). C, model of the G protein rhodopsin complex based on single-
particle reconstruction of the negatively stained native entity. A model based on solved x-ray structures was built into constraints imposed by the map
provided from single-particle analysis (62). This orientation of a G protein and its N and C termini is recapitulated only to the same degree by the �2-adrenergic
receptor-Gs-nanobody structure (100).
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strand extension on blade III (Fig. 4). This crystal structure
provided a basis for understanding RPE65 membrane binding
and enzyme-catalyzed retinoid isomerization. The structure of
an important 11-cis-retinal-binding protein called cellular reti-
naldehyde-binding protein has a defined hydrophobic core that
is responsible for sequestering 11-cis-retinal (64). Additionally,
the structure of the R234W mutant of cellular retinaldehyde-
binding protein, which is associated with Bothnia dystrophy
and compromises visual pigment regeneration, identified the
structural basis of that disease (4). Despite these advances,
many questions remain with regard to the chemistry of the
retinoid cycle.

Regenerating Spent Chromophore: Retinoid Cycle

For the retina to remain responsive to light and maintain
vision, 11-cis-retinal, which is isomerized to all-trans-retinal,
must be continuously and efficiently regenerated (65). The time
constant for rhodopsin regeneration is �400 s, and that for
cone pigment regeneration is�100 s (66). The pioneeringwork
of Kühne andWald (67–69) laid the foundation for our current
understanding of the photochemistry of vision. This process
takes place in two cellular systems, retinal photoreceptors and
the adjacent RPE (Fig. 4). From a chemical perspective, enzy-
matic isomerization of the chromophore appears to be a formi-

dable problem in regioselectivity.What regulates the specificity
of the conversion of an all-trans-retinol to a specific 11-cis-
isomer, when this molecule has only one functional group
(–OH) and several possibilities for single or multiple cis-
isomerizations?This reaction alsomust occur continuously in a
membranous/aqueous environment at body temperature.
Moreover, the chromophore has other chemical properties that
must be cleverly utilized. First, it contains five or six conjugated
double bonds that allow light absorption in the visible range of
the spectrum when conjugated with protein via a Schiff base.
Second, as predicted by Pauling (70), the repulsion between two
methyl groups makes 11-cis-retinal an unstable isomer, which
encourages its isomerization to all-trans-retinal. Third, retinol
easily forms one of themost stable carbocations in biology (71),
allowing reshuffling of double bonds. Fourth, the isomerization
of retinol has a relatively low activation energy (72). Three
chemical mechanisms for isomerization of conjugated double-
bond polyisoprenoids in biological systems have been identi-
fied. (a) A transition state carbocation product is formed from
retinyl esters by alkyl cleavage; this carbocation then adjusts to
an 11-cis-retinyl-like conformation to fit the active site of the
enzyme, and double bonds are re-established when water is
added (reviewed in Ref. 73). (b) A specific double bond is satu-

FIGURE 4. Retinoid cycle regenerates visual pigment chromophore 11-cis-retinal. In ROS, 11-cis-retinal is bound to opsin, forming rhodopsin (structure
taken from Ref. 32). Absorption of a photon of light by rhodopsin causes photoisomerization of 11-cis-retinal to all-trans-retinal and productive signaling,
eventually leading to release of all-trans-retinal from the chromophore-binding pocket of this opsin. All-trans-retinal is reduced to all-trans-retinol in a reaction
catalyzed by NADPH-dependent all-trans-retinol dehydrogenases. Then, all-trans-retinol must diffuse into the adjacent RPE cell layer. This process is enabled
by esterification of retinol with fatty acids in a reaction catalyzed by lecithin:retinol acyltransferase. In the RPE, these all-trans-retinyl esters tend to form
intracellular structures called retinosomes. These esters serve as substrates for the RPE65 retinoid isomerase, which converts them to 11-cis-retinol (structure
taken from Ref. 63), which is further oxidized back to 11-cis-retinal by retinol dehydrogenases. 11-cis-Retinal formed in the RPE diffuses back into the ROS
because this reaction is virtually irreversible. This last step also completes the cycle by recombining 11-cis-retinal with opsin to form rhodopsin. The concept
embodied in this figure was taken from Ref. 102.
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rated; the resulting transition state intermediate rotates, and the
double bond is re-established by desaturation (74), as observed in
tomato and Arabidopsis carotenoid isomerase, CRTISO (75). (c)
An oxidative cleavage of carotenoids generates two retinal mole-
cules in cis- and trans-forms, as in the case of NinaB (76). The
structural explanation of these disparate dioxygenase and isomer-
ase activities is critical to understanding the molecular mecha-
nisms employed by this class of enzymes.
Remarkable progress has increased our knowledge of the ret-

inoid cycle, expanding the work so brilliantly started over a
century ago (Fig. 4). Several extensive reviews have provided a
current update of this progress (4, 65, 66, 73). Although the cycle’s
uniquephotochemistrymaintains vision, a high fluxof photons by
light exposure can lead to elevated levels of toxic retinal metabo-
lites that accumulate throughout life and induce photoreceptor
degeneration (77). Blocking the accumulation and action of these
toxic intermediates and preventing such photoreceptor degener-
ation can alleviate major human visual diseases such as Stargardt
disease and age-relatedmacular degeneration.
As mentioned before, the broad dynamic range of our vision

also raises the intriguing question of howmuch chromophore is
consumed during one’s lifetime. This estimate requires several
assumptions (see, for example, Ref. 78), but the high sensitivity
of the visual system, the large Avogadro number, and the low
molecular mass of the chromophore suggest that a realistic
exposure to light would equate to consumption of �1 mmol or
only 284 mg of 11-cis-retinal during a life span!
Although it is unclear why cell types other than photorecep-

tors are employed for chromophore regeneration per se, the
adjacent RPE is vital for maintaining photoreceptor architec-
ture and function. Thus, two cellular compartments are pri-
marily associated with the retinoid cycle, the photoreceptor OS
of rods and cones and the closely associated RPE (65). RPE cells
are essential for chromophore regeneration in both rods and
cones (79, 80). In addition, cones appear to be supplemented
with 11-cis-retinol by Müller cells (81, 82).
The outflow of retinoids from photoreceptors to the RPE

requires RPE-expressed lecithin:retinol acyltransferase, which
esterifies retinol with fatty acid to form retinyl esters (Fig. 4)
(83). Because retinyl esters have a propensity to self-aggregate
and they form oil droplet-like structures (84) called retino-
somes in the RPE (85, 86), a flow of retinol out of rods and cones
to theRPEwould be expected based on thermodynamic consider-
ations. The flow of 11-cis-retinal back from the RPE to rods and
cones is governedbydiffusion facilitated by anopsin “sink”, i.e. the
virtually irreversible reaction of opsins, especially rod opsin, with
the chromophore that re-establishes the protonated Schiff base
(21). The chromophore undergoes cyclic regeneration for each
absorbedphoton that causes isomerization of visual pigments, but
occasionally retinoids condensewith lipids or between themselves
to form harmful byproducts of the retinoid cycle (87) that require
photoreceptor cell regeneration.

Photoreceptor Renewal

Rods and cones are extensively exposed to light in the pres-
ence of high oxygen levels throughout the life of an animal. This
environment would inevitably lead to rapid retinal degenera-
tion if this damaging process was not countered by protective

biochemical mechanisms and continuous renewal of these
cells. Photoreceptor OS are particularly vulnerable to damage,
as they contain highly reactive retinoids and high levels of
unsaturated phospholipids such as esters of docosahexaenoic
acid (88). However, as terminally differentiated post-mitotic
cells, rods and cones do not divide. Thus, they have developed a
unique mechanism of renewing photoreceptor OS content by
shedding OS tips (Fig. 1A), which are then phagocytosed by the
RPE. The apical processes of RPE cells encircle the distal 1/3–
2/3 ends of photoreceptor OS (89). In the case of mammalian
rods, �10% of ROS disks are shed every day, and the same
amounts of membrane and protein components are produced
at the base of ROS (89). This process necessitates the synthesis
of up to 107 new rhodopsins/ROS/day, or a half-million rho-
dopsins/cell/h. In addition, themembrane supportmust also be
synthesized at a rate of �77 cm2/day (18). This incredible load
of GPCR and membrane synthesis strains the capacity of this
system such that a minimal aberration could lead to disruption
of photoreceptor OS disk renewal and related rod degenera-
tion. When photoreceptor OS disk morphology and renewal
are affected by mutations in the opsin genes, degeneration
ensues, as is the case for the P23H mutation in the opsin gene
(90) and over 100 other documented defects in production and
transport of rhodopsin caused by rhodopsin gene mutations
associated with retinitis pigmentosa (3).
Interestingly, photoreceptor OS disk recycling occurs in a

circadianmanner, with the peak of rod shedding in themorning
and cone shedding after dark (91). The components involved in
this recycling process are only partially known (Fig. 2). When
ingested by the RPE, a photoreceptor OS is surrounded by the
plasma membrane, producing a “phagosome.” This structure
undergoes a series of fusion events with endosomes and lyso-
somes, where several elements such as unsaturated lipids and ret-
inoids are recycled back to photoreceptors and incorporated into
new photoreceptor OS disks. Perhaps a number of genes with
unknown function found in the total retina/RPE transcriptome
will be shown to play roles in this process and its regulation (92).
Thus, photoreceptor cells absolutely require an extremely

metabolically active RPE for their maintenance and survival.
Genetic and age-related degenerative processes in RPE cells
subsequently lead to degeneration of photoreceptors. For
example, at the most metabolically active region of the retina
around the fovea, each RPE cell must engulf 4 � 108 rhodopsin
molecules/day. It is likely that photoreceptors around the fovea
place the greatest demand on the RPE, and as a consequence,
this region is the first to degenerate during age-relatedmacular
degeneration, initially sparing the fovea.

Melanopsin: An Invertebrate-like Opsin in Retina

Patients with inherited retinal degeneration retain light-de-
pendent sleep pattern regulation even when almost all of their
photoreceptors have degenerated, but this is not the case when
eyes are missing or in advanced stages of glaucoma when the
optic nerve that connects the retina to the brain is severed (93).
Two possible explanations of this phenomenon are that (i) only
a small number of surviving photoreceptors are needed to reg-
ulate the sleep cycle, and (ii) the retina contains other types of
light-sensitive cells. Using physiological and molecular tech-
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niques with the help of mouse genetics, it was unequivocally
established that the retina contains a small subset of ganglion
cells that are sensitive to light (94–96). These ganglion cells
(intrinsically photosensitive retinal ganglion cells) express a
rhodopsin-like molecule, melanopsin, with characteristics of
an invertebrate opsin. Intrinsically photosensitive retinal gan-
glion cells consist of distinct subpopulations that innervate the
hypothalamus to control circadian photoentrainment, and the
olivary pretectal nucleus and other brain targets involved, e.g.
pupillary, produce other specific light-induced functions (97).
Use ofmelanopsin, which has a stably associated chromophore,
rather than a member of the opsin subfamily that recycles the
chromophore enzymatically is likely dictated by the need to
avoid the canonical retinoid cycle. Ganglion cells are located
too far from the RPE to be readily supplied with new chro-
mophore. Thus, a bistable pigment evolutionarily conserved
from amphioxus (protochordate) would represent a useful
solution.
We do not yet have structural information on melanopsin,

but it is similar to other invertebrate rhodopsins. Significant
insight into the function of invertebrate rhodopsin has been
derived from crystallographic studies. The 2.5 Å resolution
crystal structure of an invertebrate rhodopsin (squidTodarodes
pacificus) displays a prototypical seven-helical bundle structure
with the chromophore located about two-thirds away from the
cytoplasmic surface (98). Notably, invertebrate phototransduc-
tion uses a Gq-type G protein that is involved in regulating
inositol 1,4,5-trisphosphate production. In contrast to bovine
rhodopsin, however, helices V and VI extend into the cytoplas-
mic medium and comprise part of the G protein recognition
surface. It has been suggested that invertebrate rhodopsin can
oscillate between cis- and trans-retinal conformations upon
photon absorption by one of these forms (99). In physiological
native membranes, invertebrate rhodopsin is organized in hex-
agonally packedmicrovillarmembranes of photoreceptors, and
in crystals, it is tightly associated in a dimeric form (98).
Extraordinary progress made over the last 2 decades has

allowed the development of multiple approaches targeted at
understanding blinding diseases. This marriage of basic and
translational investigation exemplifies the highest standard of
current progress in biology.
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For decades, photoreceptors have been an outstandingmodel
system for elucidating basic principles in sensory transduction
and biochemistry and for understanding many facets of neuro-
nal cell biology. In recent years, newknowledge of the kinetics of
signaling and the large-scale movements of proteins underlying
signaling has led to a deeper appreciation of the photoreceptor’s
unique challenge in mediating the first steps in vision over a
wide range of light intensities.

First Steps in Vision Occur in Photoreceptor Outer
Segments

Retinal photoreceptors transduce information obtained in
the form of absorbed photons into an electrical response that
can be relayed across synapses to other neurons in the retina. In
vertebrate photoreceptors, photon absorption and visual sig-
naling take place in the outer segment (Fig. 1), a sensory cilium
tightly packed with stacks of membranous discs containing
extremely high densities of visual pigments and other signaling
proteins. This morphological arrangement allows photons to
be efficiently absorbed as they pass through the outer segment.
The signal from activated visual pigment (rhodopsin in rods or
cone opsins in cones) must then be sufficiently amplified to
generate an electrical response that overcomes intrinsic noise.
Transduction from the light-absorbing visual pigment into an
electrical response utilizes a G protein signaling pathway
termed the phototransduction cascade, which leads to a
decrease in the second messenger cGMP and the closure of
cGMP-sensitive cation channels. The resulting hyperpolariza-
tion transiently decreases the release of glutamate from the
photoreceptor synaptic terminals, signaling the number of
absorbed photons to the rest of the visual system. Remarkably,
photoreceptors both detect low light levels (single photons in
the case of rods) and continue to rapidly and reliably signal
changes in light intensity as illuminance increases over 10
orders of magnitude during the course of a typical day.

Phototransduction: Rhodopsin Activation,
Amplification, and Deactivation

Phototransductionhas been the subject ofmany comprehen-
sive reviews (1–4). Here, we provide a framework introduction
and briefly summarize the latest findings that are shaping our
understanding of this first step in vision.
Phototransduction begins when a photon causes cis-trans-

isomerization of the chromophore 11-cis-retinal, which
induces a rapid conformational change to the protein’s fully
active form, R*. R* activates molecules of the G protein trans-
ducin by catalyzing GDP/GTP exchange on the transducin
�-subunit, G�t (Fig. 1). G�t�GTP separates from the transducin
��-subunits and binds to the �-subunit of its effector, cGMP
phosphodiesterase (PDE),3 which releases this subunit’s inhib-
itory constraint on the catalytic�- and�-subunits of PDE.Acti-
vated PDE rapidly hydrolyzes cGMP, thereby reducing its con-
centration in the cytoplasm and causing cGMP-sensitive cation
channels in the plasma membrane to close. The closure of
channels reduces the inward cation current, resulting in a tran-
sient photoresponse generated within milliseconds (Fig. 2).
The photoresponse persists until each phototransduction

protein becomes deactivated through the action of one ormore
regulatory enzymes (Fig. 1). Specifically, each R* in rods must
be phosphorylated at multiple C-terminal sites by rhodopsin
kinase, with each added phosphate partially reducing the rate
with which R* can activate transducin (5). After the addition of
three phosphates (6–8), arrestin (Arr1 in rods and Arr1 and
Arr4 in cones) binds to R* with high affinity, completely block-
ing subsequent transducin activation. Likewise, transducin and
PDE remain active until transducin hydrolyzes GTP. This
hydrolysis is catalyzed by a triumvirate complex of proteins
consisting of RGS9-1, G�5-L, and R9AP (the “RGS9 complex”)
(9). Finally, cGMP is restored through the action of guanylate
cyclase (GC) (10).
In normalmouse rods, the expression level of the RGS9 com-

plex rate-limits the recovery of the rod’s response to both single
photons and bright flashes of light (11). Altering the expression
level of R9AP changes the cellular content of the entire RGS9
complex (11, 12). Underexpression of R9AP reduces the level of
the RGS9 complex and makes rod responses much slower to
recover (11, 13), whereas R9AP overexpression increases the
RGS9 content and makes photoresponses recover much faster
(11, 14, 15). Interestingly, the rod responses of every mamma-
lian species examined so far recover with approximately the
same time constant of �200 ms. This similarity suggests that
the expression level of the RGS9 complex is tightly regulated
and that there is some evolutionary pressure that sets this rela-
tively slow time constant for rod vision. Notably, cones express
more RGS9 than rods (16, 17), which is likely to contribute to
their faster recovery. Indeed, recent physiology experiments
with salamander cones suggest that the rate-limiting step for

* This is the second article in the Thematic Minireview Series on Focus on
Vision.
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the recovery of cone responses is the deactivation of cone opsin
(18).
The ability of rods to generate sizable responses to the

absorption of single photons arises in part from the signal
amplification conferred by the activation of many transducin
molecules by a single R*. The rate of transducin activation in
rods is �150 s�1 in cold-blooded vertebrates (19) and 2–3-fold
faster in mammals (20). This rate is far higher than thosemeas-
ured in other G protein signaling pathways, undoubtedly
because of the unusually high density of transducin on the disc
membrane (�1:8 molar ratio with rhodopsin in mice). How-
ever, despite the high rate of transducin activation, the number
of activated G�t molecules produced during the single photon
response is actually surprisingly small, �10–15 in the mouse.
This is because the effective lifetime of R* is relatively brief,�40
ms (13, 14), and evenduring the brief time before arrestin binds,
the rate of transducin activation is being gradually diminished
by sequential phosphorylations. In mouse rods, the brief effec-
tive lifetime of R* is set by the rate of its phosphorylation and by
the concentration of arrestin (14). Remarkably, the concentra-

tion of arrestin available for R* binding is continuously buffered
by its self-association into dimers and tetramers, neither of
which can bind R* (21, 22). Arrestin oligomerization not only
regulates R* lifetime but helps to minimize the adverse conse-
quences of high arrestin levels on photoreceptor viability (23).

Light Adaptation: Role of Calcium

Rods and cones employ many mechanisms to avoid satura-
tion by bright light and to adjust the amplitude and time course
of their photoresponses to ever-changing ambient illumina-
tion, a process collectively known as light adaptation (Fig. 2) (2,
24). Historically, most photoreceptor adaptation was thought
to be mediated by the decline in intracellular Ca2� that accom-
panies the photoresponse. The levels of Ca2� fall in light
because its influx is reduced when cGMP-gated channels close,
whereas Ca2� efflux via the Ca2�/K�/Na� exchanger contin-
ues. The reduction in intracellular Ca2� is sensed by several
different Ca2�-binding proteins, including GC-activating pro-
teins (GCAPs), which stimulate cGMP synthesis by GC when
Ca2� falls (10). The Ca2�/GCAP-dependent regulation of GC

FIGURE 1. Rod phototransduction. Left panel, schematic of the compartmentalization of a rod cell, including the outer segment (OS), inner segment (IS),
nuclear region (N), and synaptic terminal (ST). Right panel, phototransduction activation and deactivation reactions. The upper disc illustrates photoexcited
rhodopsin (R*) activating transducin (G�, G�, and G� subunits) and PDE (�-, �-, and �-subunits). cGMP synthesized by GC is hydrolyzed by activated PDE. The
reactions in the lower disc represent cascade deactivation. R* is quenched by phosphorylation by rhodopsin kinase (RK; GRK1), followed by arrestin (Arr)
binding. Transducin and PDE are deactivated by the RGS9-1�G�5-L�R9AP complex, which accelerates the rate of GTP hydrolysis on G�t. cGMP synthesis by GC
restores cGMP to its dark level. The right panel was modified from Ref. 58 with permission.

FIGURE 2. Adaptation of rod photoresponses. A, outer segment membrane current (upper trace) in response to flashes presented in the dark or in the
presence of background light activating 150 R*/s. Ticks on the lower trace represent flashes, and the step represents background light. The onset of background
light evoked a large and rapid decrease in inward current (upward deflection) that subsequently relaxed to a steady-state level over tens of seconds, reflecting
the engagement of adaptation mechanisms. Flashes delivered on this background yielded small responses that were largely obscured by the current fluctu-
ations produced by the background light, despite the flashes on the background being �3 times brighter than the flashes delivered in the dark (8.5 versus 2.5
R*/flash). B, comparison of averaged dark- and light-adapted flash responses of the cell in A. The black trace is the average of 28 flash responses given in the dark;
the red trace is the average of 26 flash responses given on the background. The dark current was 15 pA, and the temperature was 36 °C.
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activity forms a powerful feedbackmechanism inwhich the rate
of cGMP synthesis increases as Ca2� falls during the response
to light, helping to restore cGMP levels rapidly and allowing the
cGMP channels to reopen.
There are two GC isoforms in photoreceptors, RetGC1 and

RetGC2, and also several different GCAPs, with all vertebrates
expressing at least two, GCAP1 and GCAP2; the relative
expression levels of GC1/GC2 and GCAP1/GCAP2 are not
equivalent in rods and cones (10). Likewise, the Ca2� depend-
ence of GC1 and GC2 regulation by GCAP1 and GCAP2 is
different. However, the maximal ranges of each GC activity
regulation by eachGCAPare comparable (see discussion inRef.
25).
These properties of GC regulation by Ca2� have important

functional consequences, as revealed in recent experiments
that utilized knock-out mice lacking one or both GCs and one
or both GCAPs and crossed each of these strains for biochem-
ical characterization and electrophysiological recordings.
Although both pairs, GC1/GC2 and GCAP1/GCAP2, function
in normal rods (26–28), GCAP1 appears to respond to the fall
in Ca2� more rapidly because it has lower affinity for Ca2�,
whereas GCAP2 releases Ca2� a bit more slowly at lower Ca2�

concentrations (25). As a result, GC activation by GCAP1
affects earlier stages of the photoresponse, whereas GC activa-
tion by GCAP2 affects photoresponse recovery later (28–30).
Overall, the GC activity in light-adapted rods can be �10-fold
higher than the activity in darkness (28, 31–33), comparable
with the activity changemeasured biochemically over the phys-
iological range of Ca2� (25, 34–36).
In cones, themaximal extent of the Ca2�-dependentGC reg-

ulation is thought to be comparable with that in rods. However,
the dark Ca2� level in cones is lower than in rods (37, 38),
suggesting that the degree to which the light-evoked change of
Ca2� could activate GCs is smaller in cones than in rods. This
was experimentally confirmed in a recent direct comparison of
rod and cone light responses in double GCAP1/GCAP2 knock-
out mice (39).
The fall in intracellular Ca2� also affects other calcium-bind-

ing proteins, including recoverin. Ca2�-bound recoverin inhib-
its the ability of GRK1 to phosphorylate R* (40, 41). Experi-
ments using rods of recoverin knock-outmice indicate that this
regulation by recoverin has a relatively minor effect on dim
flash responses but a larger effect on bright light responses and
responses to steady light (15, 42). Importantly, there is no
dynamic regulation of R* deactivation during the small brief
changes in Ca2� that accompany the single photon response in
rods or the flash response in cones; all of the dynamic regulation
appears to be conferred by GCAP-dependent GC modulation
alone (33, 39). Instead, it seems that inhibition of the actions of
recoverin, which requires sequestration of its myristoyl tail and
extrusion from the disc membrane, requires larger and longer
changes in intracellular free Ca2�, like those occurring during
steady moderate light. The dynamics of the Ca2�-myristoyl
switch has been recently described (43) and presumably confers
the light dependence of recoverin translocation to the inner
segment upon steady illumination (see below).
A third Ca2�-dependent adaptation mechanism is the regu-

lation of the sensitivity of the cGMP-gated channels by calmod-

ulin or calmodulin-like proteins (44). When Ca2� falls in light,
calmodulin dissociates from the channel, increasing the chan-
nel’s sensitivity to cGMP. This allows the channel in a light-
adapted cell to operate at a lower cGMP concentration range
than in a dark-adapted photoreceptor. Recent work in intact
mammalian rods indicates that the overall effect of this sensi-
tivity modulation is relatively modest and has a slow onset (45).
In cones, however, the effect ismore rapid and has greatermag-
nitude (46, 47).
Taken together, these Ca2� feedback mechanisms account

for most adaptation that occurs at low-to-moderate levels of
light intensity, developing over a period of seconds. Ca2�-inde-
pendent mechanisms also contribute to adaptation in photore-
ceptors,most notably the increased cGMP turnover in constant
illumination (48).When the PDE activity is high in steady light,
the activation of the same amount of PDE by a photon results in
a smaller fractional change in the overall PDE activity. This
produces a smaller and briefer change in cGMP, resulting in a
smaller response that recovers more quickly. These contribu-
tions of the steady PDE activity to the amplitude and time
course of photoresponsesmay not be intuitive and so have been
reviewed using various physical analogies (48, 49). Finally, light
adaptation has also been documented to occur at longer time
scales of tens of seconds in both lower and higher vertebrates
(50, 51), although the underlying mechanisms remain
unknown.

Several Signaling Proteins Translocate between
Subcellular Compartments in Response to Light

A different type of adaptation mechanism induced by sus-
tained bright light involves massive translocation of several
phototransduction proteins between the outer segment and the
rest of the photoreceptor cell (52–55). Illumination causes sig-
nificant fractions of transducin and recoverin to exit rod outer
segments, whereas arrestin translocates in the opposite direc-
tion. These processes take place over the course of several
minutes.
The adaptive nature of transducin translocation in rods was

demonstrated by experiments that correlated the loss of trans-
ducin from outer segments with a nearly 10-fold reduction in
signal amplification in the phototransduction cascade (56).
This effect is likely mediated by the reduction in the rate of
transducin activation by R* because this rate is dependent on
the transducin concentration (19, 20). Although transducin
translocation takes place at light intensities saturating rod light
responses (see below), this reduction in signal amplification
may be adaptive after the bright light is dimmed or extin-
guished, e.g. as dusk approaches, and vision is gradually switch-
ing from being cone-dominant to rod-dominant.
Although still awaiting experimental validation, the func-

tional role of translocation of other proteins is thought to be
adaptive as well. Outer segments contain only a small fraction
of total cellular arrestin in the dark (23, 57). As a result, phos-
phorylated R* produced by fairly low light levels could rapidly
deplete the outer segment of free arrestin, slowing subsequent
R* quenching. Thus, arrestin translocation provides a means to
supply additional protein as needs arise upon illumination.
Recoverin translocation from outer segments may also play an
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adaptive role by increasing the amount of rhodopsin kinase
available to phosphorylate R*. This could contribute to light
adaptation by speeding R* deactivation and reducing photore-
sponse sensitivity in a deeply light-adapted rod.
A complementary role of protein translocation may be to

protect rods from adverse effects of persistent light exposure
(58, 59). In bright light, rods contribute little to vision, and
instead of transducin running fruitlessly through the activa-
tion/deactivation cycle, it is stored away in a different cellular
compartment to reduce energy consumption (60, 61). This
energy-savingmechanism can reduce themetabolic demand in
the rods (see Ref. 58 for a specific calculation of associated
energy savings), which can protect cells from death and dys-
function (60).
Another neuroprotective aspect of protein translocationmay

arise from reduced cellular signaling caused by the redistribu-
tions of transducin, arrestin, and recoverin. This is because apo-
ptosis of rods, particularly in rodents, is often associated with
excessive signaling of the phototransduction cascade (59, 62).
Also neuroprotective could be the light-dependent transloca-
tion of another signaling protein, Grb14, which moves to rod
outer segments in response to light (63), thereby facilitating
insulin receptor signaling in these cells (64). Stimulation of the
insulin-mTOR (mammalian target of rapamycin) pathway was
recently shown to protect photoreceptors against stress-in-
duced apoptosis (64) and delay cone death in a mouse model of
retinitis pigmentosa (65).

Mechanistic Insights into Arrestin and Transducin
Translocation

At this point, the field has reached the consensus that protein
translocation, at least in the light-driven direction, occurs by
diffusion (Refs. 52–54 and 66–68, but see Refs. 69 and 70).
Although diffusionmay underlie themovement of proteins, the
light-dependent changes in their distribution patterns are
explained by the appearance or disappearance of specific pro-
tein-binding sites in individual subcellular compartments.
For example, phosphorylation of large amounts of R* in

bright light generates binding sites for arrestin, which serves as
at least one major driving force for its outer segment accumu-
lation in light (e.g. Ref. 66). However, at the light intensity trig-
gering arrestin movement, the number of arrestin molecules
entering the outer segment was estimated to exceed the num-
ber of produced R* by �30-fold, and this stoichiometry was
dependent on the extent of phototransduction activation (57).
This suggests that additional light-dependent binding sites
control arrestin distribution and release. One candidate for
binding arrestin is the microtubular cytoskeleton (66, 71),
which is by far more abundant in the inner than outer segment
(72). However, it remains unknown whether this interaction
with microtubules could be regulated by light. It has been
recently hypothesized that arrestin translocation is triggered by
phosphoinositide signaling downstream from rhodopsin and
that both phospholipase C and PKC are involved (73). Likewise,
the return of arrestin to the inner segment in the dark can also
be achieved by diffusion following its release from rhodopsin, as
the latter becomes regenerated, and the putative binding sites
in the inner segment are restored.

Notably, the passive redistribution of arrestin caused by its
binding to phosphorylated R*would fail to rapidly replenish the
outer segment pool of free arrestin after a bright flash because
arrestin diffusion from the inner segment takes minutes to be
completed (54, 57). In contrast, a pre-emptive release of arres-
tin from the inner segment-binding sites at the onset of illumi-
nation should better compensate for its outer segment deple-
tion to support normal R* deactivation during photoreceptor
exposure to bright light.
Themechanism of transducin translocation in rods is under-

stood in greater detail (52–54) and is based on the difference in
membrane affinities between the���-heterotrimer of transdu-
cin and its individual G�t and G�1�1 subunits. In dark-adapted
rods, the heterotrimer is tightly associated with the outer seg-
ment disc membranes due to the combined action of two lipid
modifications on the G�t and G�1 subunits (Fig. 3A) (74, 75).
Upon transducin activation byR*,G�t bindsGTP and separates
from G�1�1. Because each separated subunit has only one lipid
modification, their membrane affinities become significantly
reduced, allowing their dissociation from the disc membranes
and subsequent diffusion from the outer segment through the

FIGURE 3. Mechanism of transducin translocation. A, the translocation of
transducin requires the activation and separation of its functional subunits.
The heterotrimer is tightly associated with the membrane as a result of the
cooperative action of its two lipid moieties. Individual subunits have a lower
membrane affinity, allowing their dissociation from the disc membranes
while transducin remains activated. B, in dim light, activated transducin binds
to PDE and is rapidly deactivated by the RGS9 complex before it can dissoci-
ate from the membrane. C, in bright light, translocation occurs when there is
more activated transducin than PDE. This excess transducin, neither retained
on the membrane by PDE nor rapidly deactivated by RGS9, stays activated
sufficiently long to dissociate from the membrane to the cytosol and ulti-
mately diffuse out of the rod outer segment. This figure was modified from
Ref. 88 with permission.
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rod cytoplasm. Indeed, mutations of either subunit enhancing
their membrane affinity caused amarked reduction in transdu-
cin translocation efficiency (68, 76), and the efficiency of G�t
translocation is inversely proportional to the hydrophobicity of
its acyl group (77).
This basic mechanism illustrated in Fig. 3A suggests that the

extent of transducin translocation should be simply propor-
tional to the number of activated transducin molecules pro-
duced by light. However, in real rods, translocation is observed
only after light intensity reaches a critical threshold, producing
�4000 R*/rod/s (77). This is likely because, in dimmer light, all
of the activated G�t rapidly binds its membrane-associated
effector, PDE (Fig. 3B), which retains G�t on the disc mem-
branes. In addition, PDE serves as a cofactor for the GTPase-
activatingRGS9 complex (78) to allow rapid deactivation ofG�t
and its return to the high membrane affinity state of the trans-
ducin heterotrimer. Thus, transducin translocation can occur
only in light that is bright enough to activate transducin in
excess of PDE (Fig. 3C), a condition that is achievable because
photoreceptors have �10-fold more transducin than PDE in
their discmembranes. Such excess activatedG�t can be neither
retained on the discs by PDE nor rapidly deactivated by RGS9,
and so it dissociates from disc membranes. As a result, trans-
ducin translocation occurs at precisely the light intensity at
which phototransduction signaling is becoming saturated in
the sense that no additional activatedG�t can successfully drive
additional PDE activity.
We are just beginning to understand the transportation

mode by which transducin returns to rod outer segments in the
dark. Most likely, transducin relocated to the inner segment
re-forms the ���-heterotrimer, whose membrane affinity is
extremely high; thus, it is hard to imagine that it can return to
the outer segment by diffusion. Amotor-basedmechanism (69,
70) is unlikely to help as well because molecular motors are not
known to extract lipidated proteins from membranes. A solu-
tion to this problemwas offered (79) by demonstrating that the
knock-out of UNC119, a protein capping the acylated N termi-
nus of G�t (79, 80), significantly impairs transducin return to
the outer segment in the dark. In thismechanism,UNC119 acts
by keepingG�t apart fromG�1�1 and bymaintainingG�t in the
soluble form to allow its diffusion to the outer segment. On the
basis of the finding that UNC119 elutes G�t from membranes
only in the presence of GTP, one study proposed that UNC119-
dependent transducin return from the inner segment is initi-
ated by the spontaneous activation of transducin (79). Indeed,
the rate of spontaneous activation (81) is very close to that of
transducin return (56). Another study found that UNC119 is
able to pull G�t from the membrane-bound transducin trimer,
suggesting that no such spontaneous activation would be
required (80). Once G�t is bound to UNC119, solubilization of
G�1�1 could be subsequently facilitated by the isoprenoid-
binding protein PrBP/� (82, 83) or by another G�1�1-interact-
ing protein, phosducin, shown to reduce G�1�1 membrane
affinity (84) and assist G�1�1 translocation, at least in the light-
induced direction (85). What remains to be understood is the
directionality of transducin movement, i.e. why, in the dark,
transducin subunits solubilized by these proteins end up in the

outer segment rather than distributed evenly throughout the
cell.

Why Transducin Does Not Translocate in Wild-type
Cones

Cones are unique in their ability to adapt to light of essen-
tially any intensity without saturating their photoresponses. It
may appear that they could benefit from signal amplification
control conferred by transducin translocation even more than
rods. However, transducin does not translocate in cones under
normal conditions (67, 86–89). It was first proposed that cone
transducin does not translocate because its subunits (G�tc and
G�3�8) do not separate upon activation (67). However, a recent
study argued that there is no difference in the mechanism of
transducin translocation in rods and cones and instead pro-
vided evidence that cone transducin does not translocate
because it is not normally activated in excess of PDE (88). This
is achieved because of cones’ exquisite efficiency in rapid deac-
tivation of all phototransduction proteins at virtually all light
intensities. When the steady-state level of activated transducin
in cones was experimentally increased by slowing phototrans-
duction deactivation, robust translocation of G�tc and G�3�8
occurred (88). The minimal light intensity allowing transducin
translocation in these experimental models rendered cones
unresponsive to light, consistent with the idea that, in both rods
and cones, transducin translocates only when the biochemical
cascade is saturated.
Clearly, such biochemical saturation does not normally

occur in cones, which can adapt to ambient illumination of the
brightest intensity within a period of only a few seconds. On the
other hand, rods are easily saturated in daylight, and the result-
ing transducin translocation does not impair overall visual
function while likely providing neuroprotection. Thus, the
presence or absence of transducin translocation can be viewed
as an evolutionary adaptation of each photoreceptor type:
translocation allows rods to transition into a deeply light-
adapted, energy-saving mode, whereas its absence in cones
allows signaling under all natural conditions.
What are the mechanisms employed by cones to avoid more

than a momentary saturation of their phototransduction cas-
cade in bright light? Particularly critical is the deactivation rate
of cone R*. Not only has phosphorylation of cone R* been
shown to be more rapid than that of rod R* (87, 90), but also
cone R* has been long known to undergo a much more rapid
thermal decay than rod R* (e.g. Ref. 91). The latter is essential
because photoreceptors have much less rhodopsin kinase than
rhodopsin. Accordingly, rhodopsin kinase can be easily satu-
rated by excess R*, and the phosphorylation rate of individual
R*molecules falls drastically as the light intensity increases (e.g.
Refs. 87 and 92).
Both phosphorylation- and arrestin-independent deactiva-

tion of R* are much more efficient in cones than in rods (93–
95). To illustrate this point, Fig. 4 shows a direct comparison of
the flash response kinetics in rods and cones of wild-type mice
and mice lacking visual arrestin(s). In arrestin knock-out rods,
the response undergoes an initial partial recovery due to R*
phosphorylation, but a persistent plateau of remaining activity
recovers very slowly with a time constant of �1 min, reflecting

MINIREVIEW: Photoreceptor Signaling and Adaptation

1624 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 3 • JANUARY 13, 2012



the thermal decay rate of rod R* (96). Arrestin knock-out cones
also display slower photoresponse recovery, but the effect is
comparatively small. The time constant of the final recovery
phase in this case is�50-fold faster than that of arrestin knock-
out rods, consistent with more rapid thermal decay of cone R*.
There are several additional mechanisms that contribute to

the lack of phototransduction saturation in cones. First, coneR*
activates transducin at a slower rate than rod R*. This effect is
particularly prominent in fish (97), but the difference in the
activation rate in mice does not exceed 2-fold (98). Second,
transducin deactivation mechanisms by the RGS9 complex
seem to be faster in cones than in rods (16, 17). Third, in per-
sistent bright light, there is a steady-state depletion of available
visual pigment, which decreases the efficiency of photon cap-
ture and thus decreases cascade activation (99). These mecha-
nisms in cones prevent biochemical saturation of the cascade in
bright light, and, combinedwith other adaptationmechanisms,
prevent electrical saturation caused by the complete closure of
the cGMP-gated channels. Altogether, these processes allow
continued signaling of changes in illumination across a wide
range of light intensities.
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All animals endowed with the ability to detect light through
visual pigments must have evolved pathways in which dietary
precursors for the involved chromophore are absorbed, trans-
ported, andmetabolized. Knowledge about this metabolism has
exponentially increased over the past decade. Genetic manipu-
lation of animal models provided insights into the metabolic
flow of these compounds through the body and in the eyes,
unraveling their regulatory aspects and aberrant side reactions.
The scheme that emerges reveals a common origin of key com-
ponents for chromophoremetabolism that havebeen adapted to
the specific requirements of retinoid biology in different animal
classes.

The visual process is a paramount example for the complex
interactions of our bodywith the environment. It acquiresmost
of the brain’s sensory input and strictly depends on a dietary
chromophore. To establish and sustain vision, animals have
evolved pathways by which dietary chromophore precursors
such as vitamin A (all-trans-retinol (ROL)2) and provitamin A
(�,�-carotene) are absorbed in the intestine, transported in the
body, taken up by cells, and metabolized to the chromophore.
Night blindness, a condition that can be caused by an inade-

quate vitamin A supply to the eyes, is the oldest described eye
disease known since ancient times (1). This deficiency is still a
major health problem that causes blindness of children in
developing countries (2). Although this problem was prevalent
in Western societies about 100 years ago, an improved dietary
intake largely defeated this ailment (1). However, even disease-
preventing micronutrients have a defined window of benefit;
too much vitamin A or carotenoids can cause adverse health
effects. Moreover, mutations in genes encoding key players
involved in chromophore metabolism can cause inherited ret-
inal diseases such as retinitis pigmentosa and Leber congenital
amaurosis (3). Aberrant side products of chromophore metab-
olism also can trigger pathology such as age-related macular

degeneration (4). In vertebrates, vitamin A is critical not only
for vision but also for gene regulation in the form of all-trans-
retinoic acid (RA), which binds ligand-activated transcription
factors such as retinoic acid receptors (RARs) and retinoid X
receptors (5). Therefore, the metabolic flow of dietary precur-
sors into pathways for the production of different biologically
active retinoids must be regulated to avoid a deficiency or an
excess of these compounds.

Monophyletic Origin of Carotenoid/Retinoid Metabolism

Carotenoids and their retinoid metabolites are isoprenoids
that can undergo only a limited number of chemical transfor-
mations, and just a few of these occur naturally (Fig. 1A). The
formal first step in chromophore metabolism is the conversion
of the parent C40 carotenoid precursor into a C20 retinaldehyde
by symmetric oxidative cleavage at C15/C15� in the carbon
backbone. Enzymatic oxidative cleavage of carotenoids at a spe-
cific position of the polyene chain has been proposed for all
existing kingdoms of nature as a method for the synthesis of
apocarotenoids, including retinoids. The first carotenoid-
cleaving enzyme (CCE) was molecularly identified by analysis
of a maize mutant deficient in the apocarotenoid abscisic acid
(6). This breakthrough was followed by the molecular cloning
and biochemical characterization of structurally related
enzymes in different living kingdoms of nature (7).
Insect genomes encode only one and vertebrate genomes

encode three distinct CCE family members. The �,�-carotene
15,15�-monooxygenase BCMO1 converts a limited number of
provitamin A carotenoids such as �,�-carotene to retinalde-
hyde by symmetric cleavage at C15/C15� (8). The role of
BCMO1 as the key enzyme for retinoid production has been
well established (9). The �,�-carotene 9,10-dioxygenase
BCDO2 catalyzes cleavage of carotenoids at the C9�/C10� dou-
ble bond (10) and displays broad substrate specificity (11–13).
BCDO2 can furthermetabolize its primary cleavage product by
oxidative tailoring at C9/C10, indicating that the enzyme also
plays a role in apocarotenoid metabolism (13). There also is a
marked difference in the subcellular localization of the two ver-
tebrate carotenoid oxygenases. BCMO1 is a cytoplasmic pro-
tein (8), whereas BCDO2 localizes to mitochondria (13). Anal-
ysis of a knock-out mouse model for Bcdo2 demonstrated a
critical role of the second CCE for carotenoid homeostasis in
tissues (13, 14).
The third family member, RPE65 (retinal pigment epithe-

lium 65-kDa protein), was the first animal CCE molecularly
identified (15), but RPE65 was regarded for a long time as a
retinoid-binding protein (16, 17). Mutations in RPE65 can
cause Leber congenital amaurosis in humans (18). Analysis of
mousemodels revealed that this enzyme’s dysfunction disrupts
chromophore synthesis and leads to the accumulation of retinyl
esters (REs) in the retinal pigment epithelium (RPE) (19). It was
later shown that RPE65 is the retinoid isomerase in the verte-
brate visual cycle that catalyzes the conversion of all-trans-REs
to 11-cis-retinol (20–22).
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The insect CCE, encoded by ninaB (neither inactivation or
after potential gene B), catalyzes a combined oxidative cleavage
at C15/C15� and isomerization at C10/C11, yielding one mole-
cule each of the cis- and trans-chromophores (23). Like RPE65
for vertebrates, NinaB is critical for insect vision (24, 25). Thus,
both oxidative cleavage and trans-to-cis double bond conver-
sion of carotenoids and retinoids are intrinsic catalytic activi-
ties of animal CCE family members (Fig. 1B).
The structural scaffold is well conserved betweenCCE family

members of different kingdoms, the basic motif being a seven-
bladed �-propeller (Fig. 1B) (26–28). The iron cofactor is coor-
dinated by four conserved histidine residues and three second-
shell glutamate residues and is accessible through a long non-
polar tunnel. The essential role of ferrous iron for enzymatic
catalysis was demonstrated for BCMO1 and RPE65 (29, 30).
However, the precise mechanism of the isomerization and oxi-
dative cleavage reaction remained unproven (31).
Uponoxidative cleavage, the aldehyde end groupof all-trans-

retinal (RAL) can undergo catalytic reduction/oxidation to
form either ROL or RA. Comparative analysis of apocarotenoid
metabolism revealed that these steps are catalyzed by related
dehydrogenases in plants and animals (7). Additionally, the
turnover of the plant hormone abscisic acid is catalyzed by the
same type of oxygenase used by vertebrates for RA catabolism
(32). Thus, key players for carotenoid and apocarotenoid

metabolism are evolutionarily well conserved in different king-
doms. Animals took advantage of this ancestral gene pool to
evolve enzymes specific for chromophore metabolism.

Absorption and Transport of Carotenoids

In contrast to carotenogenic organisms, animals must
acquire carotenoids from the diet. Initially, it was proposed that
absorption of such lipids took place by passive non-ionic diffu-
sion. However, increasing evidence indicates that this absorp-
tion is a protein-facilitated process (Fig. 2) (33). The protein
dependence of carotenoid absorption was demonstrated by the
chromophore deficiency and blindness of the Drosophila
mutant ninaD (34). The ninaD gene has beenmolecularly iden-
tified and encodes a cytoplasmic transmembrane protein
expressed in the gut (35, 36). Carotenoids are then transported
to neuronal and glial cells adjacent to the eyes. Uptake of circu-
lating carotenoids by these cells is facilitated by the NinaD-
related protein SANTA MARIA (36). Upon absorption by
SANTA MARIA, carotenoids are metabolized by NinaB to
yield the chromophore (supplemental Fig. S1).
Mutant analyses of the silk worm Bombyx mori identified

molecular players in a pathway for tissue-specific accumulation
of carotenoids in the silk gland. In this pathway, carotenoid
absorption is mediated by a NinaD-related protein encoded by
the Yellow Cocoon gene (37). For cellular accumulation, Bom-

FIGURE 1. Carotenoids and retinoids undergo limited number of chemical reactions. A, enzymatic steps in vertebrate carotenoid/retinoid metabolism.
Note that similar enzymatic modifications of carotenoids and apocarotenoids occur in plants, fungi, and bacteria, and these are catalyzed by related enzymes.
Step 1, oxidative cleavage of double bonds; steps 2 and 3, oxidation and reduction of oxygen end groups; step 4, introduction of oxygen into the ionone ring;
step 5, esterification of hydroxyl groups; step 6, trans-to-cis isomerization of double bonds of the polyene chain. B, left, the crystal structure of RPE65 (retinoid
isomerase) from Bos taurus is shown. The structural fold is well conserved in plant and bacterial CCEs. The arrow points to a region of RPE65 that associates with
the lipid membrane. The ferrous iron that demarks the reaction center of this type of protein is highlighted as an orange sphere. Right, the enzymatic reactions
catalyzed by this class of enzymes include oxidative cleavage in and trans-to-cis isomerization of double bonds of the polyene chain of carotenoids and
apocarotenoids.
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byx expresses a specific carotenoid-binding protein encoded by
the Yellow Blood gene that is a member of the family of StAR
(steroidogenic acute regulatory) proteins (37).

NinaD and related insect proteins belong to the family of
class B scavenger receptors. The role of mammalian scavenger
receptor class B type I (SR-BI) in cholesterol metabolism has
been well established and reviewed previously (38). However,
SR-BI also facilitates the absorption of other isoprenoids such
carotenoids and tocopherols from circulating lipoproteins (39,
40). Similar to insects, specific binding proteins help sequester
these compounds in tissues such as themacula lutea of primate
retina. The StARD3 protein and aGST isoformhave been iden-
tified as lutein- and zeaxanthin-binding proteins of the human
retina, respectively (41, 42). CCEs also control the cellular fate
of these isoprenoid compounds (Fig. 2). BCDO2 is critical for
the catabolism of carotenoids in cells. In Bcdo2�/� mice, caro-
tenoids accumulate in several tissues and cause mitochondrial
oxidative stress (13).
Studies in knock-out mouse models also demonstrated an

important role of SR-BI in the intestinal absorption of carote-
noids (43). This is highlighted by the unique transcriptional
regulation of SR-BI expression in enterocytes by the homeodo-
main transcription factor Isx (44). Isx also controls the intesti-
nal expression of the vitamin A-forming enzyme BCMO1 (45).

This regulation depends on the vitamin A status of the diet.
When preformed vitamin A is present, Isx expression is
induced, and both SR-BI and Bcmo1 expression are decreased.
However, in the absence of dietary retinoids, the expression
patterns of these genes are reversed (45). Themolecular basis of
this dietary responsiveness was found in the RAR-binding site
in the Isx promoter (46). Thus, RA via RARs induces Isx expres-
sion and controls vitamin A production by negative feedback
regulation.

Mammals Possess Transport and Storage Systems
Specific for Retinoids

Insects absorb carotenoids intact, whereas vertebrates
metabolizemost of the absorbed provitaminA in enterocytes of
the intestine. RAL is then converted into ROL and REs in a
stepwise fashion (47). The resulting REs are packaged into chy-
lomicrons that are secreted into the lymph (48). A smaller frac-
tion of these circulating REs are taken up by peripheral tissue in
a process that likely involves lipoprotein lipase (49). The
remainder (�70%) are cleared by hepatocytes and hydrolyzed
back to ROL (50), which is then transferred into hepatic stellate
cells and esterified by lecithin:retinol acyltransferase (LRAT)
for storage (supplemental Fig. S2) (51).
During fasting, ROL bound to the 21-kDa serum retinol-

binding protein (RBP; holo-RBP) is the major retinoid found in
the circulation. The liver expresses RBP, which is secreted from
hepatocytes into the circulation in an ROL-dependentmanner.
Once in the blood, ROL-RBP forms a protein-protein complex
with 55-kDa transthyretin (supplemental Fig. S2) (52). Tran-
sthyretin is required for normal blood ROL homeostasis and
prevents excessive loss of the relatively small RBP molecule by
glomerular filtration (52). RBP�/� mice develop normally on
retinoid sufficient diets but suffer from visual chromophore
deficiency early in life (53). Later in life, this deficiency is cor-
rected when animals are kept on vitamin A-sufficient diets,
demonstrating that, analogous to RA-dependent processes,
other blood retinoid transport systems can substitute for RBP
deficiency. Similarly, patients with RBP deficiency display only
mild ocular defects (54).
A receptor for the holo-RBP complex has recently been iden-

tified as being encoded by the Stra6 (stimulated by retinoic acid
6) gene (55). Cell culture studies showed that ROL uptake via
this transmembrane-spanning protein is driven by metabolic
conversion of ROL to RE by LRAT. These studies also provided
biochemical evidence that the STRA6-dependent flux of ROL
betweenRBP and cells is bidirectional, indicating that STRA6 is
a retinoid transporter (supplemental Fig. S2) (56, 57).
Stra6 is expressed in several but not all retinoid-metabolizing

tissues, including the eyes (55). Interestingly, the liver as the
major organ for retinoid storage does not express STRA6, indi-
cating that this receptor is required mainly for the delivery of
ROL from the liver to peripheral tissues.
A critical physiological role for STRA6 in retinoid metabo-

lism is supported by genetic analyses in humans. Postulated
loss-of-functionmutationswere found in individuals withMat-
thew-Wood syndrome, characterized by anophthalmia/mi-
crophthalmia in association with variable malformations of the
heart, lungs, and diaphragm (58, 59). Similar developmental

FIGURE 2. Carotenoid uptake is protein-facilitated process. A, in animals,
class B scavenger receptors such as NinaB, SANTA MARIA, and SR-BI facilitate
the cellular uptake of carotenoids from micelles in the gut and/or circulating
lipoproteins in the blood. Structural prediction based on the primary amino
acid sequence of this class of proteins indicates that these receptors possess
two membrane-spanning domains at the N and C termini as well as a large
extracellular loop. B, upon cellular absorption, carotenoids can be seques-
tered by binding proteins and lipid droplets. Additionally, carotenoids can be
converted to apocarotenoids, including retinoids, by carotenoid oxygenases.
Genetic disruption of these processes alters carotenoid homeostasis. Left
panel, mutations in the Yellow Cocoon gene encoding a class B scavenger
receptor or mutations in the Yellow Blood gene encoding a carotenoid-bind-
ing protein alter silk color in B. mori. Genetic disruption of Bcmo1 results in
�,�-carotene accumulation in the fat pads of mice. Mutations in the ninaB
gene lead to carotenoid accumulation in the eye. Genetic disruption of the
Bcdo2 gene results in a yellow color of isolated liver mitochondria due to
carotenoid accumulation.
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malformations can result from thematernal retinoid deficiency
syndrome (60). Thus, it has been proposed that STRA6 is
required for ROL uptake for subsequent RA production. How-
ever, the consequences of STRA6 deficiency are surprising
because genetic disruption of its ligand RBP results only in a
mild ocular defect (54). Furthermore, the RA-induced expres-
sion of Stra6 is problematic if we would consider this trans-
porter as being required for the production of this hormone in
tissues. Thus, the role of STRA6 in retinoid homeostasis needs
to be further defined.

“Canonical” Visual Cycle

Once absorbed by vertebrate eyes, ROLmust be converted to
the chromophore to establish and sustain vision. Individual
steps in the canonical visual cycle have been delineated in bio-
chemical detail, and the function of key enzymes has been con-
firmed in mouse models (Fig. 3). Mutations in genes encoding
these proteins are associated with various blinding diseases in
humans (supplemental Fig. S3) (3). In the disc membranes of
rod outer segments (ROS), rhodopsin exists as an integral
membrane protein, and the chromophore is covalently bound
via a Schiff base linkage. Light induces a cis-to-trans isomeriza-
tion of the protein-bound chromophore to initiate phototrans-
duction (61). Hydrolysis of the Schiff base linkage by bulk water
entering from the cytoplasmic side liberates the RAL photo-
product (62). Part of RAL is released into the disc lumen and
must be transferred to the cytosol by ABCA4 (ATP-binding
cassette transporter 4) (63). The first step in the visual cycle

involves reduction of RAL toROLcatalyzed by retinol dehydro-
genases (RDHs) (64, 65). Two enzymes, RDH8 in photorecep-
tor outer segments and RDH12 in photoreceptor inner seg-
ments, that belong to the short-chain dehydrogenase/reductase
family and employNADPHas a cofactor aremainly responsible
for catalyzing this reaction inmouse photoreceptors (66). How-
ever, the redundancy of retinal reductase activity shown inmice
suggests that photoreceptors contain additional functional
RDHs besides RDH12 and RDH8 (67). This redundancy could
be due to the need for a large enzymatic capacity to convert the
chemically reactive aldehyde group of the photoproduct to the
corresponding alcohol under bright light conditions. After
bright light bleaching of rhodopsin, the photoproduct can exist
in millimolar concentrations within cells. The aldehyde group
of the photoproduct can form adducts with primary amino
groups that exist in many cellular molecules, including lipids,
proteins, and ribonucleotides. The natural occurrence of such
an aberrant side reaction is documented by the presence of the
bisretinoidA2E, formed by a condensation reaction of twomol-
ecules of RAL with the membrane lipid phosphatidylethano-
lamine. Ocular accumulation of A2E and A2E-mediated redox
reactions have been implicated in the pathology of eye diseases
such as age-relatedmacular degeneration (68). The importance
for rapid clearance of the photoproduct is also demonstrated by
the consequences of mutations in RDH12 and ABCA4 in
humans (69, 70).Mousemodelswith impaired retinal clearance
have been established to characterize the underlying pathology

FIGURE 3. Retinoid metabolism in mammalian eyes. A, simplified schematic overview of the mammalian retina. R, rod photoreceptors; C, cone photorecep-
tors; M, Müller glial cells. Second-order bipolar cells (BC) and third-order ganglion cells (GC) are shown but not discussed. The drawing is adapted from Ref. 86.
B, biochemical key steps of the canonical visual cycle. C, proposed biochemical steps of the alternative visual cycle for rods. Different enzymes involved in the
canonical and cone-specific visual cycles are indicated. Enzymes that have not been molecularly identified are denoted by question marks. The colored boxes
enclosing the enzyme names indicate their cellular localization: pink, RPE; green, ROS; blue, cone outer segments; gray, Müller glial cells. Note that transport of
retinoids in and between cells requires binding proteins such as intracellular and extracellular RBPs as well as the putative retinoid transporter ABCA4. Reh, RE
hydrolase; Arat, acetyl-CoA:retinol acyltransferase.
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(71). However, the mechanisms by which the photoproduct
induces photoreceptor cell death remain controversial (72).
ROL formed in ROS is transported to the RPE, where it is

esterified. This process is facilitated by two retinoid-binding
proteins: interphotoreceptor retinoid-binding protein, which
binds retinoids in the extracellular space, and CRBP1 (cellular
retinol-binding protein-1), located within RPE cells (73, 74).
The major ester synthase in RPE is LRAT (75, 76). The LRAT
reaction constitutes an important intersection in ocular reti-
noid metabolism. This enzyme is required for the clearance of
ROL from ROS and for the uptake of ROL from the blood.
Because of their high hydrophobicity, all-trans-REs constitute a
stable storage form of vitamin A within internal membranes
and oil droplet-like structures called retinosomes (77). Addi-
tionally, all-trans-RE serves as a substrate for RPE65, which
catalyzes the endothermic transformation of all-trans-retinoid
to its 11-cis conformation. The product of this isomerization
reaction is 11-cis-retinol, which is subsequently oxidized in the
final catalytic step of the visual cycle to 11-cis-retinal. The enzy-
matic activities of short-chain dehydrogenases/reductases such
as RDH5, RDH10, and RDH11 are mainly responsible for this
reaction (78), but additional 11-cis-RDHs may participate
within the RPE (67). Newly synthesized 11-cis-retinal is pro-
tected by binding to cellular retinaldehyde-binding protein
(CRALBP), whichmediates its transport back to photoreceptor
ROS, where the chromophore couples to opsin, thereby com-
pleting the cycle (80). Disrupting the enzymatic steps of chro-
mophore regeneration in the RPE, especially those involving
LRAT and/or RPE65, has severe consequences for retinal
health. The resulting chromophore deficiency causes slow pro-
gressive death of rods that is attributed to continuous activation
of visual phototransduction by unliganded opsin (81). More-
over, disordered vectorial transport of cone visual pigments
lacking bound chromophore leads to very rapid cone degener-
ation (82).

Alternative Visual Cycle for Cones?

Although outnumbered by more than 20:1 by rod photore-
ceptors, cone photoreceptors in the human eye mediate day-
light vision and are critical for visual acuity and color discrim-
ination (83). Cones operate under bright light that saturates
rods, but rods still consume 11-cis-retinal. This scenario might
require an additional cone-specific chromophore regeneration
pathway to avoid competition for 11-cis-retinal. Such competi-
tion has been demonstrated in the eyes of R91W Rpe65mutant
mice, which produce only minute amounts of chromophore
(84).
Older studies in lower vertebrates indicate that cone (but not

rod) visual pigment regenerates in isolated neuronal retinas
independent of the RPE (reviewed in Ref. (85), but recent work
provides evidence that an intraretinal pathway for cone visual
pigment regeneration also exists in mice and humans (86). Bio-
chemical analysis of cone-dominant ground squirrels and
chickens led to the identification of retinoid-metabolizing
enzymes in the neuronal retina and the proposal of a cone-
specific pathway (Fig. 3) (87). In this alternative cone-specific
visual cycle, ROL released fromcone outer segments is taken up
by Müller cells, where, in contrast to the RPE, it is directly

isomerized back to the 11-cis configuration and subsequently
esterified to 11-cis-REs by acyl-CoA:retinol acyltransferase.
11-cis-REs can be mobilized by 11-cis-RE hydrolase to yield
11-cis-retinol, which then binds to CRALBP and is transported
back to cone photoreceptors. Finally, NADP�/NADPH-depen-
dent 11-cis-RDHactivity found exclusively in cone photorecep-
tors expedites regeneration of visual chromophore from 11-cis-
retinol (87). Studies of the cone-dominated retinas of zebrafish
larvae provided in vivo evidence for this alternative cycle. Dis-
ruption of the function of RPE65, the canonical visual cycle
isomerase, did not completely abolish chromophore regenera-
tion and adversely affected rod rather than cone photoreceptor
function (88). Additionally, genetic disruption of Müller glial
cell-specific CRALBP did affect cone visual pigment regenera-
tion in fish larvae (89).
In contrast, genetic disruption of RPE65 abolishes both cone

and rod vision in mice. In Rpe65�/� mice, some residual light
sensitivity has been attributed to rods (90) and is mediated by
9-cis-retinal and isorhodopsin (91). Furthermore, RPE65 is crit-
ical for chromophore production and vision in Nrl�/� mice,
which possess a cone-only retina due to developmental defects
(92). However, this dependence of chromophore production on
RPE65 does not contradict an additional cone-specific pathway
if we consider that ROL uptake in the eyes occurs via the RPE
and is driven by esterification by LRAT (76). This all-trans-RE
must be metabolized by RPE65 to the cis-chromophore as
noted by the tremendous accumulation of REs in Rpe65�/�

mice (19). This bottleneck would explain why both rods and
cones are affected in RPE65 deficiency. Additionally, a previous
study proposed that cone-specific RPE65 expression contrib-
utes to chromophore regeneration (93). The ultimate descrip-
tion of the alternative visual cycle requires identification of
genes that encode proteins responsible for the key enzymatic
steps.

Visual Cycle in Invertebrate Eyes

In contrast to vertebrates, retinoid production and function
are restricted to the eyes in Drosophila (94). This feature is
demonstrable by the absence of retinoids in the sine oculis
mutant, which lacks compound eyes (Fig. 4A) (24). Genome-
wide microarray analysis of this mutant also revealed eye-en-
riched expression of genes that have homologs in the vertebrate
visual cycle, including ninaB (Rpe65), pinta (CRALBP), and
pigment cell-enriched dehydrogenase (PDH; RDH12) (95).
NinaB catalyzes the conversion of carotenoids such as zeaxan-
thin into 11-cis- and all-trans-3-hydroxyretinal in a 1:1 molar
ratio (Fig. 4C) (24). The all-trans-3-hydroxyretinal cleavage
product is then converted to the chromophore in a light-depen-
dent pathway that lacks molecular description (96). As in ver-
tebrates, a retinaldehyde-binding protein, encoded by the pinta
gene, protects the newly synthesized chromophore. PINTA
mutants display significantly reduced light sensitivity and evi-
dence a strong reduction of rhodopsin levels (97). Because
pinta flies can produce the chromophore, PINTA is likely
required for transport of the chromophore from pigment cells
to the photoreceptor cells to promote rhodopsin production
(24).
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Once bound to opsin, the chromophore can be regenerated
by invertebrate photoreceptors after bleaching by absorption of
another photon (5). Therefore, it was believed that invertebrate
eyes do not employ enzymes for chromophore regeneration.
Identification of an RDH12 homolog in insects and generation
of the corresponding mutant provided evidence that a chro-
mophore regeneration pathway also exists in the fly (98). In
PDH mutants, de novo synthesis of the chromophore is not
affected. However, illumination leads to a progressive loss of
rhodopsin, which is accompanied by degeneration of photore-
ceptors. Biochemical evidence indicates that PDH catalyzes
RAL toROLconversion. Furthermore, retinal degeneration can
be prevented by expressing human RDH12 in the PDHmutant
(98).
Flies likely require this pathway to recycle RAL from inter-

nalized rhodopsin (98), and the pathway may also prevent RAL
toxicity. Such toxicity has been demonstrated in ninaE flies,
which lack the major opsin Rh1. Retinal degeneration in this
mutant can be prevented by chromophore deficiency, indicat-
ing that, as in vertebrates, the aldehyde group of this compound
can undergo aberrant side reactions (24). Furthermore, recy-

cling of the chromophore allows adult flies to maintain normal
rhodopsin levels when they are exposed to continuous dietary
vitamin A deficiency (98). Thus, the pigment cells of the oma-
tidium, expressing PINTA and PDH, display an analogous
function to the RPE in the vertebrate eyes by regenerating and
supplying the photoreceptor cells with the chromophore (Fig.
4B).

Conclusions

There has been substantial progress in elucidating the
metabolism of retinoids and carotenoids related to vision.
These studies have revealed an intriguing evolutionary conser-
vation of key components involved in chromophore production
and recycling in animals. However, it is also evident that the
same genes have adapted to the specific requirements of reti-
noid biology in invertebrates and vertebrates. Vertebrates have
evolved a unique transport, uptake, and storage system for ret-
inoids. Disruption of this system can cause a broad spectrum of
pathologies ranging frommild ocular defects to fatal outcomes.
The canonical visual cycle of the vertebrate eyes has been
described in functional detail. Increasing evidence for an addi-

FIGURE 4. Ocular carotenoid/retinoid metabolism in Drosophila. A, images of the heads of wild-type flies and sine oculis flies, which lack compound eyes. B,
schematic drawing of a longitudinal section through a fly omatidium. The visual cycle of the fly operates between the photoreceptor cells and the secondary
pigment cells. Visual pigments are sequestered in rhabdomeres R1–R6 of photoreceptor cells, which express ninaE, and rhabdomers R7 and R8, which express
other opsin genes. C, zeaxanthin is converted to one molecule of 11-cis-3-hydroxyretinal and one molecule of all-trans-3-hydroxyretinal by NinaB expressed in
neuronal and glial cells. Transport of 11-cis-3-hydroxyretinal to photoreceptors depends on the PINTA protein. The all-trans-3-hydroxyretinal cleavage product
is converted to all-trans-3-hydroxyretinol by PDH. A blue light-dependent isomerase reaction mediates 11-cis-3-hydroxyretinol production. 11-cis-3-Hydroxy-
retinol is then converted to 11-cis-3-hydroxyretinal. The 11-cis-chromophore binds to different fly opsins to form functional visual pigments. Insect visual
pigments are bistable, so the opsin-bound chromophore can be isomerized back to the 11-cis geometric state by light. However, a regeneration pathway for
the chromophore is required for the released chromophore from internalized rhodopsin. This all-trans-3-hydroxyretinal is converted by PDH into all-trans-3-
hydroxyretinol, which can be recycled back to the chromophore by the enzymatic steps described above. h�, one photon.
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tional cone-specific pathway exists, but this cycle still lacks
detailed molecular description. Although insects possess
bistable visual pigments, a pathway for chromophore regener-
ation is still required, indicating that such pathways are intrin-
sic to vision. Studies in mouse models have helped to under-
stand the pathogenesis of human blinding diseases caused by
mutations of genes encoding key components of the canonical
retinoid cycle. This knowledge can expedite the development of
pharmacological therapies for the prevention and cure of such
diseases (79). Only advances in knowledge about the basic
chemistry of vision can guarantee that drug discovery and
development will progress in parallel.
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Activation of the visual pigment by light in rod and cone
photoreceptors initiates our visual perception. As a result,
the signaling properties of visual pigments, consisting of a
protein, opsin, and a chromophore, 11-cis-retinal, play a key
role in shaping the light responses of photoreceptors. The
combination of pharmacological, physiological, and genetic
tools has been a powerful approach advancing our under-
standing of the interactions between opsin and chromophore
and how they affect the function of visual pigments. The sig-
naling properties of the visual pigments modulate many
aspects of the function of rods and cones, producing their
unique physiological properties.

Our visual experience is initiated in the photoreceptors of
our retina when a photon is absorbed by a molecule of visual
pigment. The pigment is highly expressed in specialized ciliary
structures of the vertebrate rod and cone photoreceptors,
called outer segments (see the Prologue of this minireview
series by Krzysztof Palczewski). The visual pigment is a G pro-
tein-coupled receptor that consists of a protein, opsin, cova-
lently attached to a vitamin A-derived chromophore, 11-cis-
retinal (1). Upon the absorption of a photon, the chromophore
is isomerized from 11-cis to all-trans, which, in turn, induces
changes in the pigment to its physiologically active metarho-
dopsin II (Meta II)2 state. The activated visual pigment mole-
cule triggers a transduction cascade that ultimately results in
the closure of nonselective cation cGMP-gated channels in the
outer segment of photoreceptors, hyperpolarization of the pho-
toreceptor, and a reduction in the release of the neurotransmit-
ter glutamate from its synapse (2–4).
The human retina has one type of rod for dim light vision

and three types of cone cells that allow color discrimination.
Rods and cones share the same principles of phototransduc-
tion, the cellular mechanism of light detection. In addition,
rods and cones employ homologous or sometimes even iden-

tical proteins in their phototransduction cascades. Despite
these similarities, rods and cones exhibit important func-
tional differences that can be demonstrated physiologically
(Fig. 1, A and B) (5–8). First, rods are so sensitive that they
can detect a single photon of light (9), which makes them
perfectly suited for dim light vision. On the other hand,
cones are up to 100-fold less sensitive than rods (Fig. 1C) (10,
11). As a result, they cannot signal in dim light conditions,
depriving us of color vision at night. Second, rods saturate in
even moderately bright light and remain nonfunctional dur-
ing most of the day (12). In contrast, cones have a remarkable
ability to adjust their sensitivity and remain photosensitive
even in extremely bright light (13). This process, known as
light adaptation, prevents cones from saturating in bright
light and allows us to see throughout the day. With rods
saturated, cones are responsible for most of the visual infor-
mation reaching our brain during the day. Third, rods expe-
rience a long refractory time following exposure to bright
light and can take up to 1 h to completely recover their sen-
sitivity (14). In contrast, cones quickly recover their sensitiv-
ity within a few minutes. This process, known as dark adap-
tation (15), prevents cones from becoming refractory and
allows us to retain visual perception in a quickly changing
light environment.
The functional differences between rods and cones have

been well documented. However, the mechanisms produc-
ing these differences are still not well understood and are a
subject of active investigation (16). Considering that the
activation of multiple G proteins by a single photoactivated
pigment molecule represents the first amplification step in
the phototransduction cascade, it is likely that changes in the
activity or lifetime of the photoactivated pigment will have
substantial effects on the light responses of photoreceptors.
In addition, considering that there are �107–108 pigment
molecules in a mammalian rod (17–19), the basal activity of
the pigment and its spontaneous activation will also be
expected to have substantial effects on the physiological
properties of rods and cones. The interaction between opsin
and the retina and its effect on the signaling properties of
vertebrate pigments can be studied with biochemical or
physiological tools by substituting the native chromophore
with various chromophore analogs (20, 21). Although
removed from the pigment epithelium, photoreceptors
retain their functional properties long enough to allow care-
ful physiological studies. The recent development of trans-
genic tools has added a second powerful approach to study-
ing the opsin-chromophore interaction by substituting the
endogenous opsin with various mutant forms. This method
has also proven useful in understanding how opsin muta-
tions affect the function of the pigment, potentially leading
to visual disorders (22–24). In this minireview, we summa-
rize some of the findings on how opsin-chromophore inter-
actions affect the function of photoreceptors and contribute
to the distinct physiological properties of rods and cones.
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Rod Versus Cone Pigment Signaling

One way of investigating how visual pigments determine the
function of rod and cone photoreceptors is to compare their
signaling properties directly. The efficiencies with which rod
and cone visual pigments activate the phototransduction cas-
cade and are subsequently inactivated by it can be studied in
transgenic photoreceptors coexpressing the two pigment types.
Red cone pigment expressed in transgenic Xenopus rods
induces a red shift in the spectral sensitivity of the cells, dem-
onstrating the ability of the transgenic cone pigment to couple
to the rod phototransduction cascade (25). The spectral sepa-
ration between the two pigments allows a comparison of the
photoresponses generated preferentially by the rod or cone pig-
ment in the same rod.Notably, the two responses have identical
amplitude and kinetics, indicating that red cone pigment pro-
duces rod-like responses when expressed in rods. Conversely,
Xenopus red cones expressing transgenic human rod pigment
demonstrate that rod pigment produces cone-like responses
when expressed in a cone (25).
More recently, such studies have been extended to trans-

genic mouse rod photoreceptors. This approach has the great
advantage that it enables the use of rhodopsin knock-out ani-
mals to generate and functionally characterize mice with rod
photoreceptors expressing exclusively cone opsins (26–29).
Such a pigment substitution produces a dramatic shift in the
spectral sensitivity of these transgenic rods, rendering them
most sensitive to ultraviolet light (29), consistent with the peak
of the absorption spectrum of mouse S-opsin, or to red light
(28), consistent with the peak of the absorption spectrum of
human L-opsin. However, the light responses produced by the
cone pigment in these transgenic rods still have rod-like ampli-
tude and kinetics. Taken together, these results demonstrate
that rod and cone pigments are equivalent with respect to sig-
naling downstream in phototransduction: first, the active life-

times of both are dictated by shutoff regulated by phosphory-
lation and arrestin binding rather than by the decay of their
physiologically active intermediate (Meta II); second, the rho-
dopsin kinase and arrestin in a rod or cone act identically on rod
and cone pigments; and third, rod and cone pigments have
identical efficacies when coupled to a given (rod or cone) pho-
totransduction cascade.

Spontaneous Thermal Activation of Visual Pigment

The visual pigment can undergo spontaneous thermal acti-
vation when 11-cis-retinal is spontaneously isomerized to all-
trans-retinal in the absence of light. As this event produces a
cellular response that is identical to the one produced by a pho-
ton of light (30), a high rate of spontaneous activation would
interfere with the function of rods as photon counters. How-
ever, the mouse rod visual pigment has an astonishingly low
rate of spontaneous activation, �10�11 s�1 per molecule, cor-
responding on average to an isomerization every 2000 years (2)!
As a result, despite the very high expression level of pigment in
the outer segments of mouse rods, their rate of spontaneous
thermal pigment activation is only 0.012 s�1 per cell (31).
It had been previously suggested that, due to their low acti-

vation energy, cone pigments will undergo spontaneous activa-
tion in darkness at a high rate (32). This hypothesis was sup-
ported by studies showing that salamander red cones have a
high level of activity, or noise, in darkness (33, 34). Considering
that cones are 30–100-fold less sensitive than rods (Fig. 1C), a
higher rate of cone pigment thermal activation represents a
possible mechanism contributing to their lower sensitivity.
However, the single photon response in cones is too small to be
physiologically observed (33), making the direct measurement
of the rate of cone pigment activation impossible by currently
available methods.
As discussed above, when cone pigments are expressed in

rods, where their activation is amplified by the rod phototrans-
duction cascade, they produce detectable single photon
responses. As a result, the thermal activation of cone pigment in
transgenic rods produces observable cellular responses that
allow the measurement of the molecular rate of cone pigment
thermal activation. Using this approach, the rate of spontane-
ous thermal activation of L-cone opsin expressed in Xenopus
rods was found to be some 10,000-fold higher than the corre-
sponding rod pigment thermal activation rate (25). This high
rate of spontaneous cone pigment activation results in consti-
tutive activity of the cone phototransduction cascade even in
darkness. Thus, amphibian red cones are constantly exposed to
“dark light,” which induces adaptation and therefore contrib-
utes to their lower sensitivity and faster response kinetics com-
pared with rods. In mouse rods, the rate of spontaneous ther-
mal activation of L-cone pigment was found to be 1.35 � 10�7

s�1 (28), still substantially higher than the corresponding rod
pigment rate but �40-fold lower than that estimated from
Xenopus rods after taking into account the difference in tem-
perature of the mouse and Xenopus tissues. The discrepancy in
the thermal rates of cone pigment activation in Xenopus and
mouse is likely due to the different chromophores that these
two species use (11-cis-3-dehydroretinal, orA2, inXenopus ver-
sus 11-cis-retinal, or A1, in mouse). In addition, the rate of

FIGURE 1. Difference in kinetics and sensitivity between rod and cone
light responses. A, suction electrode recording from a salamander cone. The
inner segment of a dissociated cone is drawn in the electrode to collect and
measure the membrane current flowing through the cell. The reduction in
the current produced by the light stimulation represents the light response of
the cell. B, family of flash responses from a salamander rod and red cone to
flashes of increasing intensity. Note the difference in rod and cone response
kinetics. C, intensity-response functions of salamander rod and red cone
based on the responses in B. Note the right shift of the cone intensity-re-
sponse curve, demonstrating the lower sensitivity of cones compared with
rods. This figure was reprinted from Ref. 97 with permission. PIGM, pigment.
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thermal activation of the pigment is directly related to its spec-
tral sensitivity, with longer wavelength pigment having a higher
rate of spontaneous activation (35, 36).

Spontaneous Cone Pigment Dissociation

Biochemical studies from the 1960s and 1970s had suggested
that, in addition to a higher rate of spontaneous thermal acti-
vation, cone pigments might also be prone to spontaneous dis-
sociation into free opsin and 11-cis-retinal (37, 38). In contrast,
the covalent bond between opsin and 11-cis-retinal in rod pig-
ments appears to be very stable (39). The stability of the
covalent bond between opsin and 11-cis-retinal can be
examined physiologically using pharmacological manipula-
tions in amphibian photoreceptors (40). Incubation of dark-
adapted salamander cones with exogenous 9-cis-retinal pro-
duces a gradual blue spectral shift in the cells’ action
spectrum, consistent with the gradual exchange of the
endogenous 11-cis-chromophore with 9-cis-retinal. In addi-
tion, treatment of dark-adapted salamander cones with the
chromophore-binding protein CRALBP, which binds specifi-
cally 11-cis-retinoids, results in gradual desensitization of the
cones, consistent with the gradual removal of chromophore
from their pigment. Notably, the subsequent addition of exog-
enous 11-cis-retinal not only reverses the effect of CRALBP but
results in 2-fold higher sensitivity in cones compared with their
initial dark-adapted state. Such evidence for the presence of
free opsin can be observed in dark-adapted salamander red
cones and blue cone pigment-containing blue cones and green
rods (41) but not in red rods. These results demonstrate that the
formation of the covalent bond between opsin and 11-cis-reti-
nal is reversible in darkness in amphibian red and blue cones
but is irreversible in rods. This dissociation results in a surpris-
ingly large amount of free opsin (�10%) in fully dark-adapted
red cones. Notably, with its constitutive transducin-stimulating
activity (42), the free cone opsin produces desensitization in
salamander red cones equivalent to that of a steady light caus-
ing 500 photoisomerizations/s (40), quite similar to the level of
constitutive activity produced by thermal activation of their
pigment (25, 33, 34). It is not known whether mammalian cone
pigments are also prone to spontaneous dissociation similar to
their amphibian counterparts.

Lifetime of Photoactivated Pigment

Normally, the decay of the physiologically activeMeta II state
of the visual pigment to its inactive Meta III form and then to
free opsin is slower than its inactivation by the photoreceptor
cell. Following absorption of a photon, the pigment is rapidly
inactivated in a two-step process that involves partial initial
inactivation by rhodopsin kinase (43), followed by the binding
of a capping protein, arrestin, which blocks completely the abil-
ity of the visual pigment to activate the phototransduction cas-
cade (44). This pigment inactivation takes place within tens of
milliseconds after photoactivation (45, 46). In contrast, the
decay of the photoactivated pigment to opsin and all-trans-
retinal takes seconds in cones and minutes in rods (47). Con-
trary to early expectations, the experiments with transgenic
animals discussed above revealed that the characteristics of the
light response are not controlled by the visual pigment and

instead depend on the properties of the phototransduction cas-
cade triggered by the pigment. Indeed, recent studies have
demonstrated notable differences in the efficiency of activating
phototransduction by visual pigment (48) and in the rates of
pigment inactivation by phosphorylation (49) in fish rods and
cones.
Under dim light conditions, Meta II is inactivated rapidly

enough by the cell that its decay does not affect the light
response. However, it is possible that, under brighter light
conditions, the capacity of the photoreceptor to turn off the
photoactivated pigment by phosphorylation and arrestin
binding becomes exhausted. This scenario would render the
decay of Meta II rate-limiting for the termination of the light
response. Indeed, experiments with the chromophore analog
9-demethylretinal support this notion. This retinoid can
form functional pigment; however, its Meta II decays slower
than that of 11-cis-retinal pigment (50). Salamander cones
with pigment regenerated with 9-demethylretinal produce
dim flash responses with normal kinetics. However, for
flashes activating �0.2% of the 9-demethyl cone pigment,
the response inactivation becomes progressively slower with
increased light intensity (51), suggesting that, under brighter
light, the decay ofMeta II might dominate the response shut-
off. The validity of this hypothesis remains to be tested in
mammalian photoreceptors. It would be particularly signif-
icant in cones, where rapid response inactivation is critical
for their function in bright light.
The lifetime of the physiologically active Meta II state of rod

visual pigments can be estimated from biochemical experi-
ments with purified or heterologously expressed opsins (47).
This approach is challenging in the case of cone pigments, as
their low abundance and instability make their purification
challenging. However, the recent development of transgenic
mouse models has rendered possible the estimation of Meta II
lifetime in intact photoreceptors. The light response shutoff in
wild-type mouse rods reflects the inactivation of the photo-
transduction cascade. In the absence of arrestin, the rod light
response shutoff becomes biphasic, with a rapid initial shutoff
driven by the phosphorylation of the pigment, followed by a
substantially slower second phase, driven by the decay of the
phosphorylated Meta II pigment (Fig. 2A) (44). This has
allowed the measurement of the Meta II decay rate of various
pigments under physiological conditions. For instance, mouse
rodMeta II decays with a time constant of�50 s (26, 44). How-
ever, the E122Q mutation of rod opsin accelerates Meta II
decay to 4.9 s (26). These values are comparable with the num-
bers derived from biochemical experiments (52). Using the
same approach in transgenic mouse rods expressing cone pig-
ments, the rate of mouse S-cone pigment Meta II decay was
found to be �1.2 s (Fig. 2B) (29), whereas human L-cone pig-
ment Meta II decayed with a time constant of 0.6 s (Fig. 2C)
(28), both significantly faster than the corresponding rate of rod
pigment Meta II decay. Notably, the difference in decay of S-
and L-cone pigment Meta II might be the mechanism produc-
ing the difference in response kinetics from mouse S- and
M-cones lacking arrestin (53).

MINIREVIEW: Physiological Studies of Rod/Cone Visual Pigments

JANUARY 13, 2012 • VOLUME 287 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1637



Pigment Decay and Regeneration

In addition to activating the phototransduction cascade and
producing a cellular response, light also renders the pigment
molecule unable to detect a subsequent photon. In invertebrate
photoreceptors, the pigment is reset to its ground state when it
absorbs a second photon that reisomerizes the chromophore
from all-trans- back to 11-cis-retinal (54). In contrast, in the
vertebrate retina, resetting the visual pigment molecule to its
ground state is a complex process called the visual cycle (Fig. 3),
which involves multiple enzymatic reactions in and out of
photoreceptors. Following photoisomerization of the chro-
mophore, its covalent Schiff base bond to opsin is hydrolyzed,
and all-trans-retinal is released from the pigment, leaving it in
an apo-opsin form. The chromophore is then reduced to all-
trans-retinol by a set of retinal dehydrogenases (55). Photore-
ceptors express a number of retinal dehydrogenases in their
outer segment, and the individual role of each one is still not
well understood (56). In the next step of the visual cycle, all-
trans-retinol is exported from the outer segments of rods and
cones to the adjacent layer of the retinal pigment epithelium
(RPE), where, through a series of reactions, it is converted back
to 11-cis-retinal. Notably, both the reduction of bleached chro-
mophore and its removal from the outer segment occur much
faster in cones than in rods (57). Several recent excellent
reviews describe in detail the reactions involved in the recycling
of chromophore by the RPE (58–61). Upon returning to the
outer segment, 11-cis-retinal binds to opsin and then forms a
covalent bond with it to regenerate the visual pigment (62).
It has been suggested that the rate-limiting step for rod dark

adaptation resides outside photoreceptors and is associated
with the delivery of recycled chromophore from the RPE (60).
This notion is supported by experiments with knock-in mice
expressing mutant E122Q rhodopsin in their rods. This muta-
tion of rod opsin accelerates dramatically both the decay of
photoactivated pigment and the regeneration of pigment from
opsin and 11-cis-retinal (52), yet the kinetics of pigment regen-
eration in vivo are not affected by the E122Q mutation (26),
indicating that rod pigment regeneration is not rate-limited by
the decay of photoactivated pigment or by the formation of a
covalent bond between opsin and 11-cis-retinal.

Dark Adaptation

Exposure of photoreceptors to bright light photoactivates
(bleaches) a large fraction of their visual pigment, leading to its

eventual decay to free opsin. As a result, photoreceptor light
sensitivity is reduced. This state of bleach adaptation is pro-
duced by two mechanisms. First, the level of visual pigment
remaining in photoreceptors and available for subsequent light

FIGURE 2. Measurements of Meta II decay time constant from rod and cone pigments. The deletion of arrestin in rods renders the decay of Meta II
rate-limiting for the response shutoff. As a result, the rate of rod pigment Meta II decay can be measured from the decay rate of the dim flash light response in
mouse rods lacking arrestin (A). Using the same approach, the Meta II decay rate of mouse S- and L-cone pigments can be estimated from transgenic mouse
rods expressing S-opsin (B) or L-opsin (C) and lacking arrestin (arr�/�) and the endogenous rod pigment (rho�/�). This figure was reprinted from Refs. 28 and
29 with permission.

FIGURE 3. Schematics of two visual cycles in vertebrate eye. The canonical
RPE visual cycle (left) recycles all-trans-retinol (at ROL) released from rods and
cones following a bleach to 11-cis-retinal (11c ROL), which can be used by
both rods and cones for pigment regeneration. The retina visual cycle (right)
relies on the Müller cells to recycle all-trans-retinol released from cones to
11-cis-retinol, which only cones can move to their outer segments and oxidize
to 11-cis-retinal for regeneration of the pigment. IPM, interphotoreceptor
matrix. h�, photon of light.
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activation is reduced, and this lowered quantum catch pro-
duces a proportional decline in light sensitivity. Second, the
photoactivated pigment remains capable of activating the pho-
totransduction cascade either by spontaneous reversal from
Meta III to the physiologically active Meta II (64) or by the
activation by apo-opsin (65). Although the activity of an opsin
molecule is 104–106 times lower than that of Meta II (66, 67),
the accumulation of large amounts of opsin following a bright
bleach can produce a significant desensitization. The constitu-
tive activation of the phototransduction cascade by opsin pro-
duces adaptation similar to that induced by exposing the pho-
toreceptors to steady background light (68). The relative
contribution of quantum catch loss and opsin activation varies
with bleach fraction (68). For instance, bleaching 50% of the
pigment in salamander red cones reduces their sensitivity by
2-fold due to reduced quantum catch and by another 5-fold due
to opsin activation (40).
Dark adaptation of rod and cone photoreceptors after expo-

sure to bright light requires regeneration of the visual pigment
from opsin and 11-cis-retinal to restore the quantum catch and
to remove the constitutive activation produced by opsin. As a
result, the process of pigment regeneration can be studied
physiologically by monitoring the rate of dark adaptation of
photoreceptors. This method has proven particularly useful for
studying cone pigment regeneration in the intact eye (69) or in
an isolated eyecup (70).

Opsin-Chromophore Interaction during Pigment
Regeneration

The regeneration of visual pigment is a two-step process in
which 11-cis-retinal first binds noncovalently in the chro-
mophore pocket (71) and then forms a covalent Schiff base
bond with opsin (72). The truncated chromophore analog �-
ionone, which can bind in the chromophore pocket of opsin
without forming a covalent bond with it, has proven very useful
for studying the noncovalent interactions between opsin and
chromophore (73, 74). In salamander rods, the occupancy of
the chromophore pocket by �-ionone activates opsin (75),
which produces desensitization of the rods and acceleration of
their flash responses. The activation of rod opsin by noncova-
lently bound chromophore analogs has been demonstrated also
in biochemical experiments (74, 76). In contrast, the noncova-
lent binding of �-ionone to cone opsin in salamander red cones
quenches the free opsin activity and reduces their desensitiza-
tion (77, 78). Based on these findings, amodel of pigment regen-
eration has been proposed in which the binding of 11-cis-reti-
nal to opsin causes transient activation of the complex in rods
and a decrease in light sensitivity. In contrast, in cones, the
noncovalent binding of 11-cis-retinal to opsin quenches the
residual activity of free opsin and promotes an increase in light
sensitivity even before the regeneration of the pigment (79, 80).
As a result, the noncovalent binding of 11-cis-retinal to rod
opsin produces a delay in dark adaptation in rods but acceler-
ates dark adaptation in red cones, contributing in this way to
the large difference in time required for the scotopic (rod) and
photopic (cone) phases of dark adaptation.

Chromophore Traffic

Timely and efficient pigment regeneration is critical for the
proper function of photoreceptors. The mechanism by which
the chromophore moves between the photoreceptors and RPE
cells is still unclear. A chromophore-binding protein, interpho-
toreceptor retinoid-binding protein (IRBP), is abundantly
expressed by photoreceptors and released in the space around
their outer segments (81). IRBP can bind both all-trans- and
11-cis-chromophores, suggesting that it could be a carrier pro-
tein transporting the retinoid back and forth between photore-
ceptors and RPE cells. However, this issue has remained con-
troversial, with contradicting results (82–86) even after the
generation of IRBP-deficientmice. Recent physiological studies
demonstrate that the deletion of IRBP does not affect the kinet-
ics of dark adaptation inmouse rods or cones, suggesting that it
does not play a role in accelerating the traffic of chromophore in
and out of photoreceptors (86). Nevertheless, IRBP affects pho-
toreceptor development (87), and its deletion leads to gradual
retinal degeneration and possible chromophore deficiency (84,
85), indicating that IRBPplays an important role in photorecep-
tor function and can regulate chromophore homeostasis.

Chromophore Recycling

The fast turnover of cone visual pigment required for cones
to rapidly dark-adapt and to remain functional in bright light
imposes the need for rapid recycling of their chromophore
from all-trans-retinol back to 11-cis-retinal. The canonical
pathway for chromophore recycling (58) involves the RPE,
where all-trans-retinol is converted into 11-cis-retinal via a
series of enzymatic reactions and then transported back to the
photoreceptors for incorporation into opsin. Mounting bio-
chemical evidence indicates that this pathway may not be suf-
ficient for rapidly supplying cones with recycled chromophore
(88–90), and it is now clear that a second visual cycle exists in
the neural retina (91, 92). This pathway promotes pigment
regeneration and dark adaptation specifically in cones and not
in rods (Fig. 3). This visual cycle is independent of the RPE and
instead involves the Müller cells, which convert all-trans-reti-
nol released from bleached cone pigment into 11-cis-retinol
(93, 94). As only cones can oxidize 11-cis-retinol and use it for
pigment regeneration (92, 95), this likely represents one of the
mechanisms restricting the retina visual cycle to cones. In addi-
tion, chromophore can traffic from the inner segment, contact-
ing the Müller cells, to the outer segment, where opsin is
located, only in cones but not in rods (96), providing a second
possible mechanism for the cone selectivity of this visual cycle.
The function of the retina visual cycle has beendemonstrated in
a variety of species, from salamander and zebrafish to mouse,
primates, and humans (63, 91, 92), demonstrating its functional
significance. Studies in themouse indicate that the retina visual
cycle promotes cone adaptation 8-fold faster than the RPE (70).
However, complete cone recovery requires both visual cycles,
indicating that the retina visual cycle is critical for the initial
rapid regeneration of mouse M/L-cone pigment during dark
adaptation, whereas the slower RPE visual cycle is required to
complete the process. The recent demonstration of a functional
retina visual cycle in the mouse retina opens exciting new areas
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of research. The combination of physiological, genetic, and
pharmacological tools described here will be a powerful
approach for understanding the molecular mechanisms of this
pathway and its functional role in healthy as well as in diseased
retina.
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Retinitis pigmentosa is characterized by loss of night vision,
followedby complete blindness.Over 40 genetic loci for retinitis
pigmentosa have been identified in humans, primarily affecting
photoreceptor structure and function. The availability of excel-
lent animal models allows for a mechanistic characterization of
the disease. Metabolic dysregulation and oxidative stress have
been found to correlate with the loss of vision, particularly in
cones, the type of photoreceptors that mediate daylight and
color vision. The evidence that these problems actually cause
loss of vision and potential therapeutic approaches targeting
them are discussed.

There are more identified genes that cause blindness than
there are for any other disease (RetNet Retinal Information
Network). In part, this is due to our ability to self-report any
abnormality in vision. In addition, it may be due to a relatively
large target size comprising the genes that are dedicated to
vision.Whenmutated, these genes do not impact reproductive
fitness to the extent of, for example, genes that cause heart
disease.
Vision begins with the process of phototransduction, an

elaborate biochemical cascade carried out by the photoreceptor
cells, the rods and cones, located in the neural retina, which
lines the back of the eye (1). Rod photoreceptors initiate our
night vision and are able to recognize a single photon as a spe-
cific signal, a remarkable ability that has resulted from years of
selective pressure applied to a critical behavioral node. This
high degree of sensitivity is achieved by cells that have unusual
and vulnerable structural features, are demanding in terms of
their energy requirements, and exist in a fairly threatening envi-
ronment. Cone photoreceptors carry out color and high acuity
vision, providing our daylight vision, andhavemany of the same
features and vulnerabilities as rod photoreceptors. In our mod-

ern world with electricity, low light vision is no longer critical,
whereas cone-mediated vision is still essential for our quality of
life. In this minireview, we will consider the disease retinitis
pigmentosa (RP),3 which leads to loss of both rod and cone
vision due to genetic lesions (2). In addition to its intrinsic
importance, RP is an excellent model for other diseases that
lead to loss of vision. It has defined genetic causes, and there are
several animal models with mutations in the same genes as in
human RP (3).
Many of the RP genes are expressed only in rods, yet cones

still malfunction and die. The non-autonomous death of cones
is likely due to a common problem(s), as it is seen in all organ-
isms where there is a rod-specific gene defect and where rods
are the most abundant photoreceptor type. Oxidative stress
and metabolic dysregulation are two causes that may be com-
mon across RP disorders. As is becoming increasingly appreci-
ated in many diseases, these two causes are likely intertwined.
In RP, they are relatively new targets for therapy. The evidence
for these mechanisms of cone death will be considered here, in
addition to some possible points of intervention based upon
these mechanisms.

Clinical Progression of RP

RP is characterized clinically as loss of rod (low light) vision,
followed by loss of cone (day light) vision, and is often accom-
panied by the appearance of pigment within the retina, as well
as attenuated vessels and optic disc pallor (4, 5). The symptoms
typically begin at birth, with reduced or absent night vision.
Loss of cone vision can begin at different ages and in different
regions of the retina, but generally, the final loss is in the center,
in the macula, giving rise to “tunnel” vision. The macula com-
prises only cones in its very center and is the area of our highest
acuity color vision. The animal models of RP have a retina with
the same composition as the human retina, in the area outside
of the macula, where rods are �90% of the photoreceptors. In
severalmousemodels of RP, cone death beginswhen themajor-
ity of the rods have died (6, 7). Although the question regarding
the causes of cone death is particularly important due to the
role of cones in vision, it is also an interesting basic science
question. The synaptic partners of rods, the horizontal and
bipolar cells, do not die until much later in the disease process
(4), raising the question as to why cones are preferentially
susceptible.
A simplified version of the progression of cell death and

examples of retinal tissuemorphology in RP are shown in Fig. 1.
Several points are highlighted as potential points for therapeu-
tic intervention, and both specific and generic types of strate-
gies can be envisioned. For example, a specific recessive genetic
defect in rods might be remedied by delivery of a normal allele
of the disease gene, i.e. by specific gene therapy, prior to loss of
the majority of the rods (8–10). This type of specific therapy
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can also be targeted to a dominant allele using a ribozyme or
shRNA for knockdown, as is being developed for dominant
alleles of rhodopsin (11–13). Alternatively, a generic therapy
aimed at slowing or preventing rod death, even in the
absence of correcting rod dysfunction, could be envisioned.
In such a case, night vision would likely not be achieved, but
cone death should be delayed or prevented if rods are pre-
served. Here, an intervention in the rod death pathwaymight
be successful. Similarly, the addition of a gene such as
HDAC4, which has been shown to prolong rod survival in
what is likely a nonspecific manner (14), can be carried out.
Unfortunately, little is known about the rod death path-
way(s), other than the fact that the rods die of apoptosis in
those cases that have been examined (15). A second point of
intervention is when the majority of rods have died, but
cones would still be functional. For this, a greater under-
standing of the mechanisms of cone death is needed.

Several models for cone death in RP have been proposed.
One class of models concerns the loss of trophic support (16).
Rods may supply a factor(s) required for cone survival. Even
if this is not the underlying cause, delivery of a growth factor
might delay death and is an approach that is being taken
(15–17). Another class of models concerns toxicity due to
rod death. The release of a toxic factor by dying rods might
kill the nearby cones (18). We believe that the kinetics of rod
and cone death make this latter model unlikely. If dying rods
released a toxin, one would predict that there would be a
close temporal and spatial association of rod and cone death.
However, cone death often does not occur until many
months after rod death (4–7, 19). Another model holds that
there is an increase in oxidative damage to cones once the
rods have died (20–22). Finally, we recently proposed that
the cones have a nutrient shortage and/or imbalance in
metabolism due to a change in retinal architecture, brought

FIGURE 1. Photoreceptor death in RP. Upper, simplified time course of rod and cone death kinetics. Time points for possible therapeutic interventions are
indicated. Rods can be targeted using an approach specific to a particular disease gene, e.g. by AAV-mediated gene therapy replacing a recessive gene (80, 81,
83) or via knockdown of a dominant gene (13). Alternatively, rod survival can be prolonged by nonspecific therapies, e.g. delivery of growth factors (85, 86) or
HDAC4 (14), aimed at a wider group of RP diseases. Cones can be targeted using antioxidant therapy (20, 21) or gene manipulations that might alter
metabolism. Once cones have become unable to carry out normal phototransduction, they can be transduced with halorhodopsin, a light-activated chloride
pump (64). After the loss of cones, non-photoreceptor cells, such as bipolar cells and retinal ganglion cells, can be made to respond to light following delivery
of channel rhodopsin 2 or melanopsin (87, 88). Lower, retinal cross-sections of a mouse model for RP (99) at 8 weeks (wk) and 17 weeks of age. The photore-
ceptors are located in the outer nuclear layer (ONL), which can be seen to degenerate to one or two rows of cells, primarily cones, by 17 weeks. Note the collapse
of the cone OS during this time, revealed by the binding of the lectin peanut agglutinin (PNA; red). Accompanying degeneration is the up-regulation of the glial
fibrillary acidic protein (GFAP; rhodopsin; green). INL, inner nuclear layer; GCL, ganglion cell layer.
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on by loss of the rods (7). These models are not mutually
exclusive and will be explored further below.

Oxidative Stress in RP

Oxidative stress has been suggested to be one of the causes of
cone dysfunction and death in RP (20–22). Photoreceptor cells
are under constant environmental and intrinsic challenges that
make them highly susceptible to oxidative stress. Their func-
tion as light sensors places them in an area where they are
exposed to the ultraviolet radiation in sunlight, which induces
free radical formation (23, 24). The isomerization of the chro-
mophore 11-cis-retinal by light as part of the normal visual
cycle can lead to the formation of compounds that are reactive
with short wavelength light. Such reactions can lead to free
radical generation (25). To make matters worse, the choroidal
blood vessels expose photoreceptor cells to near-arterial levels
of oxygen (26), and high oxygen tension induces the production
of reactive oxygen species (ROS). ROS cause oxidative damage
to proteins, lipids, and DNA, all of which have been demon-
strated to increase during the course of RP (20). Besides the
environmental risks, the high metabolic rate of photoreceptor
cells is an intrinsic risk factor for oxidative damage, as ROS
form as a natural by-product of mitochondrial metabolism.
Given that cones contain twice asmanymitochondria as rods in
murine retinas and 10 times asmany in primate retinas (27, 28),
vulnerability to oxidative stress is likely heightened in cones.
Finally, NADPH oxidase, an enzyme complex that deliberately
produces ROS for host defense and cellular signaling, has also
been shown to contribute to cone cell death in RP and in light-
induced retinal degeneration (29, 30).
If photoreceptors, especially cones, are naturally under a

considerable level of oxidative stress, how do healthy retinas
cope with oxidative stress for many decades? Photoreceptor
inner segments, which are packed with mitochondria, rely on
endogenous antioxidant pathways (Fig. 2) (31). Natural antiox-
idant enzymes inmitochondria include superoxide dismutases,
which convert superoxide radicals (O2

. ), themajor reactive spe-
cies produced by mitochondria, to H2O2, and glutathione per-
oxidases and catalase, which further metabolize H2O2 to H2O.
In contrast, the outer segments (OS) of photoreceptors appear
to lack such enzymatic detoxifying agents. The strategy that has
been proposed for removal of oxidized products in the OS is
one in which oxidized proteins and lipids are cleared by daily
OS disc shedding and renewal (32). The shed OS are phagocy-
tosed by cells of the retinal pigment epithelium (RPE), which
also provide other support functions for photoreceptors (33).
How might oxidative stress affect cones in RP? One hypoth-

esis is that the redox balance in cones is disturbed by the loss of
rods, and oxidative stress elevates beyond the antioxidant
capacity of cones. Supporting this idea, studies have found that,
after the death of rods, which compose �90% of the photore-
ceptor population and thus consume the majority of oxygen
delivered to the outer retina, the oxygen level per cone increases
sharply (22, 34). This is likely due to the inability of choroidal
vessels, which nourish the photoreceptors, to regulate blood
flow in response to the environmental oxygen level (35). Con-
sequently, the overload of oxygen may be toxic to the residual
cones. This “oxygen toxicity” hypothesis is consistent with the

fact that relative cell density is a crucial determinant of cone
death (36–38). Thismodel can at least in part explain why cone
death in RP is usually a slow process that takes years or decades,
duringwhich timeoxidative damagemay accumulate and even-
tually kill cones.
In recent years, mounting evidence supports the hypothesis

that oxidative stress contributes to cone mortality in RP. Oxi-
dative damage in cones was evident in a pig transgenic RP
model and in a mouse RP model (20, 21). Importantly, treating
several mouse models of RP with exogenous antioxidants
slowed cone death (21, 39). In addition, overexpression of the
endogenous antioxidant enzymes, including superoxide dis-
mutase and glutathione peroxidase, in some RP mouse models
decreased oxidative damage and prolonged cone survival
(40–42).
Oxidative stress is believed to play an important pathogenic

role in many retinal and brain neurodegenerative diseases,
including diabetic retinopathy, age-related macular degenera-
tion, and Parkinson, Huntington, and Alzheimer diseases (43–
45). The neurons with especially high vulnerability to oxidative
stress possess two common properties: high oxygen consump-
tion and great energy demand. Although no suitable animal
model has been developed for some of these neurodegenerative
diseases, the well characterized animal models of RP have been
exploited in the studies cited above. They can also serve as test
subjects for therapeutic approaches such as viral delivery of

FIGURE 2. Metabolism in cones. Photoreceptors are highly active metaboli-
cally and require substantial glucose and oxygen, which are supplied by the
choroidal vessels via the RPE cells. Lactate may also be released by retinal
Müller glia and taken up by photoreceptor cells. Mitochondrial oxidative
phosphorylation provides cells with large amounts of ATP for neuronal func-
tions but can also cause an excess of ROS. Removal of ROS requires the actions
of the endogenous antioxidative enzymes (superoxide dismutase (SOD), glu-
tathione peroxidase, and catalase) and the natural antioxidant glutathione.
The pentose phosphate pathway generates NADPH, which is important for
glutathione recycling and lipid synthesis. Sufficient supplies of NADPH, ATP,
and the metabolic intermediates ensure rapid macromolecular synthesis,
underlying the continuous self-renewal of cone OS. Growth factor signaling,
including activation of the insulin receptor, which stimulates mTOR phospho-
rylation, can positively regulate the key steps of glycolysis. Cones also need
NADPH for an early step of the visual cycle, reduction of 11-trans-retinal,
which ultimately results in regeneration of 11-cis-retinal. The RPE participates
in this cycle, with intermediates cycling between cone OS and the RPE. The
major metabolic pathways are highlighted in blue, with the key proteins and
molecules of therapeutic interest shown in red.
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antioxidant enzymes.Gene therapy directed to the photorecep-
tors will solve one problem posed by the delivery of chemical
antioxidants through, for example, the diet. The blood-retinal
barrier and the soluble nature of many of these compounds do
not enable a high steady-state level of the antioxidants in the
retina following systemic delivery. Moreover, ROS are impor-
tant signalingmolecules, and a wholesale decrease in ROS from
systemic delivery might not be without side effects (46). Viral
gene delivery, ideally coupled with a cone-specific promoter,
might provide a more effective approach, one that might be
especially beneficial if the promoter was also regulated by the
oxidation level of the tissue. Such vectors are being developed
for use in other diseases and could be adapted for use in RP
(47–49).

Metabolic Changes in RP

Common changes in gene expression at the onset of cone
death in fourmousemodels of RP led us to investigate the status
of themechanistic target of rapamycin (mTOR), a key regulator
of cellular metabolism (Fig. 2) (7, 50). The activity of mTOR is
regulated by phosphorylation, which is driven by nutrient avail-
ability, energy levels, and growth factor signaling.When active,
mTOR phosphorylates a number of targets that regulate trans-
lation, macroautophagy, and metabolic pathways. We found
that the phosphorylation ofmTORwas reduced in dorsal cones
in all four RP mouse models examined as the earliest sign of
pathology among cones. In addition, there was a significant
reduction in the level of the red/green opsin protein in the ven-
tral cones without a concomitant decrease in the RNA for this
protein. This may reflect a reduction in translation, which is
under the control of mTOR, or enhanced degradation of this
opsin. These changes suggested that the cones might be under
metabolic stress. Indeed, the chaperone-mediated autophagy
pathway was found to be activated in the RP cones, but not in
other retinal cell types. This prompted us to hypothesize that
themTOR phosphorylation statusmight be low due to the cells
suffering from some type of nutrient deprivation and/meta-
bolic dysregulation. As insulin signaling can promote mTOR
activity, we attempted to decrease or increasemTORactivity by
reducing or augmenting insulin signaling, respectively. In a
mouse model of RP, cone survival was indeed improved upon
insulin injection, whereas cone death was accelerated upon
insulin depletion. These data provide evidence that cone sur-
vival can be regulated by insulin signaling. These observations
are in keeping with findings on the delivery of other growth
factors to animalmodels of RP, which also led to increased cone
survival (15, 17). It is important to point out, however, that it is
not clear for insulin or other therapeutic growth factors, if the
action is directly upon cones and/or is mTOR-mediated. An
understanding of the mechanism of these effects might enable
the design of more specific therapies.
Photoreceptor Metabolism—Photoreceptors have evolved an

elaborate structure (theOS) in which photons are captured and
phototransduction is carried out. To accomplish this, the OS is
densely packed withmembranes and opsin proteins (51, 52). In
fact, lipids compose 15% of the mass of a photoreceptor, com-
pared with 1% for “average” cells (52). Each photoreceptor con-
tains �60 pg of protein (52). Because photoreceptors shed 10%

of their OS daily, they need to synthesize the membrane and
protein equivalent of a proliferating cell each day (53, 54). Addi-
tionally, photoreceptors are neurons, and thus, as is typical for a
neuron, they need large amounts of ATP to maintain mem-
brane potential. It is thus not surprising that photoreceptors are
rated as the highest energy-consuming cells in the human body
(55). The high energy requirements of photoreceptors make
them especially vulnerable to any imbalances. This is exempli-
fied by the fact that mutations in a gene that is broadly
expressed and that affects general cellular metabolism (e.g.
isocitrate dehydrogenase-3�) are associated primarily with
photoreceptor degeneration, resulting in RP (56). One might
also predict that photoreceptor metabolic activity displays
signs of both a post-mitotic neuron and a proliferating cell.
These dual demands likely require robust regulatory mecha-
nisms that apportion the sources of energy and anabolic mate-
rials accordingly.
Post-mitotic neurons synthesize their large quantities of

ATP by complete catabolism of glucose or lactate. In culture,
photoreceptors can take up lactate released byMüller glia (57),
which have extensive contacts with photoreceptors in vivo, and
can release lactate as a by-product of their ownmetabolism. As
has been proposed for otherCNSneurons (58), lactate fromglia
might provide the majority of the acetyl-CoA that enters the
mitochondria for energy generation (59, 60). Proliferating cells
need the building blocks derived from glucose for anabolic pur-
poses. One study of photoreceptors has led to the suggestion
that, as in proliferating cells, most of the glucose taken up by
photoreceptors never enters the Krebs cycle and that it fuels
membrane and protein biosynthesis (57). Lactate and glucose
may thus be utilized differentially within photoreceptors for
ATP synthesis and anabolic processes (57, 59–61),
respectively.
Metabolic Model of Rod-dependent Cone Death—On the

basis of the observations cited above concerning mTOR phos-
phorylation and chaperone-mediated autophagy, we suggested
that a metabolic problem contributes to cone death in RP (7).
Themodel is based upon the idea that glucose uptake is affected
more than lactate uptake in cones in RP. Thismay be due to the
collapse of contacts between the photoreceptorOS and theRPE
(Fig. 3). The choroidal blood supply fuels photoreceptors
through the RPE cells. The flow of nutrients such as glucose
from the RPE to the remaining cones may be disrupted follow-
ing the collapse of the interface between the RPE and the cones,
which occurs when the rods degenerate. Lactate uptake likely
occurs independently of the RPE, from the Müller glia, whose
processes surround the photoreceptor cell bodies and also form
the outer limiting membrane between the photoreceptor cell
bodies and the inner segments. This area appears not to be as
impacted when the rods die, making it likely that lactate uptake
is not as disrupted as glucose uptake. Consistentwith the idea of
reduced glucose in cones is reduced OS length. A reduction in
anabolic processes, which depend upon the glycolytic products
of glucose, without an equal reduction inOS catabolism, would
lead to a reduction in OS length. Following the reduction in OS
length is an overall change in the structure of the cone plasma
membrane, which appears very disorganized (62). An overall
reduction in membrane surface area might create a downward

MINIREVIEW: Oxidative Stress and Metabolic Dysregulation in RP

JANUARY 13, 2012 • VOLUME 287 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1645



spiral, as itmay lead to less surface area over which transporters
could operate to bring in more nutrients. However, if lactate
uptake can still occur at a level that is less reduced compared
with glucose uptake, it might provide an explanation for why
cones survive for extended periods of time in RP, even in the
absence of anyOS.Using lactate as an energy source, conesmay
still produce enough ATP through oxidative phosphorylation
to at least survive. Consistent with this, a recent study showed
that mitochondrial fuel, such as pyruvate, was sufficient to pre-
vent the photoreceptor death caused by depletion of glucose in
a retinal explant culture system (63).
Finally, although cones are alive for a significant period of

time after their OS have collapsed, they do not carry out pho-
totransduction at a functional level (64). Several problems
might lead to loss of phototransduction. One is the loss of the
OS structure, as theOS is where the phototransduction process
is carried out, within highly organized membranous discs.
Another might be a reduction in opsin proteins, as there is a
reduction in red/green opsin in ventral cones (7, 64). Photo-
transduction may also be reduced due to insufficient 11-cis-
retinal. The first step in vision is the photoisomerization of the
opsin-bound 11-cis-retinal to 11-trans-retinal (65). Within
photoreceptor OS, 11-trans-retinal is reduced to 11-trans-ret-
inol through a retinaldehyde dehydrogenase, with NADPH as
the hydride donor (66, 67). NADPH may be limiting for this
reaction, as it is likely in high demand in RP cones. This is
because NADPH also is used to reduce ROS, which, as
described above, are increased in RP retinas. In addition, the
fact that NADPH generation is dependent upon glucose,
through the pentose phosphate pathway, might mean that
NADPHgeneration is limited due to reduced glucose uptake. A
paucity of 11-cis-retinal might also occur due to the disruption
of the interactions between cone OS and the RPE. There is a

shuttle of retinals between the RPE and photoreceptors, and as
the RPE and cone OS interactions are disrupted in RP, this
might reduce the availability of 11-cis-retinal to cones (68).
Cones may also be able to acquire 11-cis-retinal from Müller
glia, however, as there is evidence for this in chicks, ground
squirrels (66) and zebrafish (69).
Insulin Signaling in Photoreceptors—Given the high energy

demands of photoreceptors, it would not be surprising if the
insulin/mTOR pathway, a key regulator of cell growth and
homeostasis, plays a central role in photoreceptor survival. In
keeping with the aforementioned result of insulin in RP cone
survival, loss of the insulin receptor in rods or one of its down-
stream targets, Akt2, increased susceptibility to light-induced
retinal degeneration (70, 71). Phosphorylation of the insulin
receptor in rods appears to be light- and opsin-dependent (72),
and dephosphorylation is mediated in the dark by protein-ty-
rosine phosphatase-1B (73). Loss of protein-tyrosine phospha-
tase-1B has a protective effect in a model of light-induced reti-
nal degeneration (73), indicating that the increased level of
phosphorylated insulin receptor is protective. However, there
may be differential effects of insulin signaling in rods and cones.
ATP consumption is significantly reduced in rods during the
day, whereas it is increased in cones (61). Therefore, the insu-
lin/mTOR pathway might differentially regulate how much
energy flows into the anabolic versus catabolic pathway in rods
and cones under normal day/night conditions. In support of
this idea is the light-dependent phosphorylation of the insulin
receptor in rods (72, 73). Additionally, loss of three of the five
regulatory subunits of PI3K resulted in cone (but not rod)
degeneration after 12 months, perhaps due to the difference in
day and night activities between rods and cones (74, 75). PI3K
modulates the signal fromdifferent growth factor receptors and

FIGURE 3. Schematic representation of rod photoreceptor loss leading to changes in retinal architecture. Before the onset of rod photoreceptor death
(A), the interactions between photoreceptor OS and RPE cells are important for photoreceptor nutrient uptake, the visual cycle, and maintenance of photo-
receptor structure. When rods first start to die (B), the RPE-OS interactions are not greatly perturbed. However, as the disease progresses (C), the loss of rods
becomes very extensive, and the collapse of the remaining cone photoreceptor OS becomes evident. Loss of rods also leads to an elevated oxygen level per
cone. D, eventually, the RPE-OS interactions become completely disrupted, which may cause a reduction in nutrient flow, particularly glucose, into the
remaining photoreceptors. Cones are shown in blue or red/green, rods in light purple, RPE in pink, and choroid in red.
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is downstream of the insulin receptor but upstream of mTOR
kinase activity.
The importance of proper regulation of metabolism in the

function and survival of photoreceptors is evident from their
energy demands. However, the regulatory pathways that con-
trol anabolic processes, oxidation, membrane synthesis, and,
more generally, homeostasis in photoreceptors, are just being
discovered. A greater understanding of the regulation of these
processes within photoreceptors under normal and stress con-
ditions may lead to new treatment approaches for photorecep-
tor degenerative diseases.

Future Prospects

As we learn more about the mechanisms that lead to photo-
receptor death, different targets for therapeutics that combat
oxidation, metabolic dysregulation, and as yet undiscovered
mechanisms will undoubtedly be developed. There is a great
deal of excitement about the possibility of using gene therapy to
this end. Vectors derived from adeno-associated virus (AAV)
have proven successful in the clinic to treat people with Leber
congenital amaurosis 2, a disease that leads to photoreceptor
dysfunction (76, 77) in which the RPE is the site of the gene
defect (78, 79). Multiple groups are developing AAV vectors
encoding photoreceptor genes for complementation of reces-
sive diseases (80–84), as well as AAV vectors encoding growth
factors (85, 86) or antioxidant enzymes (47–49). The emerging
field of optogenetics is also being brought to bear on diseases of
the eye. Light-activated channels and pumps are being deliv-
ered to the eye either to augment light responses in ailing pho-
toreceptors (64) or to convert non-photoreceptor cells into
photosensitive cells (87–91). Stem cell approaches are under
development, withmore efficient protocols for generating pho-
toreceptors from stem cells being reported (92–94). Nanopar-
ticles are being tested for gene delivery to photoreceptors (95,
96), and protein transduction methods have been shown to
work in the eye (97). The longevity of these latter approaches
will likely need to be extended for diseases such as RP, for which
the time line is likely decades. Importantly, combinations of
approaches are likely to be more powerful than any individual
approach (98). Having a number of approaches for gene and
protein delivery and a number of different targets makes one
hopeful that there will be some therapeutic benefits in the com-
ing years for a group of diseases that greatly diminish the quality
of life for a growing number of people.
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In addition to rods and cones, the mammalian eye contains a
third class of photoreceptor, the intrinsically photosensitive ret-
inal ganglion cell (ipRGC). ipRGCs are heterogeneous irradi-
ance-encoding neurons that primarily project to non-visual
areas of the brain. Characteristics of ipRGC light responses dif-
fer significantly from those of rod and cone responses, including
depolarization to light, slow on- and off-latencies, and relatively
low light sensitivity. All ipRGCs use melanopsin (Opn4) as their
photopigment. Melanopsin resembles invertebrate rhab-
domeric photopigments more than vertebrate ciliary pigments
and uses a Gq signaling pathway, in contrast to the Gt pathway
used by rods and cones. ipRGCs can recycle chromophore in the
absence of the retinal pigment epithelium and are highly resis-
tant to vitamin A depletion. This suggests that melanopsin
employs a bistable sequential photon absorption mechanism
typical of rhabdomeric opsins.

In 1927, Clyde Keeler noted that the blind rodless mouse
retained pupillary light responses (PLRs)2 despite apparent
degradation of all rod and cone photoreceptors (1). Over 50
years later, Ebihara and Tsuji (2) similarly noted that mice with
the same outer retinal degeneration mutation (now called rd1)
continue to synchronize their circadian rhythms to light-dark
cycles despite apparent visual blindness. Extensive experiments
by Foster and co-workers (3) in the 1990s demonstrated that
preservation of light entrainment of the circadian clockwas not
a unique phenomenon to the rd1 mutation but was observed
after the introduction of synthetic outer retinal degeneration
gene constructs. However, circadian entrainment to light was
lost in both anophthalmic mice lacking eyes (4) as well as those
blind from optic nerve hypoplasia (Math5�/�) (5). These
results demonstrated that a photoreceptive cell must be pre-
served in eyes of animals with complete outer retinal
degeneration.

In 2002, Berson et al. (6) used a retrograde tracing technique
to identify retinal ganglion cells (RGCs) projecting specifically
to the master circadian pacemaker, the suprachiasmatic
nucleus (SCN) of the hypothalamus. Patch-clamp recording of
these cells revealed that they were intrinsically photosensitive;
these cells have subsequently been called intrinsically photo-
sensitive RGCs (ipRGCs) or, alternatively, photosensitive RGCs
(we will use the former term in this minireview). ipRGCs con-
stitute 2–3% of RGCs and project in the mouse brain primarily
to non-visual centers, including the SCN, the olivary pretectal
nucleus (OPN; locus of the PLR), and the intergeniculate leaf-
lets (IGLs) of the geniculate nuclei (7, 8).
The identity of the photopigment subserving the ipRGCs

became a critical question. Two candidates were postulated:
melanopsin and cryptochrome. Melanopsin (Opn4) was dis-
covered in 1998 by Provencio et al. (9), who identified this novel
opsin from the dermalmelanophores ofXenopus. Themamma-
lian homolog was found to be expressed in a small subset of
RGCs (10, 11). Cryptochrome is a flavin-based photopigment
that subserves circadian entrainment in Arabidopsis and Dro-
sophila (12). There are two mammalian cryptochrome
homologs,Cry1 andCry2, which are also expressed in the inner
retina (13). Interestingly, knock-outs of either Opn4 or Cry1;
Cry2 inmice donot prevent circadian or diurnal entrainment to
light-dark cycles or eliminate the PLR (14–16). However, when
Opn4 knock-out mice are combined with the homozygous rd1
mutation (17) (or equivalently compounded with Gnat1 and
Cng3a mutations to eliminate outer retinal photoreceptive
function (18)), mice lose all circadian entrainment and PLRs,
whereas these phenomena are at least partially preserved in
cryptochrome null mice with retinal degeneration (19). These
results demonstrated that melanopsin is necessary and suffi-
cient for inner retinal photoreception.

Subtypes of ipRGCs and Neural Connections

Subsequent work has confirmed that the ipRGC population
and the melanopsin-expressing cell population are identical (7,
20). Initially, the melanopsin-containing ganglion cells were
believed to be a homogeneous cell population carrying photic
information to the SCN, OPN, and IGLs. However, further
analysis of the anatomic and functional properties of genetically
labeled ipRGCs has revealed deeper complexity, with the iden-
tification of distinct subtypes of ipRGCs (Fig. 1) (21, 22). The
SCN receives input primarily from “M1” ipRGCs, which are
characterized anatomically by dendritic arborization in the
outer sublamina of the inner plexiform layer (IPL) of the retina
(22). The OPN receives innervation from both M1 cells and
“M2” cells, whose dendritic fields are found in the inner sub-
lamina of the IPL (22). M1 cells primarily utilize melanopsin-
dependent intrinsic photosensitivity, whereas M2 cells appear
to relymore on conveyance of light information from upstream
rods and cones (24).
More sophisticated, genetically based anatomic tracing tools

have recently uncovered a more diverse assortment of ipRGC
subtypes. By combining mice expressing Cre recombinase
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under the control of the Opn4 promoter and Cre-activated
reporters such as GFP or alkaline phosphatase, Ecker et al. (25)
were able to identify cells that express melanopsin at low levels
or transiently (both of which are undetectable by immuno-
staining or �-galactosidase). This revealed �2000 melanopsin-
labeled cells in each mouse retina compared with the �600–
800 M1 cells detected by analysis of �-galactosidase in
Opn4tau-lacZ mice (7, 25). The family of ipRGCs has now been
expanded to include the previously describedM1 andM2 cells,
as well as bistratifiedM3 cells, which are functionally similar to
M2 cells (26, 27), andM4 cells, which are characterized by their
large soma size and dendritic field (25) (as well as perhaps a rare
M5 classification). Using this distinction, Ecker et al. showed
that M2–M4 cells send processes to diverse brain regions,
including areas involved in visual processing such as the dorsal
and ventral subregions of the lateral geniculate nucleus (in
addition to the aforementioned IGLs) and the superior collicu-
lus (25). Intriguingly, thesemelanopsin RGCs function in visual
circuits and cause cellular activity in the visual cortex of two
different types of “melanopsin-only” mice lacking conventional
photoreceptors (25, 28). M2–M5 cells show much weaker
intrinsic photoresponses than M1 cells and may function in
vivo primarily as conduits for outer retina-derived light signals
(see below) (25).
Using additional molecular genetic labeling tools, Chen et al.

(29) found a further subdivision in projections amongM1 cells.
Brn3b is a marker for RGCs but is not expressed in all ipRGCs
(29, 30). Brn3b-positive M1 ipRGCs make up the majority of
projections to the OPN, whereas Brn3b-negative M1 cells pro-
jectmainly to the SCN. In keeping with this anatomical distinc-
tion, mice in which Brn3b-positive ipRGCs have been ablated
using a targeted diphtheria toxin show severely reduced PLRs
but normal photo-entrainment and masking in light-dark
cycles (29). The full diversity of ipRGC types continues to
expand (Fig. 1).

Redundant and Unique ipRGC Photoreceptor Functions
in Behavior and Physiology

As noted above, mice lacking melanopsin continue to show
PLRs and circadian entrainment, as do mice lacking rods and
cones (14–16). Two models could explain this redundancy.
First, ipRGCs could receive outer retinal input from rod- and
cone-based pathways and pass this signaling on to downstream

brain nuclei such as the SCN and OPN, signaling in series.
Alternatively, non-ipRGC ganglion cells could transduce outer
retinal signals to these brain regions in parallel with ipRGCs.
Analysis of mice in which ipRGCs were ablated using diphthe-
ria toxin (31, 32) or using toxic antibodies (33) showed com-
plete loss of circadian entrainment and PLRs, consistent with
the serial model in which all non-visual signaling is transduced
by ipRGCs. Because rods and cones provide input to ipRGCs,
the contributions of these outer photoreceptors and the intrin-
sic photosensitivity of melanopsin combine under normal con-
ditions to affect behavior.Mice carrying null alleles ofmelanop-
sin still entrain to light-dark cycles but show reduced
behavioral phase shifts in response to brief light pulses and
reduced circadian period lengthening in response to constant
light (15). Conversely, mice with melanopsin as their only pho-
toreceptors entrain to light-dark cycles and phase-shift to
bright light pulses indistinguishably from wild-type mice (3,
17).Melanopsin appears to exert its unique influence on behav-
ior at bright light intensities or exposures of long duration. For
example, the PLR of mice without melanopsin appears normal
at low light intensities and for short durations; however, at high
light intensities, the response is reduced, and at long durations
of high intensity, the pupil begins to escape constriction (14,
35). Similarly, negative masking, or the suppression of behav-
ioral activity by light exposure, is also lost over several hour-
long light durations in Opn4�/� mice (36). Being nocturnal,
mice and rats naturally confine the majority of their sleep dur-
ing the light portion of a light-dark cycle. However, short bouts
of sleep are induced during the night if light is presented at an
inappropriate phase (37). In mice lacking melanopsin, this
acute light-mediated sleep induction is lost (38–40). These
effects on circadian entrainment and sleep in melanopsin-defi-
cient animals may give insight into the higher incidence of sea-
sonal affective disorder (SAD) among humans who carry a par-
ticular allele of the melanopsin gene (41).
Although a lack of melanopsin is associated with the defi-

ciencies discussed above, the influence of rod and cone photo-
reception on ipRGCs should not be understated. Photo-
entrainment, PLRs, and other non-visual light-mediated
behaviors function normally at low light intensities without
melanopsin (17, 18, 32). Distinct responses from outer photo-
receptors and melanopsin can be observed at the level of the
SCN (42). At scotopic light intensities, rods alone are sufficient
for photo-entrainment, and even at photopic light levels at
which rods cannot support pattern vision, they signal through
cones to support entrainment (43). Cones can also mediate cir-
cadian phase shifting, butwith short light exposures.Mice lack-
ing cones sensitive to middle wavelength light exhibit reduced
phase shifting in response to pulses of green light for 15 min or
less but behave similarly to wild-type animals when exposed to
light of shorter wavelength or longer pulses of middle wave-
length light (44). To spectrally separate cone input from other
photoreceptors, Lall et al. (45) utilizedmice inwhich themouse
middlewavelength coneswere replacedwith human longwave-
length-sensitive cones. In these mice, long durations of long
wavelength light yield weak phase shifts, but the same number
of photons delivered as discontinuous 15-min pulses produces
phase shifts similar inmagnitude to those observed in response

FIGURE 1. ipRGC subtypes. Shown is an illustration of the morphologic and
molecularly defined subtypes of ipRGCs (M1–M5 and M1 Brn3b transcription
factor-positive and -negative) with neural projections, including the SCN,
OPN, lateral geniculate nucleus (LGN), the IGLs of the geniculate nucleus, and
the superior colliculus (SC).
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to melanopsin/rod-stimulating wavelengths of light. It is likely
that in an animal with functional rods, cones, and melanopsin,
all three photoreceptors play a role in photic entrainment,
PLRs, and masking but exert their strongest influence at spe-
cific wavelengths, intensities, and stimulus durations.

Role of Melanopsin during Retinal Development

Melanopsin is expressed early in retinal development, at
about embryonic day 10. Melanopsin-containing ganglion cells
are light-responsive from birth (21, 46–48), making them the
first light-sensitive cells functional in the newborn retina. At
birth, the projections from the ipRGCs sit poised at the ventral
surface of the SCN and begin sending projections into the SCN
between postnatal day (P) 1 and P4 (47, 50, 51). Additionally,
the number of melanopsin-containing ganglion cells decreases
dramatically between P0 and P19 (21).
Rod and cone circuitry to RGCs is not functional until at least

P10 in mice (52–54). Might the early expression of melanopsin
in ipRGCs have functional significance during development?
Negative phototaxis, or an avoidance of bright light, is observed
in mouse pups as early as P6 and is dependent on the presence
of melanopsin (55). Melanopsin also contributes to the light-
mediated segregation of ipsi- and contralateral retinogenicu-
late projections during visual development (56). This contribu-
tion to segregation of retinal efferents coincides with a
melanopsin-dependent enhancement of waves of retinal activ-
ity observed in early postnatal development (56).

Physiology of ipRGC Photosensitivity

Currently, twomelanopsin gene families are recognized (57).
The originally identified gene from Xenopus represents one
family found in all vertebrates except mammals and is desig-
nated Opn4x. The second gene family, Opn4m, occurs in all
vertebrates surveyed but is the only melanopsin gene found in
mammals. Comparison of the phylogenetic position of the two
families indicates that they split at a very early point in verte-
brate evolution. Both melanopsin families share greater
sequence similarity with the opsins found in invertebrate rhab-
domeric photoreceptors compared with vertebrate ciliary pho-
toreceptors, displaying 39 and 30% sequence similarities,
respectively (Fig. 2A) (9). Specific similarities to rhabdomeric
opsins include the presence of an aromatic versus acidic coun-
terion and the insertion of a rhabdomere-like sequence in a
portion of the third cytoplasmic loop associatedwithG-protein
specificity (Fig. 2B) (9).
As the phylogenetic position suggests, melanopsin and

ipRGC function is different from ciliary photoreceptor func-
tion. Whereas light causes a graded hyperpolarization in rods
and cones, light leads to depolarization and the production of
action potentials in ipRGCs. The exact mechanism by which
this is accomplished is still not well understood but likely
resembles the steps occurring in rhabdomeric photoreceptors,
where opsins, such as those found in Drosophila photorecep-
tors, are coupled to a Gq/phospholipase C (PLC) second mes-
senger cascade that induces depolarizing currents in the cell by
activation of transient receptor potential (TRP) and TRP-like
channels (58, 59). This contrasts with the mechanism of ciliary
opsin, such as in mammalian rhodopsin, which couples to a

Gt/phosphodiesterase cascade that leads to hyperpolarizing
currents via a cyclic nucleotide-gated ion channel (60).
The definitive second messenger cascade of melanopsin has

not been established but does appear to utilize Gq family signal-
ing. When melanopsin is expressed in heterologous expression
systems, general disruption of G-protein signaling interferes
withmelanopsin-dependent light responses (61, 62). Addition-
ally, Gq inhibitors and antibodies as well as PLC inhibitors
reduce light responses (61, 63), but Gi/o inhibitors do not (62).
In ipRGCs, the light response has been shown to occur in iso-
lated ipRGCmembranes, whereGq and PLC inhibitors (but not
other G-protein inhibitors) alter the light response (64), sug-
gesting that melanopsin uses a Gq family (Gq/11/14) pathway.

The channel(s) activated toproduce themembranedepolariza-
tion remain to be determined. Canonical TRP channels have been
suggested as the effector channels, as they are the mammalian
homolog of invertebrate TRP channels activated by rhabdomeric
opsins (65). In particular, TRPC6 and TRPC7 are of interest, as
they are localized to ipRGCs (66, 67). However, light-dependent
ipRGC activity is preserved in mice lacking TRPC3, TRPC6, or
TRPC7 (68), suggesting either functional redundancy or the pres-
ence of an as yet unidentified effector channel.
Compared with rhodopsin, melanopsin appears to be

expressed at low levels in ipRGCs, estimated to be 1/10,000
rhodopsin density (69). The sum effect of the low pigment den-
sity, long-lasting meta-state, and Gq/PLC signaling is light
responses that, compared with rods and cones, are very slow in
onset, relatively insensitive, and very slow to inactivate (21).
Latencies from lights-on to ipRGC firing can be several sec-
onds, whereas off-latencies can be up to tens of seconds from
lights-off. Latency is directly related to the light intensity, as are
the cells’ maximal and steady-state firing rates, with high inten-
sity lights leading to shorter on-times, longer off-times, and
higher firing rates (21, 70). Irradiance-response relationships
recorded with multielectrode array techniques show threshold
sensitivities of 1 � 1013 to 1 � 1014 photons/cm2/s for individ-
ual ipRGCs, with peak sensitivity at 480 nm and an action spec-
trum consistent with opsin photoreception (21). The propor-
tionality of response times and firing rates to light intensity is
consistent with the concept that ipRGCs are irradiance detec-
tors rather than pigments subserving vision.

Mechanisms of Melanopsin Pigment Regeneration

Ciliary opsins require regeneration of chromophore in a second
cell type (Fig. 3A). The dominant retinal recycling mechanism in
themammalian retina is located in the retinal pigment epithelium
(RPE). There, all-trans-retinal is converted back to 11-cis-retinal
by a series of enzymes, including lecithin:retinol acyltransferase
(LRAT) and the rate-limiting enzyme RPE65 (71). The 11-cis-ret-
inal is then returned to photoreceptors. Initial reports indicated
that ipRGC function was dependent upon the RPE-based
photocycle (72, 73). Knock-outs of the genes for those two
critical enzymes in the RPE photocycle mentioned, Rpe65
and LRAT, yield a 100-fold less sensitive PLR compared with
the wild type. However, ipRGC sensitivity, measured in iso-
lated retinas onmultielectrode arrays, is unchanged in Rpe65
and LRAT knock-out mice (74). In addition, acute poisoning
of the RPE photocycle with all-trans-retinylamine does not
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alter PLR sensitivity in mice in which ipRGCs are the only
functioning photoreceptors (74). Retinoid-depleted outer
retina seems to inhibit inner retina activity, but the RPE
photocycle itself is not necessary for ipRGC function.
A major biochemical difference between ciliary and rhapdo-

meric opsins is the mechanism of chromophore regeneration.
After a ciliary opsin absorbs a photon of light, 11-cis-retinal is
isomerized into all-trans-retinal and released from the opsin
protein (60). Regeneration of the chromophore then requires
its transport to a second cell typewith the enzymaticmachinery
to re-isomerize the trans- to 11-cis-retinal (Fig. 3A) (71). In

rhabdomeric opsins, all-trans-retinal is not released from the
opsin. Instead, the opsin absorbs a second photon at a specific
reversing wavelength and re-isomerizes all-trans- to 11-cis-ret-
inal (Fig. 3B). These opsins are thus “bistable” and feature an
activated form, or meta-state, of the opsin that is thermally
stable for seconds to minutes (whereas the meta-state of verte-
brate ciliary opsins is extremely labile, lasting onlymilliseconds
(75, 76)). Bistable pigments still may have a secondary method
of chromophore regeneration that relies upon other isomerases
that are light-dependent (77, 78) and located within the cell or
light-independent and that take place in a second cell type (Fig.

FIGURE 2. Structural relationship of melanopsin to other opsins. A, dendrogram of the relatedness of melanopsin (Opn4m and Opn4x) to other members of
the opsin family demonstrating the close relationship of melanopsin to rhapdomeric opsins. MWS, middle wavelength-sensitive; SWS, short wavelength-
sensitive; LWS, long wavelength-sensitive; RGR, retinal G-protein-coupled receptor. B, two-dimensional diagram of human melanopsin based on the structures
of bovine rhodopsin (34, 49) and squid rhodopsin (83). Amino acids in white are commonly used in sequence comparisons within and between species.
Highlighted amino acids include the retinal attachment site in orange (Lys-300), the two proposed Schiff base counterions in black (Tyr-106 and Glu-175), and
a rhabdomere-like G-protein specificity sequence in black (Ala-268 –Lys-276). C- and N-terminal structures of rhodopsins are not understood as well as the core
transmembrane domain.
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3B) (79). If melanopsin is indeed rhabdomere-like, such a
bistable mechanism could help explain the remarkable resis-
tance of ipRGC function to systemic vitamin A depletion (80).
The question of melanopsin bistability has been most thor-
oughly investigated in heterologous cellular expression sys-
tems. In these systems, light responses are dependent upon the
addition of retinoid, with 11-cis- and 9-cis-retinal producing
the most robust responses. Use of all-trans-retinal produces a
response one-tenth to one-quarter that found with cis-retinal,
but this response increases with long exposure to high levels of
light at wavelengths �540 nm or with the coexpression of
arrestin with melanopsin and the use of white light (62, 63).
However, it is unclear if light exposure is directly isomerizing
all-trans-retinal bound to melanopsin or is photoconverting
all-trans-retinal free in solution into cis-conformations that

then bind to apo-melanopsin. Attempts to demonstrate long
wavelength photoreversal in vivo have had mixed and conflict-
ing results. Mure et al. (81) demonstrated that pre-exposure of
mice to long wavelength light (630 nm) potentiated cell firing
responses in the SCN in response to blue light (480 nm), sug-
gesting in vivo photoreversal. Presumably, this was through
increased ipRGC activity, as no potentiation in SCN activity in
melanopsin null animals was observed. However, attempts to
replicate this result studying ipRGC firing in isolated retina by
multielectrode array and an identical light protocol found no
changes in ipRGC activity (82).
However, even amechanismof bistability does not fully explain

the behavior ofmelanopsin. Routinely, after a 1-min 480-nm light
exposure in vitro, full ipRGC activity is seen after 5 min of dark
incubation (21).Restorationof activity in thedark isnot consistent

FIGURE 3. Summary of chromophore recycling steps. Illustrated are steps for ciliary (A) and rhabdomeric (B) photoreceptor photocycles. Differences
between a sequential bistable mechanism of chromophore regeneration seen in rhabdomeric photoreceptors and the thermally unstable activation of opsins
in ciliary photoreceptors are illustrated. A blue lambda indicates light activation of opsin from the ground state to meta-state and conversion of the retinoid
from the cis- to trans-conformation. A red lambda indicates the sequential absorption of a photon at a second wavelength that converts the meta-state to the
ground state and re-isomerizes the retinoid back to the cis-conformation. Note that rhabdomeric photoreceptors often use alternative retinoids such as
11-cis-3-hydroxyretinal (3-OH-11-cis-retinal) in Drosophila used in the example above.
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with apurely bistable pigment and requires amechanismwhereby
all-trans-retinal in the dark is converted back to 11-cis-retinal.
Such amechanism is suggested by the work of Terakita et al. (84).
Using purified recombinant Amphioxus melanopsin, this group
showed restoration of the activated melanopsin absorption spec-
trum toward the pre-exposure spectrum after a 5-min dark incu-

bation.With subsequent exposure to orange light, the absorbance
spectrum fully returned to its pre-exposure appearance. There-
fore, multiplemechanisms of chromophore regeneration are pos-
sible (Fig. 4A).
A second retinal photocycle has beendescribed for cone pho-

topigment recycling. Characterized initially in the cone-domi-

FIGURE 4. Potential models for cell-autonomous and non-autonomous melanopsin chromophore recycling. A, three potential models for cell-autono-
mous chromophore recycling, including photoreversal, intrinsic dark isomerase, and second isomerase mechanisms. These mechanisms are not mutually
exclusive. B, model for non-autonomous pigment recycling using Müller glial-based recycling. X indicates block to LRAT or RPE65, neither of which disrupts
ipRGC function. Anatomic structures shown include the RPE, photoreceptor layer (PRL), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear
layer (INL), IPL, ganglion cell layer (GCL), and optic fiber layer (OFL).
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nant chicken retina and localized to the Müller glial cells, this
cycle has been found recently inmouse and primate retinas (85,
86). This pathway works in parallel to the RPE photocycle to
supply cones with chromophore. This mechanism provides
cones with the alcohol 11-cis-retinol, which cones (but not
rods) are capable of converting to 11-cis-retinal (87). Müller
glial cells have closer contacts with ipRGCs than with other
RGCs (88). Therefore, it is possible that ipRGCsmake use of the
Müller glial photocycle, although this has not been demon-
strated to date (Fig. 4B).

Melanopsin Purification

Amajor impediment to the study of mammalianmelanopsin
has been its scarcity. Although Amphioxus melanopsin has
been purified and studied in vitro (84, 89, 90), the paucity of
melanopsin-expressing cells in the mammal (i.e. 2000 cells in
the murine retina) makes purification from in vivo sources
unfeasible. Heterologous expression systems for opsins are
fraught with issues of proper protein folding and secondary
modifications that could alter characteristics such as absorp-
tion spectra (62, 91). For example, heterologously expressed
and purified mammalian melanopsin in one study had a peak
absorption spectrum between 420 and 440 nm, �50 nm blue-
shifted compared with in vivo sensitivity (91). Only one study
(92) has been able to partially characterize native mammalian
melanopsin in situ by a process of immunomagnetic enrich-
ment of ipRGCs from multiple retinas. HPLC analysis of the
melanopsin purified from dark-adapted retinas showed only
11-cis-retinal present, whereas ipRGCs exposed to a brief flash
of 480-nm light contained predominately all-trans-retinal with
small amounts of 11-cis-retinal. In addition, some evidence was
obtained for the production of two photoproducts in the differ-
ence spectrum of illuminated solubilized melanopsin and the
subsequent acid trapping of the illuminated pigment. However,
changes in the difference spectrum were very small, presum-
ably because of limited starting material and the scarcity of
ipRGCs.

Frontiers of Melanopsin Research

Understanding the molecular mechanisms of non-visual
ocular photoreception assume s increased importance as mel-
anopsin begins to be used as a means to confer light sensitivity
on cells. Lin et al. (93) were able to confer widespread photo-
sensitivity to blind retinas by virally mediated transduction of
melanopsin, restoring some visual function to blind mice with
this process. Ye et al. (23) have recently utilized melanopsin to
create an optogenetic system capable of secreting glucagon-like
peptide 1 in response to light in synthetic implants for the treat-
ment of diabetes.
Given that ipRGCs were definitively identified less than 10

years ago, tremendous progress has occurred in understanding
this important pathway in a relatively short time. However, sev-
eral important questions await answers in the years ahead. The
functional redundancy of rod/cone “through-signaling” and
intrinsic photosensitivity still remains incompletely character-
ized.What selective pressures have retainedmelanopsin in this
system when its function can be largely subsumed by outer
retinal photoreceptors? The exact signal transduction mecha-

nism for melanopsin also remains unclear, in particular the
identities of effector cation channels in ipRGCs. The photo-
cycle of melanopsin remains poorly characterized. It is clearly
independent of retinal pigment epithelial function, butwhether
it is cell-autonomous (as heterologous expression experiments
would suggest) or relies on a second cell type for chromophore
recycling remains to be determined. Of course, the ultimate
understanding of mechanisms of melanopsin-based photore-
ception awaits purification of the pigment anddetermination of
its three-dimensional structure and native chromophore
dynamics, which await development of scalable heterologous
expression systems that faithfully produce functional pigment.
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The lipid droplet (also known as lipid particle and oil body) is a
dynamic organelle whose boundary is surrounded by a phospho-
lipidmonolayer andwhose inner core is composedmainly of tria-
cylglycerol (TAG) and steryl esters. The monolayer surface is
coated with an assortment of proteins that serve structural and
metabolic functions. Although the existence of lipid droplets in
mammalian cells, plants, yeast, and bacteria has been known for
many years, a great deal of attention is currently being paid to the
mechanismsof its formationandgrowthand themetabolismof its
core components. Indeed, the lipid droplet is now appreciated
because it plays important roles in lipid-based diseases and has
commercial importancewith respect toproductionof cookingoils
and biofuels.
The first minireview by Dawn L. Brasaemle and Nathan E.

Wolins, “Packaging of Fat: An EvolvingModel of Lipid Droplet
Assembly and Expansion,” summarizes evidence supporting
the following model of lipid droplet assembly. Nucleation initi-
ates in the endoplasmic reticulum (ER) when diacylglycerol
accumulates and attracts members of the perilipin family of
structural lipid droplet proteins to patches of the ERwhere lipid
droplets begin to emerge. Resident proteins of the ER, including
seipin and fat storage-inducing transmembrane proteins FIT1
and FIT2, contribute to early assembly through as yet unchar-
acterizedmechanisms. After the nascent lipid droplet emerges,
other organelles, including mitochondria and peroxisomes,
contribute additional lipids. Changes in protein composition
accompany droplet maturation. In most cells, lipid droplets are
few and small, but in adipocytes (“professional” fat storing
cells), the droplets enlarge to 100 �m or larger. Adipocyte lipid
droplets grow, in part, by fusion of smaller droplets; however,
the mechanism of fusion is also poorly understood. Observa-
tions suggesting that the fat-specific protein FSP27 plays a role
in lipid droplet expansion and perhaps fusion are discussed.
Proteins associatedwith lipid droplets serve a vital role inmobi-

lizing lipids at times of need; perilipins function to coordinate
access of lipases to substrate lipids. Pathways of lipase delivery to
lipid droplets share features with well characterized mechanisms
of vesicular trafficking. Changes in the phospholipid monolayer
surrounding the neutral lipid core accompany attrition of lipid
droplets during lipolysis and also the expansion andmaturation of
the droplets. Recent studies show that several steps in phospho-
lipid biosynthesis occur in the immediate proximity of lipid drop-
lets, either by recruitment of enzymes to lipid droplets or through
increased association of ER membranes harboring enzymes with
lipid droplets. Brasaemle and Wolins integrate current data on

lipid droplet assembly into the frameworkof our understanding of
basic cellular processes.
The second minireview by Eva Herker and Melanie Ott,

“Emerging Role of LipidDroplets inHost/Pathogen Interactions,”
highlights recent findings on how viruses, bacteria, and parasites
hijack lipid droplets to support their own replication. The tight
physical and functional interaction of lipid droplets with patho-
gens has only recently become apparent. On one side, these inter-
actions provide important new insights into the life cycles of the
pathogens and might lead to new therapeutic interventions. On
the other side, they increase our mechanistic understanding of
lipid droplet biology by spotlighting unique aspects exploited by
pathogens. Hepatitis C and dengue viruses need lipid droplets to
produce infectious particles, and rotaviruses rely on them to form
viroplasms, which contain the active viral RNA replication com-
plexes.Bacteria suchasChlamydia trachomatisanddiversemyco-
bacteria utilize lipid droplets as a source for energy substrates or
phospholipids to support bacterial replication. Some pathogens
haveevolvedstrategies toevade the immunesysteminvolving lipid
droplets or to support their own survival by using these organelles
as dumping grounds for toxic metabolites or proteins, as in the
case of infections with Plasmodium falciparum or Reoviridae �1.

There is considerable and increasing interest in the health con-
sequences of diets rich in fat content. A large proportion of fat
calories inWestern diets are derived from plant TAGs, or vegeta-
ble oils, which are mostly enriched in seed or oleaginous fruit tis-
sues. AlthoughTAGs are assembled and packaged in plant tissues
into lipid droplets by mechanisms that resemble those found in
other eukaryotes, there are important differences in factors that
regulate the supply of TAGs for lipid droplet biogenesis. In the
third minireview by Kent D. Chapman and John B. Ohlrogge,
“Compartmentation of Triacylglycerol Accumulation in Plants,”
the multitude of pathways and recently discovered features of
TAG accumulation in plants are reviewed, with an eye toward
identifying gaps in knowledge thatwill be important to the general
cell biologyof storage lipidmetabolism.New ideas about fatty acid
biosynthesis, acyl-CoA incorporation into phosphatidylcholine,
andseveral acyl-CoA-independentpathways forTAGsynthesis all
indicate that the accumulation of oils into lipid droplets in differ-
ent plant tissues is farmore complex than thewell known stepwise
acylation of glycerol by enzymes of theKennedy pathway.Genetic
engineering approaches to alter the fatty acid composition of oil-
seeds fornutritional and industrial purposeshavemetwith limited
success. It is certain that the future design of strategies to enhance
the accumulation of TAGs in plant-derived tissues for food and
biofuels will depend on improved appreciation for the metabolic
complexity and flexibility of TAG formation and packaging.1 To whom correspondence should be addressed. E-mail: gcarman@asbmb.org.
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Lipid droplets (LDs) are organelles found in most types of
cells in the tissues of vertebrates, invertebrates, and plants, as
well as in bacteria and yeast. They differ fromother organelles in
binding a unique complement of proteins and lacking an aque-
ous core but share aspects of protein trafficking with secretory
membrane compartments. In this minireview, we focus on
recent evidence supporting an endoplasmic reticulumorigin for
LD formation and discuss recent findings regarding LDmatura-
tion and fusion.

Eukaryotic cells produce and traffic membranes that main-
tain intracellular compartments that facilitate regulation of
metabolism by controlling the subcellular localization of
metabolites, the concentrations of enzymes and substrates to
optimize enzyme reactions, and the isolation of toxic metabo-
lites. Fatty acids supply a major source of energy for organisms
but also can be toxic. Cells escape cytotoxicity by esterifying
fatty acids into neutral lipids and packaging them into lipid
droplets (LDs)3 coated with phospholipids and proteins.When
cells are exposed to excess fatty acids, protein-coated LDs
replete with neutral lipids bud from membranes of the endo-
plasmic reticulum (ER). When levels of exogenous fatty acids
wane, the surface proteins of nascent LDs are exchanged for
other proteins that serve various functions on mature LDs.
Recent studies have established LDs as a distinct organelle.
The protein components of LDs have been increasingly stud-

ied over the past decade. In chordates and flies, members of the
perilipin family of proteins are among the most abundant pro-
teins coating LDs (1, 2). Perilipins interact with both lipid and
cytosolic proteins, forming an amphipathic interface between

stored lipids and the cytosol. LDs in the cells of various verte-
brate tissues are coated with two to four types of perilipin; each
unique combination of perilipins imparts tissue-specific man-
agement of lipid metabolism. The expression of perilipin 1 is
limited to adipocytes of white and brown adipose tissue and
steroidogenic cells of the adrenal cortex, testes, and ovaries;
moreover, subcellular localization of perilipin 1 is essentially
restricted to LDs. Perilipin 2 (formerly adipophilin/ADRP (adi-
pose differentiation-related protein)) and perilipin 3 (formerly
TIP47 (tail-interacting protein of 47 kDa)) are ubiquitously
expressed and hence contribute to the protein coat of LDs in
the majority of cells. Perilipin 2 localizes primarily to LDs. Per-
ilipin 3 is stable in the cytoplasm of cells but rapidly associates
with nascent LDs when cells are incubated with fatty acids to
promote triacylglycerol (TAG) synthesis and storage. Perilipin
4 (formerly S3-12) is expressed primarily in adipocytes of white
adipose tissue and localizes to buds of nascent LDs along the
ER. Perilipin 5 (formerly MLDP (myocardial lipid droplet pro-
tein)/OXPAT (oxidative protein of the PAT family)/LSDP5
(lipid storage droplet protein 5)) is expressed in oxidative tis-
sues, including cardiac and skeletal muscle, and in brown adi-
pocytes. In addition to perilipins, the list of bona fide LD pro-
teins has been growing rapidly and now includes members of
the CIDE (cell death-inducing DFF45-like effector) protein
family (FSP27 (fat-specific protein of 27 kDa) or CIDEC,
CIDEA, and CIDEB), putative methyltransferases METTL7A
and METTL7B, and a variety of enzymes required for lipid
metabolism (3). We will discuss recent findings on some of
these proteins in the context of an emerging model for LD for-
mation. Additionally, we will review key findings that identify
protein components of the ER as essential for LD formation and
expansion.

Enzymes for Neutral Lipid Synthesis Reside in ER

The majority of cellular membranes comprise the secretory
pathway; membrane flow to maintain these compartments
originates from the ER. Several distinct organelles are created
and maintained by diverting membranes from this stream.
Increasing evidence shows that LD constituents, both protein
and lipid, are channeled out of ERmembrane flow directly onto
LDs. Moreover, ultrastructural imaging often shows the ER
tightly wrapped around LDs (4, 5), indicative of an intimate
relationship between these compartments. This relationship
makes sense because the enzymes catalyzing the final steps of
neutral lipid synthesis reside on the ER.
LDs emerge from the ER when fatty acids are esterified to

glycerol or cholesterol. Given the toxicity of free fatty acids
and the need for an esterified fatty acid energy reserve, sur-
vival can hinge on esterification capacity; efficiency
increases an organism’s viability. The enzymes required for
neutral lipid synthesis reside in the ER. First, the ER has
robust acyl-CoA synthetase (ACS) activity (6) to activate
fatty acids for further metabolism. Next, ER enzymes can
make TAG from fatty acyl-CoA and glycerol 3-phosphate via
glycerol-3-phosphate acyltransferases (GPATs), 1-acylglyc-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK054797 (to D. L. B.) and DK088206 (to N. E. W.). This is the first
article in the Thematic Minireview Series on the Lipid Droplet, a Dynamic
Organelle of Biomedical and Commercial Importance.
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PAP, phosphatidic acid phosphohydrolase; DGAT, diacylglycerol acyltrans-
ferase; DAG, diacylglycerol; ATGL, adipose triglyceride lipase; CCT, CTP:
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erol-3-phosphate acyltransferases (AGPATs), phosphatidic
acid phosphohydrolase (PAP; also lipin), and two isoforms of
diacylglycerol acyltransferase (DGAT) (Fig. 1) (7–9). Addi-
tionally, esterification of fatty acids to cholesterol is cata-
lyzed by the ER transmembrane proteins ACAT1 (acyl-CoA:
cholesterol acyltransferase 1) and ACAT2 (10). Neutral
lipids are thought to be formed within specific domains of
the ER called mitochondria-associated membranes (11, 12).
These data point to the ER as the origin for nascent LDs.

LDs, Peroxisomes, and Mitochondria Contribute to
Neutral Lipid Synthesis
Several of the enzymes required for neutral lipid synthesis

have been localized to LDs. Studies of LD proteomics have
identified one or more ACSs on LDs (3). DGAT2 apparently
localizes to LDswhen fatty acids are added to cells to driveTAG
synthesis and storage (12, 13); however, it is currently unclear
whether increased TAG synthesis triggers movement of
DGAT2 from the ER bilayer to the phospholipid monolayer of
LDs or whether DGAT2 remains in the ER, and association

of the ER with LDs increases. A major question is how a mem-
brane-spanning protein with one ormore luminal domains can
localize to LDs, which lack an aqueous compartment. Both
DGAT2 and ACAT2 have a single ER luminal domain that is
rich in hydrophobic residues (10, 14, 15); it has been proposed
that both the putative membrane-spanning and luminal
sequences of DGAT2 may be embedded into lipid-filled cores
of LDs. If this model is correct, then it would not be surprising
to find ACAT2 on LDs; however, neither ACAT2 nor DGAT2
has been found in the proteomes of LDs isolated from a number
of different cells, suggesting that these enzymes are embedded
into membranes that are in close contact with LDs.
Mitochondria and peroxisomes form both acyl-CoA and

complex lipids (6, 16, 17) andmay thus contribute to LD assem-
bly. Moreover, both organelles closely abut LDs (Fig. 1) (4, 18).
Peroxisomes are semiautonomous from the secretory pathway,
yet membranes traffic between these compartments (19).
Hence, peroxisomal acylation capacity may contribute to fat
storage. Consistent with this notion, the biosynthesis of ether-

FIGURE 1. LDs are surrounded by ER, mitochondria, and peroxisomes, which contribute to synthesis of lipids to be assembled into LDs. The insets depict
areas where LDs come into close contact with the ER and mitochondria (left) and peroxisomes as well as the ER (right). TAGs are synthesized by enzymes
associated with LDs (dark red), the ER (green), and mitochondria (brown). ACSs localize to the ER, LDs, and mitochondria and activate fatty acids for esterification
or catabolism. Several isoforms of GPAT localize to the ER and mitochondria and initiate the reactions to build complex lipids. Proteins in the AGPAT family add
a second acyl chain (red) to 1-acylglycerol 3-phosphate at the ER. PAP removes the phosphate group so that DGAT can add the final acyl chain to complete the
synthesis of TAG. DGAT2 is found on the ER and in close proximity to LDs. TAG is then packaged into the core of LDs. Peroxisomes (cyan) are the sole location
for ether lipid synthesis, which requires the enzymes dihydroxyacetone-phosphate acyltransferase (DHAPAT) and alkyldihydroxyacetone-phosphate synthase
(ADHAPS). LDs have both ether-linked neutral lipids and ether-linked phospholipids. Members of the perilipin family localize primarily to LDs; perilipins 3 and
4 also localize to the ER, particularly at regions where neutral lipids accumulate. FIT1 and FIT2 localize to the ER and contribute to LD formation and maturation.
FSP27 (also called CIDEC) localizes to LDs, where it affects LD size and catabolism of stored TAG. Seipin localizes to contact points between LDs and the ER.
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linked phospholipids occurs only in peroxisomes (20), yet ether
linkages are found both in the neutral lipid that fills LDs and in
the phospholipid monolayer (21). How ether lipids are trans-
ported between peroxisomes and LDs is unstudied, but close
physical proximity between the two organelles may play a role
in lipid delivery.
Mitochondria are semiautonomous from the secretory path-

way and have robust ACS activity (6, 16). The relative contri-
bution of mitochondrial ACS to the synthesis of lipid compo-
nents of LDs is unknown. Mitochondrial GPAT contributes to
the incorporation of fatty acids into TAG (22, 23). Multiple
proteins demonstrate AGPAT activity, but all of the AGPATs
that contribute toTAGsynthesis are thought to reside in the ER
(8). Thus, acylglycerol transfer from mitochondria to the ER is
required to complete the final three steps of TAG synthesis.
This substrate transfer may be assisted by membrane contact
between mitochondria and the ER. A recent study has demon-
strated that phosphatidylethanolamine synthesized by mito-
chondrial decarboxylation of phosphatidylserine is a substrate
for methyltransferase reactions to form a significant portion of
phosphatidylcholine coating LDs in adipocytes (24). Thus,
some of the phospholipids on LDs are derived frommitochon-
drial synthesis.
Interestingly, when cells overexpressing DGAT2 are incu-

bated with fatty acids, mitochondria dramatically reorganize to
form a tight network surrounding LDs (12). Furthermore,
DGAT2has been demonstrated to have targeting sequences for
mitochondria (12) and, when ER-anchoring transmembrane
sequences are deleted, localizes to mitochondria (14). Like the
wild-type protein, this deletion mutant promotes TAG storage
in LDs, suggesting that mitochondrial association of DGAT2
has a functional consequence. Additionally, deletion of caveo-
lin-1 reduces TAG deposition in the LDs of adipose tissue in
mice (25)while reducing the localization ofmitochondria to the
proximity of LDs (26). It is unclear whether the decreased TAG
storage is a consequence of decreased substrate import and
esterification or is due to rearrangements inmembrane contact
sites between cellular organelles and LDs that usually facilitate
TAG transfer and packaging into LDs. Finally, a recent report
shows that C-terminal sequences of perilipin 5 form contact
sites between mitochondria and LDs (27); thus, perilipin 5 may
facilitate the exchange of lipids between the two compartments.

ER Proteins Are Required for LD Formation and
Expansion

The most widely accepted model of LD formation posits the
deposition of a lens of neutral lipid between the leaflets of the
phospholipid bilayer of the ER, followed by association of LD-
specific proteins and eventual scission of the growing LD from
the ER. Several ER resident proteins are required for LD forma-
tion or expansion, including seipin and the fat storage-inducing
transmembrane proteins FIT1 and FIT2 (28, 29). Overexpres-
sion of FIT1 or FIT2 in cells or mouse liver increases TAG
storage without increasing DGAT activity (28). Conversely,
knockdown of FIT2 in cultured adipocytes or zebrafish signifi-
cantly decreases TAG storage in LDs. Recent studies show that
overexpression of FIT2 in mouse skeletal muscle significantly
increases storage of TAG in intramyocellular LDs (30). Inter-

estingly, these mice had increased energy expenditure despite
decreased �-oxidation of fatty acids in muscle; instead, oxida-
tion of branched-chain amino acids was increased. These
observations suggest that FIT proteins play an important role in
LD expansion and maintenance, perhaps through increasing
transfer of lipids or enzymes from the ER to LDs.
Mutations in the gene for seipin in humans are associated

with Berardinelli-Seip congenital lipodystrophy 2, character-
ized by nearly complete absence of adipose tissue and accumu-
lation of ectopic TAG in liver and muscle (31, 32). Ablation of
the gene for seipin in mice produces a comparable phenotype
(33). In micrographs of yeast, seipin is detected in puncta at
ER-LD junctions (29). Ablation of seipin in yeast results in
irregular small and occasional giant LDs, depending upon
growth conditions (29, 34). Seipin homologs from Drosophila,
mice, and humans complement yeast seipin, suggesting that
seipin frommultiple organisms has a similar function. Consist-
entwith these observations,Drosophila lacking the seipin hom-
olog store less TAG in the fat body but deposit ectopic TAG in
salivary glands, a site that normally lacks stored fat (35). Fur-
thermore, human fibroblasts lacking seipin show a disorga-
nized ER, unusually small LDs, and diffuse staining for lipid and
LD proteins throughout the cytoplasm (29, 36). Interestingly,
seipin forms a doughnut-shaped homo-oligomer that is func-
tionally important because a nonfunctional mutant protein
responsible for Berardinelli-Seip congenital lipodystrophy 2
forms oligomers poorly (37). The function of seipin has not yet
been elucidated, but proposed functions includemodulation of
the metabolism of phosphatidic acid (35), a precursor for both
TAG and phospholipid synthesis, and formation of a collar
between the ER and LDs that directs organized assembly of LDs
(37).
Strong evidence for an ER origin of LDs has been obtained

through study of the assembly of oleosins onto LDs in the seeds
of plants. Oleosins are inserted into the ER during translation
and anchor into plant LDs via a hydrophobic spike of �75
amino acids with a central proline knot motif (38, 39). It is
thought that the central hydrophobic spike requires insertion
into areas where the membrane bilayers of the ER expand to
accommodate TAG because the sequence is longer than the ER
membrane bilayer is thick, and hydrophobic amino acids in this
motif are incompatiblewith the aqueous lumenof the ER.Thus,
the hydrophobic spike assures targeting of oleosins to patches
of ER where nascent LDs are forming and retention of oleosins
on LDs as they sever from the ER and become autonomous
organelles. These examples support the concept that the ER has
discrete protein-mediated and regulated exit sites for LDs.

Diacylglycerol Is Required for Formation of LDs and
Recruitment of Exchangeable Perilipins to Nascent
Droplets

Perilipins are abundant structural proteins associated with
LDs of chordates, where they function in the control of lipolysis
(1). The perilipins can be segregated into two functional groups
based on subcellular localization. Exchangeable perilipins,
including perilipins 3–5, are stable both in the cytoplasm and at
the surfaces of LDs; constitutive perilipins, including perilipins
1 and 2, are unstable in the cytoplasm and associate primarily
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with LDs (2). In adipocytes, the earliest deposits of neutral lipid
are coated with perilipins 3 and 4 (Fig. 2), which are recruited
from the cytosol (40, 41). Little is known about how perilipins
recognize nascent LDs forming along the ER, but locally
increased diacylglycerol (DAG) content is a likely determinant
(42). Incubation of cells with a cell-permeable form of DAG,
such as 1,2-dioctanoylglycerol or 1-oleoyl-2-acetylglycerol,
increases recruitment of perilipin 3 to ERmembranes (42); this
effect is augmented by the addition of a DAG lipase inhibitor to
prevent catabolism of DAG. In contrast, overexpression of
DGAT1 reduces perilipin 3 recruitment to the ER, unless triac-
sin C, an inhibitor of ACS, is added to inhibit activation of fatty
acids for esterification. Similarly, perilipins 4 and 5 are also
recruited to the ER when the local DAG concentration is ele-
vated (42). Furthermore, the importance of DAG in LD forma-
tion has been shown in yeast, which lacks perilipins; DAG pro-
duced by PAP is critical to LD formation, even when the yeast
enzymes required for the synthesis of TAG are deleted and LDs
contain primarily sterol esters (43). In the absence of PAP, neu-
tral lipids accumulate in the ER, presumably within the mem-
brane bilayer, in a disorganized arrangement. This requirement
for DAG is significant because DAG is the metabolic interme-
diate for either TAG or phospholipid synthesis or hydrolysis to
release a source of fatty acids for �-oxidation. Thus, DAG is a
branch point for determining the use of fatty acids for storage,
growth, or energy production.

ER-LD Continuity or Distinct Organelles?
Recent imaging experiments in yeast suggest that LDs

remain intimately associated with the ER (29, 44, 45); it has not
been fully resolved whether the limiting phospholipid mono-
layer of the yeast LD is contiguous with the membrane bilayer
of the ER or, alternatively, the two membranes are distinct but
share contact points. Experimentswith LD-associated proteins,
such as Erg6, a sterol methyltransferase in the biosynthetic

pathway for ergosterol, suggest that LDs in yeast are contiguous
with the ER (44). Erg6 localizes uniformly to the ERwhen genes
encoding neutral lipid synthesis enzymes are deleted in yeast
but rapidly transfers to LDs when a gene encoding an enzyme
that synthesizes TAG is re-induced.Moreover, whenGFP-Erg6
on and near LDs is photobleached, GFP-Erg6 fluorescence on
LDs recovers with a t1⁄2 of 2 min in the absence of translation of
new proteins. These data suggest that Erg6 transfers between
the ER and LDs via diffusion through contiguous membranes.
Similar data have been obtained for yeast DGAT, suggesting
that it also traffics readily between the ER and LDs (44). Because
these proteins display uniformdistribution over the entire LD, it is
thought thatERmembranesarecontinuouswith thephospholipid
monolayer of LDs in yeast; alternatively, yeast LDs are fully
enwrapped in theER.This raises thepossibility thatTAGtransfers
via diffusion through the ER to LDs in yeast.
In animal cells, experimental evidence suggests that once

nascent LDs accumulate sufficient neutral lipid, they dissociate
from the ER in a budding process; the protein composition of
LDs is distinctly different from that of ER membranes. The
mechanism for budding has beenminimally elucidated but pre-
sumably requires a complex of LD coat proteins, including per-
ilipins. Recent data suggest that heterotrimeric G-proteins and
GTP hydrolysis are required for LD formation (42); the incuba-
tion of cells with aluminum fluoride together with fatty acids
increases recruitment of perilipin 3 to the ER while preventing
the budding of nascent LDs. Hence, the budding of both LDs
and aqueous vesicles shares common mechanistic features.
Furthermore, functionally segregating the ER from the rest of
the secretory pathway through the incubation of cells with
brefeldin A does not inhibit TAG deposition or LD formation
(46). Thus, secretory compartments distal to the ER are not
required for TAG storage, suggesting that neutral lipid can traf-
fic directly from the ER to LDs.

FIGURE 2. Earliest deposits of neutral lipid are found along ER. OP9 preadipocytes ectopically expressing HA epitope-tagged AGPAT2 were incubated with
fatty acids to induce LD biogenesis. Cells were fixed and stained with anti-HA antibody to reveal the ER (green) and with anti-perilipin 3 antibody to detect LDs
(red). Scale bar � 2 �m.
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Abundant evidence shows that LDs are closely associated
with multiple membrane compartments and readily receive
both protein and lipid components from these membranes.
Commonmechanismsmediate protein trafficking between the
ER and LDs or vesicles of the secretory pathway. In genome-
wide screens conducted in Drosophila (47, 48) and yeast (29)
cells, knockdown of components of the Arf1-COPI vesicular
transportmachinery yields dispersed LDs of larger than normal
size. This protein complex is required for trafficking of vesicles
from the Golgi apparatus to the ER. Studies revealed that Arf1-
COPI complex proteins are required for delivery of adipose
triglyceride lipase (ATGL) to LDs from the ER (49) and efficient
lipolysis (47, 49). Similarly, delivery of perilipin 2 to LDs
requires Arf1-COPI complex proteins (49), suggesting that this
trafficking mechanism is common to several proteins that
define LDs.

Maturation of LDs and LD Fusion

Like other intracellular organelles, LDs are coated with pro-
teins that link them to cytosolic machinery, including motor
proteins and cytoskeletal elements to position and anchor the
organelle, trafficking factors to transport lipid cargo, and
enzymes to process lipid substrates. As LDs mature, they gain
neutral lipid but also alter the composition of associated pro-
teins. Although nascent LDs of adipocytes are coated with per-
ilipins 3 and 4, as LDs gainTAGand enlarge, these perilipins are
replaced with perilipin 2 and, ultimately, perilipin 1 (40, 41).
This is significant because perilipin 1 plays a major role in reg-
ulation of lipolysis of adipose TAG stores by controlling the
access of lipases and lipase cofactors to stored lipids (50). In
adipocytes of fed animals, perilipin 1 sequesters CGI-58/
ABHD5 (51, 52), a coactivator of ATGL, preventing the activa-
tion of TAG hydrolysis. When ATP is needed during fasting or
exercise, catecholamines bind to �-adrenergic receptors on the
cell surfaces of adipocytes, triggering aG-protein-mediated sig-
naling pathway that activates lipolysis through increasing
cAMP levels and activating cAMP-dependent protein kinase.
Subsequent phosphorylation of perilipin 1 activates lipolysis
through at least two mechanisms: 1) CGI-58/ABHD5 is
released from the perilipin scaffold (51, 53–55), facilitating a
protein-protein interaction between CGI-58/ABHD5 and
ATGL (54, 56), which activatesTAGhydrolase activity (57–59);
and 2) phosphorylated perilipin 1 recruits and docks phospho-
rylated hormone-sensitive lipase on LDs via a protein-protein
interaction (53, 60, 61). The latter interaction is required for the
lipase to gain access to lipid substrates, primarily DAG. Thus,
proteins acquired during the maturation of LDs in adipocytes
include both perilipins and components of the lipolytic
pathway.
When LDs expand to accommodate newly synthesized neu-

tral lipids, the phospholipid content of LDs must also increase.
Phosphatidylcholine is the major phospholipid in the limiting
monolayer of LDs, followed by phosphatidylethanolamine,
phosphatidylinositol, and ether-linked species with choline and
ethanolamine headgroups (21, 62). It is thought that the phos-
pholipid monolayer of nascent LDs is derived from leaflets of
the ER during early deposition of neutral lipids; however, it is
unclear how phospholipids are added to maturing LDs once

they have budded off from the ER. A recent study shows that
expanding LDs recruit CTP:phosphocholine cytidylyltrans-
ferase (CCT), the rate-limiting enzyme for phosphatidylcholine
synthesis; binding of CCT to LDs activates the enzyme (63).
Prior studies have shown that CCT binds to membranes
depleted of phosphatidylcholine and enriched in anionic phos-
pholipids (64). Thus, as the LD expands through acquisition of
TAG, relative depletion of phosphatidylcholine creates an ideal
binding environment for CCT. The resulting activation of CCT
drives increased phosphatidylcholine synthesis, which provides
lipids to replenish the phospholipid monolayer of LDs. How-
ever, the final step in phosphatidylcholine synthesis is catalyzed
by CDP-choline:1,2-diacylglycerol cholinephosphotransferase,
an integral membrane protein in the ER, so newly synthesized
phosphatidylcholine must transfer between compartments.
The mechanisms of transfer are unknown but may include dif-
fusion of lipids through ER contact sites with LDs or transport
through the cytosol on phospholipid transfer proteins. Regard-
less of the mechanism, this new study raises the intriguing pos-
sibility that the lipid composition of LDs exerts control over
cellular lipid metabolism.
Another recent study has shown that two isoforms of lyso-

phosphatidylcholine acyltransferase (LPCAT) localize to LDs
(65). LPCAT forms phosphatidylcholine from lysophosphati-
dylcholine and acyl-CoA. This reaction is an important compo-
nent of the Lands cycle, in which lysophosphatidylcholine is
derived fromphospholipase A2 activity on phosphatidylcholine
to remove the sn-2-position fatty acid; LPCAT activity then
regenerates phosphatidylcholine with an altered sn-2-position
acyl chain. Because both long-chain fatty acyl-CoAs and lyso-
phosphatidylcholine are somewhat water-soluble, delivery of
these two substrates to LD-bound LPCAT likely contributes to
phosphatidylcholine synthesis during LD expansion.
In adipocytes and hepatocytes, a third pathway contributes

to synthesis of phosphatidylcholine. Phosphatidylethano-
lamine N-methyltransferase (PEMT) assembles methyl groups
onto the ethanolamine headgroup to produce phosphatidyl-
choline. A recent study has shown that PEMT localizes to either
LDs or ER or mitochondria-associated membranes closely
associated with LDs in cultured adipocytes (24). Radiolabeled
metabolites were used to demonstrate that PEMT contributes
significantly to the phosphatidylcholine content of adipocyte
LDs. Further studies are required to determine whether PEMT
contributes to LD assembly in hepatocytes.
How does the size of a LD affect the metabolism of stored

neutral lipids? Knockdown of the expression of genes encoding
enzymes of the biosynthetic pathway for phosphatidylcholine,
but not phosphatidylethanolamine, leads to abnormally
enlarged LDs in cultured cells (48, 63). Moreover, when CCT
was deleted in Drosophila, leading to decreased phosphatidyl-
choline synthesis, unusually large LDs were found in the fat
body (63), the tissue that serves as adipose tissue in flies. These
large LDsweremore slowlymetabolized, hence less susceptible
to lipases, and conferred a survival advantage during starvation.
In contrast, small LDs provide higher surface area relative to
volume, which favors lipase binding and TAG hydrolysis; the
size of LDs decreases as lipolysis progresses (66). However, size
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is only part of the story because proteins associated with LDs
also control lipase access to substrates.
In animals, the LDs of adipocytes in white adipose tissue are

unilocular and can be 100�m in diameter or larger. In contrast,
adipocytes in brown adipose tissue have smaller multilocular
LDs andmaintain high levels of storedTAG.Most other cells of
the body have relatively tiny LDs and low TAG levels. What
determines LD size? Because phosphatidylcholine is the most
abundant phospholipid on LDs in most or all types of cells,
phospholipid composition cannot be the only determinant of
LD size. Time-lapse photography of cultured adipocytes has
revealed that the large LDs of these cells are formed, at least in
part, by fusion of smaller LDs (67). Because most non-adipose
cells have only tiny dispersed LDs, fusion of LDs probably does
not occur in all types of cells. The mechanism of LD fusion is
poorly understood. In one study, mechanisms promoting
fusion of membrane vesicles inspired the investigation of
whether similar mechanisms contribute to the fusion of LDs
(68). This study provided evidence that SNAP23 (soluble
N-ethylmaleimide-sensitive factor attachment protein of 23
kDa) fractionates with purified LDs and suggested a common
mechanism requiring SNAP23 for fusion of membrane vesicles
or LDs. A recent study has challenged these findings, showing
that knockdown of SNAP23 in cultured cells fails to alter the
average size of LDs (63). A good candidate for a LD-associated
fusion-mediating protein is FSP27/CIDEC. In wild-type mice,
expression of FSP27 is limited to adipocytes inwhite and brown
adipose tissue (69, 70), where the largest LDs are found. Fur-
thermore, the Fsp27 gene is also turned on in steatotic livers of
leptin-deficient (ob/ob) obesemice (70, 71), where LDs are cor-
respondingly enlarged. Expression of FSP27 in cultured cells
that normally lack the protein increases the size of LDs,whereas
knockdown of FSP27 in adipocytes decreases LD size (71–73).
Moreover, deletion of the Fsp27 gene in mice leads to smaller
multilocular LDs in white adipose tissue and is accompanied by
decreases in TAG storage and increased catabolism, altering
energy homeostasis (69, 70). Thus, the correlation of Fsp27
expressionwith the formation of large LDs in cellsmakes FSP27
a good candidate for a LD fusion factor. The mechanism by
which LDs fuse is unknown but, given the surfactant role of the
phospholipid monolayer and LD-associated proteins, may
require depletion of phosphatidylcholine and thinning of the
protein coat at the site of fusion.

Concluding Remarks

LDs have become the subject of increasing numbers of stud-
ies relevant to lipid metabolism, cell biology, and the patho-
physiology of chronic diseases. Over the past 5 years, major
progress has been made in defining the ER as the origin of LDs.
Genome-wide screens of yeast and Drosophila have identified
novel pathways for trafficking of lipids and proteins to LDs and
for assembly and maturation of LDs. Recent studies have
revealed that some proteins and lipids traffic to LDs via routes
that have been defined by the study of other membrane com-
partments.Other aspects of LD formation,maturation, and dis-
solution are unique. There are still numerous unanswered
questions. As more LD-associated proteins are identified and

examined, wewill learnmore about the origins and functions of
this interesting and dynamic organelle.
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Lipid droplets (LDs) are highly dynamic cell organelles
involved in energy homeostasis and membrane trafficking.
Here, we review how select pathogens interact with LDs. Several
RNA viruses use host LDs at different steps of their life cycle.
Some intracellular bacteria and parasites usurp host LDs or
encode their own lipid biosynthesis machinery, thus allowing
production of LDs independently of their host. Although many
mechanistic details of host/pathogen LD interactions are
unknown, a picture emerges in which the unique cellular archi-
tecture and energy stored in LDs are important in the replica-
tion of diverse pathogens.

Lipid Droplets: More than Just Fat Storage

Lipid droplets (LDs)3 are cytoplasmic organelles composed
of a hydrophobic core of neutral lipids (triglycerides and cho-
lesterol esters) surrounded by a phospholipid monolayer and a
growing list of associated proteins (reviewed in Ref. 1). All cells
produce LDs, but the LDs vary significantly in size (i.e. �1–100
�m in diameter), triglyceride/cholesterol ester ratio, and pro-
tein decoration depending on the cell type.
Several proteins are involved in the generation, maturation,

and degradation of LDs. Prominent among these are perilipin,
adipocyte differentiation-related protein (ADRP), and TIP47
(tail-interacting protein 47), the founding members of the
growing family of LD-associatedPATproteins (reviewed inRef.
2).
The turnover of LDs is rapid (e.g. 24 h in cultured hepatoma

cells), with droplets constantly being produced at the endoplas-
mic reticulum (ER), trafficked through the cytoplasm by kine-
sin and dyneinmotors (3), and degraded by the action of lipases
such as adipocyte triglyceride lipase and hormone-sensitive
lipase, as well as by macroautophagy (4, 5). Mitochondria are
often found in close proximity to LDs, and membrane bridges

between the organelles have been described that might facili-
tate the efflux of fatty acids toward �-oxidation (6). The shield-
ing of LDs through the PATproteins tightly controls their turn-
over and the access of lipases (7, 8).
The prevailing model suggests that LDs originate at the ER,

with triglycerides and cholesterol esters accumulating between
the bilayer of the ER membrane and the cytosolic layer eventu-
ally engulfing the lipid content (1). Support for this model
comes from the localization of the enzymes required for neutral
lipid synthesis such as the diacylglycerol acyltransferases
DGAT1 and DGAT2, which are localized mainly in the ER
membrane (reviewed in Ref. 9). DGAT2, but not DGAT1, can
also traffic onto LDs when cells are exposed to high levels of
fatty acids (10). The detailedmechanisms bywhich proteins are
targeted onto the surface of LDs are only emerging; depending
on the protein, the process involves diverse mechanisms such
as vesicle-mediated trafficking pathways viaCOPI (coat protein
complex I), lateral diffusion within the ER membrane, or yet to
be identified shuttling mechanisms. Amature droplet may bud
off the membrane or stay attached to ERmembranes that often
tightly surround LDs (11). LD biology also involves fusion/fis-
sion events, but mechanistic details of these processes remain
largely unknown (12–14).
Here, we review recent reports that connect LDs with the life

cycle of pathogens. We focus on select pathogens to highlight
the broad spectrum of adaptation mechanisms that pathogens
have evolved to take advantage of unique aspects of LD biology
in support of their own replication and persistence in the host.

LDs and Viruses

Hepatitis C Virus—Hepatitis C virus (HCV) is the best
defined human pathogen with close ties to host LDs. HCV, a
single-copy positive-stranded RNA virus of the Flaviviridae
family, is a blood-borne virus that replicates primarily in
hepatocytes.
The viral genome is a single positive-stranded RNA. After

receptor-mediated endocytosis, the host cell translation
machinery translates the viral RNA genome stored in the par-
ticles into a single polyprotein precursor (Fig. 1). Host and viral
proteases process the viral polyprotein, thereby releasing the
three structural proteins (the nucleocapsid core and two enve-
lope proteins, E1 and E2), the viroporin p7, and six nonstruc-
tural proteins (NS2,NS3,NS4A,NS4B,NS5A, andNS5B).Mul-
tiprotein RNA replication complexes containing NS3–NS5B
proteins replicate the viral RNA within ER-derived structures
termed the “membranous web.” After encapsidation of newly
synthesized viral RNA, the virus is thought to bud into the ER,
thereby acquiring its envelope, and to exit the cell via the exo-
cytotic pathway.
The HCV life cycle is closely tied to the lipid metabolism in

the infected cells (Fig. 1) (15). Strikingly, infectious virions are
bound to lipoproteins circulating in the blood of infected peo-
ple (16). These so-called “lipoviroparticles” enter host cells by
receptor-mediated contact of viral and lipoprotein compo-
nents. Several HCV receptors have been identified, including
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the tetraspanin protein CD81, scavenger receptor class B type I,
the tight-junction proteins claudin-1 and occludin, and the
LDL receptor. Interestingly, none of these is exclusively
expressed on the surface of hepatocytes or other target cells
(reviewed in Ref. 17).
With the discovery of the long-sought infectious cell culture

system for HCV (HCVcc) in 2005 (18–20), cytosolic LDs rap-
idly emerged as putative viral assembly sites (21). In HCVcc-
infected cells, the nucleocapsid protein core and components of
the viral RNA replication complex (NS5A andNS3 and the viral
RNA) localize to LDs. Electronmicrographs revealed viral bud-
ding-like structures in ER membranes surrounding LDs (21).
The current view is that LDsmay serve as assembly “platforms”
for HCV, with the viral core protein trafficking to the LD sur-
face and recruiting viral RNA replication complexes to ER

membranes in close proximity to the LD surface for encapsida-
tion of newly synthesized viral RNA. Why HCV assembly
requires LDs remains an openquestion, butmechanistic insight
into the localization of core to LDs has been gained.
Core is the first viral protein translated from the viral RNA

and is released from the polyprotein by two subsequent cleav-
age events, the first mediated by the signal peptidase and the
second by the signal peptide peptidase. These events generate a
179-amino acid mature protein that is believed to migrate via
lateral diffusion into ER subcompartments and onto the surface
of LDs (22, 23). Mutations in the second cleavage site restrict
the localization of core to ER membranes, as mutated core
retains the C-terminal membrane-spanning domain that hin-
ders association with the phospholipid monolayer of LDs (23).
The hydrophobic LD-binding domain of core lies in its
so-called D2 domain (amino acids 119–179) and is composed
of an amphipathic helix-turn-helix motif termed a proline knot
motif, which has strong similarities to the LD-binding domain
of both the GB virus-B core protein and the plant protein oleo-
sin (22, 24, 25). The tight association of the core protein with
LDs is thought to disturb normal LD biology: it dissociates
ADRP from LDs and causes microtubule-dependent clustering
of core-coated droplets around the nucleus (26). Core is palmi-
toylated at Cys-172; mutation of this residue does not affect LD
association of core but is known to severely impair virus pro-
duction through a mechanism that is not yet understood (27).
A host factor involved in localizing core to LDs is the triglyc-

eride-synthesizing enzyme DGAT1 (28). DGAT1 and DGAT2
enzymes catalyze the same enzymatic reaction, the acylation of
diacylglycerol, the final and only committed step in triglyceride
biosynthesis (reviewed in Ref. 9). However, only DGAT1 is crit-
ical in HCV infection. The core protein physically interacts
with DGAT1 at the ER, and this interaction and active DGAT1
triglyceride synthesis are required for core to access LDs (28).
These findings support a model in which core access to LDs is
not random but geared toward DGAT1-generated LDs. As
localization of core to LDs is a prerequisite for successful HCV
particle assembly, pharmacologically suppressing DGAT1
activity inhibits HCV replication at the assembly step. How-
ever, the overall number of LDs is unaffected by DGAT1 inhi-
bition because of the activity of DGAT2.
Core also causes an accumulation of droplets (steatosis), a

phenotype frequently observed in infected patients (reviewed
in Ref. 29). The severity of clinical steatosis is linked to poly-
morphisms in the LD-binding domain of core, which connects
LD binding and steatogenic properties of core (30). Steatosis is
more frequent in HCV genotype 3 strains, and the genotype 3a
core protein induces the formation of large LDs in cultured cells
by diminishing the expression of PTEN (phosphatase and ten-
sin homolog) and IRS-1 (insulin receptor substrate 1) (31). Core
expression also increases lipogenesis through activation/induc-
tion of SREBP-1c (sterol regulatory element-binding protein
1c), peroxisome proliferator-activated receptor �, and retinoid
X receptor � (32, 33) and is associated with inhibition of the
microsomal triglyceride transfer protein (34), a key protein in
VLDL assembly (reviewed in Ref. 35).
The role of LDs has widened from core to some nonstruc-

tural proteins of HCV. NS2, NS3, and NS5A proteins are also

FIGURE 1. LDs serve as virion assembly platforms during HCV replication.
Upper panel, during the HCV life cycle, infectious lipoviroparticles enter hepa-
tocytes through receptor-mediated endocytosis. Upon uncoating and
release, the viral RNA is translated at the ER to produce one polyprotein that is
cleaved by host and viral proteases, releasing the 10 viral proteins. The viral
non-structural proteins (NS3–NS5B) form RNA replication complexes within
ER-derived membranous structures termed the membranous web. After
encapsidation of newly synthesized viral RNA, viroparticles bud into the ER
lumen, mature through interactions with lipoproteins, and exit the cell via the
secretory pathway. The lower left panel depicts trafficking of the viral core
protein. After translation, the viral nucleocapsid core at the N-terminal end of
the polyprotein is released by two subsequent cleavages (signal peptidase
(SP) and signal peptide peptidase (SPP)), enabling core to traffic along the ER
membrane. Through interaction with DGAT1, core is loaded onto LDs in a
DGAT1-dependent manner. TG, triglyceride. The lower right panel shows a
model of HCV assembly at LDs. Core is thought to recruit viral RNA replication
complexes (RC) to ER membranes close to LDs, where the viral RNA is encap-
sidated by core.
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found at LDs in the context of an ongoing infection (36–40),
but only the localization of NS5A, a phosphoprotein that is
thought to recruit viral RNA for encapsidation, has been more
closely studied so far. Several mutations were identified in
NS5A that disrupt trafficking of the protein to LDs; thesemuta-
tions also impair assembly and release of infectious virions (21,
41, 42). Phosphorylation of Ser-457 in the C terminus of NS5A
may determine when the viral life cycle switches from RNA
replication to packaging (43). This C-terminal region of NS5A
also interacts with apolipoprotein E (44, 45), an interaction that
might facilitate egress of viral particles viaVLDL secretion. This
pathway is important in the maturation of HCV particles to
highly infectious lipoviroparticles that circulate in the blood-
stream and represents another potential avenue for therapeutic
intervention. Indeed, inhibition of VLDL secretion impairs
HCVcc maturation and release (46–48). As the lipoprotein
secretion pathway is unique to hepatocytes, the dependence of
HCV infection on this pathwaymay partially explain why hepa-
tocytes are the natural targets for productive HCV infection.
Dengue Virus—Dengue virus (DENV) is a single-copy posi-

tive-stranded RNA virus that, like HCV, belongs to the Flavi-
viridae family. The life cycle of DENV is similar to that of HCV,
but the unique aspects of DENV include the involvement of a
mosquito vector (Aedes aegypti), infection of different host cells
(mainly immune cells), and a slightly different genetic reper-
toire, resulting in differences in the life cycle (reviewed in Ref.
49).
After the bite of an infectedmosquito, DENV initially infects

Langerhans cells in the skin, which, after recognizing the patho-
gen, move to the nearest lymph node. Progeny virions then
infect other white blood cells such as monocytes and macro-
phages. The virus enters target cells through receptor-medi-
ated endocytosis by binding to the C-type lectin DC-SIGN, the
mannose receptor, and CLEC5A (50, 51). After release into the
cytoplasm, the single-copy positive-strand viral RNA is repli-
cated in ER-derived membranous structures. As in HCV, the
viral RNAencodes a single polyprotein that is cleaved into three
structural proteins (capsid C, prM (membrane) protein, and
envelope protein E) and seven nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (52). Newly synthe-
sized RNA is encapsidated by the C protein, whereas prM/E
heterodimers located in the ER form trimers that induce a
curved surface that guides virion budding (53, 54). Immature
viral particles are thought to be transported through the Golgi,
where they mature before exiting the cell via the exocytotic
pathway (55).
TheDENVCprotein, similar to theHCV core protein, local-

izes to LDs in human and insect cells and also causes a 2-fold
increase in LD content in infected baby hamster kidney cells
(56). In contrast, in humanhepatoma cells, which harbor LDs in
the uninfected state, DENV infection up-regulates autophagy,
leading to LD (especially triglyceride) degradation (57). Inter-
estingly, the viral protein NS3 interacts with host fatty acid
synthase and recruits this enzyme to sites of viral RNA replica-
tion (58). Like core, the DENV C protein is released from the
polyprotein by two subsequent peptidase cleavages, one by sig-
nal peptidase and one by the viral NS3/NS2B protease (59). The
second cleavage by NS3/NS2B completely removes the C pro-

tein membrane-spanning anchor. Intriguingly and in contrast
to the HCV core protein, the DENV C protein localizes to the
LD surface even if the second cleavage site is mutated, suggest-
ing a different route of LD translocation than core (56). Never-
theless, the association of the C protein with LDs is critical for
viral replication, as mutations in hydrophobic residues located
within the �2 helix of the C protein result in mislocalization of
the C protein and impaired viral replication (56). In addition,
treatment of infected cells with the fatty acid synthase inhibitor
C75, which blocks generation of all LDs, attenuates viral repli-
cation at the step of assembly and release of infectious virions
(56).
These data uncover unique ties of two different Flaviviridae

family members with LDs and suggest that infectious particle
production and release of other members of this virus family
may also be directly linked to LDs. An interesting aspect is that
the two viruses infect different host cells: HCV infects primarily
hepatocytes, and DENV replicates in mosquito and human
monocytes andmacrophages. Although these cells underlie dif-
ferent metabolic regulations, both cell types have a unique pro-
pensity for excessive fat storage, which may be an aspect
exploited by viral infection.
Rotavirus—Rotaviruses (RVs) are double-stranded non-en-

veloped RNA viruses that belong to the family Reoviridae (from
respiratory enteric orphan viruses) (reviewed in Refs. 60 and
61). RVs infect enterocytes of the villi of the small intestine and
are amajor cause of acute gastroenteritis in childrenworldwide
(62). They contain a 18,555-nucleotide RNA genome of 11 seg-
ments encoding six structural (VP1–VP4, VP6, and VP7) and
six nonstructural (NSP1–NSP6) proteins. Infectious virions are
so-called triple-layered particles (TLPs) containing four major
capsid proteins (VP2, VP4, VP6, and VP7) and two minor pro-
teins (VP1 and VP3). After endocytotic entry of the virus, the
outer layer is removedwithin the endocytic vesicles. The result-
ing double-layered particles (DLPs) transcribe the viral RNA
into mRNA, which is released into the cytosol of infected cells
(Fig. 2).
The viral mRNA serves as a template for viral protein trans-

lation and dsRNA replication. Early stages of viral assembly and
viral RNA replication take place in virus-induced inclusion
bodies called viroplasms, from which partially assembled DLPs
are released to acquire the outer layer from the rough ER.
Mature viruses are thought to be released through the exocy-
totic pathway.
Viroplasms, which contain active RNA replication com-

plexes, colocalize with the LD-binding proteins perilipin and
ADRP in infected Caco-2 cells. A similar colocalization was
observed with the lipophilic dye Nile red, which is frequently
used to visualize LDs in cells (63). Furthermore, viral double-
strandedRNA, theNSP5protein (a component of viroplasms of
infected cells), and the LD-binding protein ADRP are all pres-
ent in low density fractions isolated from infected cells, indicat-
ing a tight association of viroplasms with LDs (63). LDs seem to
be recruited to viroplasms in a time-dependent manner after
the initial infection. In uninfected cells expressing only the two
nonstructural proteins NSP2 (an NTPase involved in RNA
packaging) and NSP5, a process that induces viroplasm-like
structures, these structures also associate with LDs (63).
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Indeed, NSP5 and perilipin colocalize in transfected MA104
kidney cells, as shown by FRET (63). The knockdown of NSP5
in infected cells blocks the recruitment of LDs to viroplasms
(63), which points to a direct role of NSP5 in the relocalization
of LDs and associated proteins. Additionally, the viral NSP4
protein, an enterotoxin, interacts with caveolin-1 (64), which
localizes to LDs and functions in LD biogenesis and degrada-
tion (65).
The interactions of RV proteins with LDs are functionally

relevant, as interference with LD biogenesis with triacsin C, an
inhibitor of long-chain fatty acyl-CoA synthetase, inhibited
viral RNA replication, viroplasm formation, and virus-induced
cell death in cultured cells (63). Inducing LD fragmentation
through treatment with isoproterenol and isobutylmethylxan-
thine, which both elevate cAMP levels and activate lipolysis,
also inhibited RV replication (63). These data point to a unique
role of LDs in RV replication and associated pathogenesis and
might provide new opportunities for therapeutic intervention.

Other Viruses—Another member of the Reoviridae family,
the orthoreoviruses, are connected with LDs. Orthoreoviruses
infect vertebrates (including humans) without causing disease
symptoms. In cultured cells, orthoreoviral infection is used to
study virally induced apoptosis. The orthoreovirus outer capsid
protein �1 was recently shown to localize to membranes of the
ER, mitochondria, and LDs via a C-terminal amphipathic helix
that also mediates cell death (66). Intriguingly, besides localiz-
ing to the ER and LDs, theHCV core protein is also found at the
outer mitochondrial membrane, although the relevance of this
interaction in the context of infectious HCV particle produc-
tion remains to be determined (22, 67). As the HCV core pro-
tein also induces apoptosis via the induction of ER stress and
mitochondrial dysfunctions (68, 69), the possibility exists that
the localization to LDs may represent a unique strategy to con-
trol viral protein-induced stress reactions and cell death during
viral infection.
Other viruses with connections to LDs include the hepatitis

B virus, which, through expression of the HBx protein, causes
lipid accumulation by up-regulating the liver X receptor and its
lipogenic target genes SREBP-1, FAS, and peroxisome prolif-
erator-activated receptor � (70, 71). Human adenovirus 36, the
serotype frequently associatedwith obesity, decreases fatty acid
oxidation and increases lipogenesis in cultured cells by induc-
ing the expression of Cidec/FSP27 (fat-specific protein 27) (72).
Human polyomavirus BK agnoprotein, a protein of unknown
function, colocalizes with LDs through an amphipathic helix
located in the center of the protein (73).

LDs and Bacteria

Chlamydia trachomatis—C. trachomatis is an obligate intra-
cellular pathogen that is sexually transmitted and causes dis-
eases of the urogenital tract through infection of epithelial
mucosal cells. Different strains also infect the epithelium of the
eye, causing trachoma and potential blindness.
Host LDs appear critical for C. trachomatis to capture trig-

lycerides and cholesterol esters for bacterial growth during
active propagation. The bacterial life cycle can be divided in two
phases, an environmentally stable, metabolically inactive, inert
phase (elementary body) and a vegetative, metabolically active
phase (reticulate bodies (RBs)) (74). RBs replicate in inclusions,
which are membrane-bound parasitophorous vacuoles that are
mostly inaccessible to the host cell trafficking machinery and
are devoid of most endosomal, lysosomal, or Golgi proteins
(Fig. 3) (75). Nevertheless, trafficking of host lipids to the inclu-
sions might be essential for the bacterial replication (76).
Indeed, during replication, Chlamydia acquires host-derived
glycerophospholipids, sphingolipids, and cholesterol through
rerouting of exocytotic vesicles but also via non-vesicle trans-
portmechanisms (77, 78). During active replication, LDs rich in
cholesterol esters accumulate at the cytosolic side of the bacte-
rial inclusions (79). Three bacterial proteins are translocated
into the host cytosol and target vacuole-associated LDs (79).
These proteins are now termed LD-associated proteins: Lda1
(CT156), Lda2 (CT163), and Lda3 (CT473).
The association of the bacterial Lda proteins with LDs is key

for their cytotoxic effects. Indeed, yeast strains devoid of LDs
are protected from Lda2 cytotoxicity (79). Interference with

FIGURE 2. Viroplasms (virion factories) associate with LDs in RV-infected
cells. Upper panel, during the RV life cycle, infectious virions (TLPs) enter
enterocytes through endocytosis, whereby the outer layer is removed within
endocytic vesicles. DLPs actively transcribe the viral RNA into mRNA, which is
released and serves as a template for translation and viral RNA replication.
Viral RNA replication and the first steps of viral assembly occur in inclusion
bodies called viroplasms, colocalizing with cellular LDs, which might serve as
an assembly platform. Two viral proteins, NSP2 and NSP5, bind to LDs to form
viroplasm-like structures. These viroplasm-like structures then associate with
precore complexes (VP1, VP3, and viral RNA), VP2, and VP6 at the surface of
LDs (highlighted in the lower panels). Through a yet to be defined mechanism,
viroplasms form, and DLPs assemble and traffic to the ER, where they interact
with NSP4 and are processed to become TLPs, which are released through the
exocytotic pathway.
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neutral lipid biosynthesis by treatment with triacsin C nega-
tively affects the stability of the bacterial Lda proteins as well as
their cytotoxic effects (79). In triacsin C-treated cells, bacterial
inclusions are small, and bacterial growth is inhibited (79). The
bacterial Lda3 proteins associate with cytosolic LDs and,
together with the bacterial protein IncX, cause translocation of
cytosolic LDs into bacterial inclusions (Fig. 3) (80). During this
process, host ADRP is displaced from the surface of translocat-
ing LDs, a process thatmight be required to render lipids stored
in the droplets accessible for degradation (80).
Mycobacterium tuberculosis and Mycobacterium leprae—

M. tuberculosis is another obligate intracellular bacterium that
infects macrophages in the respiratory tract.M. tuberculosis is
transmitted via aerosol droplets. Once in the respiratory tract,
it infects primarily alveolar macrophages. Host defense mech-
anisms trap the bacteria in granulomas, which are infected
macrophages surrounded by “foamy” lipid-ladenmacrophages,
mononuclear phagocytes, and lymphocytes inside a fibrous
layer of endothelial cells (81, 82). In this dormant state, the
bacteria can be latent for decades until activated by a weakened
immune system.
M. tuberculosis utilizes triglycerides as its main energy

source. These triglycerides are synthesized by the bacterial

Tgs1 (triacylglycerol synthase 1) protein (83, 84). Host-derived
fatty acids are imported and used for the synthesis of triglycer-
ides that are deposited in bacterial LDs (85). M. tuberculosis
also encodes its own lipase (LipY), a homolog of hormone-sen-
sitive lipases that might release stored fatty acids in times of
energy shortage but may also degrade host triglycerides for uti-
lization by the pathogen (86). In addition,M. tuberculosis infec-
tion causes a lipid accumulation in infected and uninfected
bystander macrophages just before their necrotic cell death, a
process that leads to the release of lipids into their surroundings
(87).
Mycobacterium bovis infection, which causes bovine tuber-

culosis, also induces foamymacrophages. In a murine model of
tuberculosis, M. bovis infection triggers a dose- and time-de-
pendent increase in LDs that is dependent on TLR2 (Toll-like
receptor 2) signaling, but not TLR4 signaling (88). Toll-like
receptors play a fundamental role in pathogen recognition and
the activation of innate immunity. The function of LD induc-
tion caused byM. bovis infection is not clear at this point, but it
may be part of the host innate immune response or may have
evolved as a defense mechanism of the bacteria against the
immune attack.
M. leprae is the causative agent of leprosy, a granulomatous

disease of themucosa of the respiratory tract and the peripheral
nerves. This uncultivable pathogen has an exceptionally long
generation time (up to 13 days), which makes deciphering its
life cycle difficult.M. leprae is also transmitted via aerial drop-
lets. After phagocytotic entry into target cells and evasion of
host defense responses, the bacteria replicate inside intracellu-
lar vesicles.
M. leprae has long been known to cause a foamy phenotype

in dermal lesions (89, 90). Infected macrophages express high
levels of ADRP, which localizes to the bacterium-containing
phagosome (91, 92). Schwann cells also exhibit a relocalization
of ADRP-positive LDs to bacterium-containing phagosomes in
cultured cells and in nerve biopsies of infected patients (92).
This relocalization of LDs depends on PI3K signaling and
requires cytoskeletal rearrangements (92). Blocking LD move-
ment by interfering with cytoskeleton function decreases bac-
terial survival in infected cells. Again, infection-induced forma-
tion of LDs requires innate immune response signaling, but in
contrast toM. bovis infection, it is TLR6 (not TLR2)-dependent
in M. leprae infection (93). Blocking LD formation enabled
infected cells to kill the invading bacteria, supporting amodel in
which induced LD biogenesis is part of the bacterial immune
evasion strategy required for persistent infection (93).

LDs and Parasites

Plasmodium falciparum is a parasitic protist that causes the
most virulent form of malaria. P. falciparum is transmitted to
humans by the bite of an infected anopheline mosquito. The
released sporozoites infect hepatocytes and undergo asexual
replication that culminates in the release of tens of thousands of
merozoites. These merozoites enter erythrocytes, where they
multiply again. The clinical features of malaria infection, high
fever and chills, are caused by the synchronous rupture of
infected erythrocytes. Terminally differentiated erythrocytes
lack internal organelles, the machinery for de novo protein and

FIGURE 3. During Chlamydia replication, host LDs are actively transported
into bacterial inclusions. Upper panel, Chlamydia RBs replicate within mem-
brane-bound parasitophorous vacuoles. Bacterial Lda proteins are translocated
into the host cytosol and bind to vacuole-associated LDs. Lda3 at the surface of
LDs interacts with the bacterial protein IncX to transport cytosolic LDs into the
inclusion. The LDs in the bacterial inclusions lack host ADRP, which may be
required to enable degradation and utilization of host lipids (lower panel).
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lipid synthesis, and trafficking machineries. The main compo-
nent of mature erythrocytes is hemoglobin, which is degraded
and used as an amino acid source by P. falciparum.
Infected erythrocytes display a dramatic increase in phos-

pholipid and triglyceride content, but not in cholesterol esters
(94, 95). Interestingly, to produce triglyceride-rich LDs, the
parasite encodes its own DGAT enzyme (a homolog to mem-
brane-bound O-acyltransferases), which is expressed specifi-
cally in the intra-erythrocyte stage and is essential for the pro-
liferation of the parasite (95–97).
However, P. falciparum lacks the capability to degrade trig-

lycerides to produce energy. Newly synthesized LDs accumu-
late in the food vacuole and are involved in the detoxification of
heme (Fig. 4) (98). These results are in line with recent findings
that suggest that LDs can store and thereby “neutralize” hydro-
phobic proteins that have the tendency to form toxic aggregates
(99, 100). They suggest that, in addition to proteins, also specific
metabolites such as heme could be detoxified using LDs as an
intracellular “dumping” ground.

Concluding Remarks

New details of LD biology are emerging rapidly. The findings
that viruses, bacteria, and parasites hijack these organelles to

support their own life cycle are intriguing and point to new
previously unrecognized aspects of LD biology.
We suspect that the findings highlighted here only scratch

the surface of this rich new area of investigation into LDbiology
and potential use in therapies. Viperin (for virus inhibitory pro-
tein, ER-associated, interferon-inducible), an intriguing inter-
feron-induced antiviral cellular factor with characteristic LD
localization, has activity against a broad range of viruses,
including HCV and DENV, but also human CMV, influenza
virus, and West Nile virus, suggesting that LDs may play a role
in the life cycle of these and many other pathogens.
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Triacylglycerols from plants, familiar to most people as vege-
table oils, supply 25% of dietary calories to the developed world
and are increasingly a source for renewable biomaterials and
fuels. Demand for vegetable oils will double by 2030, which can
bemet only by increased oil production. Triacylglycerol synthe-
sis is accomplished through the coordinate action of multiple
pathways in multiple subcellular compartments. Recent infor-
mation has revealed an underappreciated complexity in path-
ways for synthesis and accumulation of this important energy-
rich class of molecules.

Regulation of Fatty Acid Supply by Plastids

Plant fatty acid (FA)2 synthesis differs from almost all other
eukaryotes in two fundamental features. First, unlike the cyto-
solic location in other kingdoms, FAs for triacylglycerol (TAG)
and membrane synthesis are produced in the plastid compart-
ment of plant cells: chloroplasts in green tissues and proplastids
(or leucoplasts) in non-green tissues. Second, the plant FA syn-
thase (FAS) is a dissociable complex with separate proteins for
the acyl carrier protein (ACP) and each enzyme (1). After
assembly of C16 and C18 acyl chains by FAS and desaturation of
C18:0 to C18:1, FAs destined for TAG assembly are released from
ACP in the plastid stroma by chain-terminating acyl-ACP thio-
esterases. Two classes of thioesterases designated FATA and
FATB are responsible for hydrolysis of unsaturated and satu-
rated acyl-ACPs, respectively, and thus determine in large part
the chain length and saturated FA content of plant oils (2). The
FA products of FATA and FATB are activated to CoA before
export to the endoplasmic reticulum (ER). The subsequent

reactions of TAG synthesis belong to the so-called “eukaryotic”
pathway of glycerolipid synthesis, which occurs outside the
plastid (3, 4). An overview of the compartmentalization of FA
supply for TAG is shown in Fig. 1.
FA production by plastids can limit TAG accumulation in

seeds (5, 6), so increasing flux through FA biosynthesis may
perhaps have the single greatest influence on the amount of
TAG produced in plant tissues. As in bacteria, fungi, and ani-
mals, both in vitro and in vivo evidence indicates that acetyl-
CoA carboxylase (ACCase) is a key rate-determining step that
controls FA biosynthesis. ACCase activity is under complex
regulation by light, phosphorylation, thioredoxin, PII protein,
and product feedback control (7, 8). Of course, the flux of car-
bon to FA synthesis can have multiple regulatory steps, which
may explain why efforts to increase seed oil by up-regulating
ACCase were only modestly successful (9).
Transcriptional regulation of the production of FA for TAG

biosynthesis is most directly controlled by the WRINKLED1
transcription factor (7, 10, 11). Arabidopsis wri1 mutants are
reduced by 80% in seed oil, and overexpression of WRI1 can
increase oil content in seeds of several plants. Targets of WRI1
include ACCase, many enzymes of FAS, and key enzymes and
transporters that provide pyruvate and acetyl-CoA in the plas-
tid. Thus,WRI1 can be considered as a “master regulator” that
controls transcription of almost all key enzymes that convert
sucrose to FA. The importance of WRI1 was confirmed when
seed oil was increased by 30% in field trials of maize that over-
express WRI1 (12), an increase that would be valued at $2 bil-
lion if extended to all maize production in the United States. In
addition to controlling oil production in seeds, recent evidence
indicates that WRI1 is likely a major factor responsible for the
extremely high oil content (up to 90% of tissue weight) pro-
duced by oil palm mesocarp. Transcriptional profiling of oil
palmmesocarp revealed�50-fold higherWRI1 expression lev-
els comparedwith date palmmesocarp, a closely related species
that contains no oil (13). Consistent with data in developing
seeds (14), genes encoding machinery for FA biosynthesis and
pyruvate supply are up-regulated substantially in oil palm (an
average of �13-fold) (15). The direct precursor of carbon for
FA synthesis is pyruvate in most oil-synthesizing tissues, and a
plastidial pyruvate dehydrogenase (PDH) supplies acetyl-CoA
for ACCase. Transcriptional profiling in oil palm identified
subunits of PDHwith 50-fold higher transcript levels compared
with date palm, reinforcing transcriptional regulation as a
major means of influencing FA supply for TAG synthesis (13).
Evidence suggests that the energetics and coordination of

photosynthesis, respiration, and carbon partitioning also must
be taken into consideration to influence the amount of TAG
accumulated in plant tissues. A strict light dependence of FA
synthesis in leaf chloroplasts has been known for years (16), but
the relevance to TAG accumulation in oilseeds was revealed
only recently at the metabolic level. Even low levels of light
penetrating to developing embryos provide sufficient reductant
and ATP to power FA biosynthesis (17). Moreover, the activity
of ribulose-bisphosphate carboxylase/oxygenase (Rubisco) in

* This work was supported by the United States Department of Energy, Office
of Science (Biological Environmental Research and Basic Energy Sciences);
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developing seeds functions not for net photosynthetic carbon
fixation but rather to recycle CO2 released by PDH and other
decarboxylation reactions. This action of Rubisco ultimately
increases the supply of carbon for FA biosynthesis by 20% (18,
19), resulting in higher conversion efficiency of carbohydrate to
oil. Other work recently pointed to additional factors that can
influence FA supply from plastids for TAG synthesis. Overex-
pression of an Arabidopsis hemoglobin isoform appeared to
improve oxygenation of developing seeds and the energetics of
carbohydrate conversion to FAs (20). As a result, these trans-
genic plants were reported to have a 40% increase in total seed
FAs compared with wild-type plants. Still other strategies to
generally up-regulate lipid content in vegetative tissues rely on
pathway engineering, transcriptional regulation, or altering
carbon partitioning (21–23). The prospect of producing sub-
stantial quantities of TAG in tissues other than seeds likely will

require metabolic changes at many levels but may offer new
opportunities to impact vegetable oil production worldwide
(22).

Transfer of Acyl Chains to ER for Glycerolipid Assembly

After FAs are released in plastids, it is generally presumed
that they are converted to acyl-CoAs by long-chain acyl-CoA
synthetases (LACSs) in the chloroplast envelope, and it is the
acyl-CoAs that are transferred to the ER for incorporation into
TAG (24). In vivo 18O labeling experiments confirmed that free
FAs are released as intermediates (25), and additional kinetic
studies suggested channeling to LACS (26).
There are nine LACS genes in Arabidopsis, and at least one

isoform is localized to plastids (27). However, a T-DNA disrup-
tion of this lacs9 showed no impact on lipid synthesis, suggest-
ing functional redundancy in this protein family (28). Further-

FIGURE 1. Overview of pathways and compartmentation of FA supply for TAG synthesis in plants. Different oilseed species utilize different pathways for
producing acetyl-CoA precursors and cofactors for FA synthesis. Not all are shown. In most oilseeds that accumulate large amounts of TAG, sucrose is imported
into the cytosol and provides the ultimate source of carbohydrate for conversion to acetyl-CoA and then to oil. FAs are synthesized in the plastid stroma from
acetyl-CoA and malonyl-CoA by a type II dissociable FAS complex. Hexose phosphates from sucrose metabolism can enter glycolysis in the cytosol or plastid
to produce pyruvate (Pyr). PDH provides the direct source for acetyl-CoA via a reaction that also provides enough NADH to supply half of the reductant needed
for FA synthesis. Malonyl-CoA is formed from acetyl-CoA, ATP, and HCO3

� by ACCase. HCO3
� is equilibrated with CO2 in the plastid stroma by carbonic anhydrase

(CA). The conversion of acetyl-CoA and malonyl-CoA to FAs occurs through a series of condensation, dehydration, and reduction reactions. Three isoforms of
ketoacyl-ACP synthase (KAS) cooperate to elongate acyl chains on an ACP platform to C16 or C18. KASIII initiates FA synthesis by condensation of acetyl-CoA and
malonyl-ACP, KASI continues elongation to C16:0, and KASII provides the final elongation step from C16:0 to C18:0. 18:0 ACP is desaturated by a stearoyl-ACP
desaturase (SAD) to generate 18:1 ACP, and two acyl-ACP thioesterases (FATA and FATB) release newly synthesized 16:0 FA, 18:0 FA, and 18:1 FA in the plastid
stroma. Depending upon the plant species and the presence of thylakoid membranes, requisite NADPH and ATP for FAS can be generated by photosystems
(PS). The CO2 from PDH can be recaptured by Rubisco, which can result in 20% higher yields of acetyl-CoA from sucrose. In non-green seeds, NADPH can also
be generated by the oxidative pentose phosphate pathway (OPPP). Ribulose 1,5-bisphosphate (RuBP) is generated from hexose phosphate by the non-
oxidative pentose phosphate pathway (PPP). ATP required for acetyl-CoA carboxylase can be produced by pyruvate kinase or imported into plastids from the
cytosol (not shown). The products of FAS are activated to CoA by LACS in the chloroplast outer envelope before export to the ER for TAG synthesis. Export
mechanisms are uncertain (dashed arrows) and may be via acyl-CoA (possibly involving acyl-CoA-binding proteins (ACBP)). Alternatively, after LPCAT activity at
the plastid envelope, phospholipid (PC) may move to the ER through direct membrane contact sites (stromules or plastid-associated ER membranes) or by
some as yet unknown mechanism. Glycerolipids are assembled in the ER (see details in Fig. 2), and TAG emerges as lipid droplets (LD) that are stored in the
cytosol. PEP, phosphoenolpyruvate; Ru5P, ribulose 5-phosphate; 3PGA, 3-phosphoglycerate.
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more, a double knock-out of lacs9 and lacs1 (or a triple knock-
out of lacs1, lacs9, and lacs8, the closest LACS9 homolog)
compromised seed oil biosynthesis only modestly (29). Even in
these loss-of-function mutants, a considerable amount of acyl
export fromplastids supports TAGaccumulation, and thus, the
mechanistic nature of acyl export to the ER continues to be an
intriguing puzzle. It is still unclear if the LACS active site is on
the inner or outer surface of the outer chloroplast envelope and
how this enzyme activity influences the availability of the acyl-
CoA for ER lipid synthesis. Some have proposed direct physical
contact with plastid-associated ER membranes (30) or stro-
mules (membrane-bound extensions from plastids) (31), which
mightmake directmembrane contact with the ER and allow for
lipid exchange. Others have suggested that lipid transfer pro-
teins (e.g. acyl-CoA-binding proteins)might facilitate transport
through the cytosol (32). Alternatively, it is possible that acyl
groups are incorporated into phosphatidylcholine (PC) in the
plastid envelope and then transported to the ER. Results from
rapid radiolabeling studies indicate that PC is the first glycer-
olipid labeled with newly synthesized FAs (33, 34). This may
occur via lyso-PC acyltransferase (LPCAT) activity, which has
been localized to the chloroplast envelope (35, 36). The details
of how acyl groups from plastids are exported to the ER for
incorporation into TAG remain a major unresolved question,
and answers in this area may help to engineer increased TAG
accumulation.

Alternative Pathways for TAG Synthesis in ER

A number of in vitro and in vivo studies have revealed that
TAG synthesis can be more complex than previously recog-
nized. In particular, different plants use alternative pathways or
combinations of pathways for the assembly of TAG (Fig. 2).

Conventional Kennedy Pathway

The conventional Kennedy pathway for the synthesis of glyc-
erolipids in the ER is believed to play a role in the synthesis of
TAGs in most organisms. This pathway involves the sequential
acylation of the sn-1- and sn-2-positions of glycerol 3-phos-
phate (G3P) with acyl-CoA to yield phosphatidic acid (PA). PA
is hydrolyzed to form diacylglycerol (DAG), and then the sn-3-
position is acylated to yield TAG. This pathway overlaps with
the synthesis of membrane glycerolipids because PA and DAG
are also precursors for the major membrane lipids in all cells.
The acyl substrates for the acyltransferases can be supplied
either directly from plastid export and/or from acyl-CoA
derived from acyl exchange with PC or other glycerolipids. Of
the three acyltransferases, only DAG acyltransferase (DGAT) is
unique to the synthesis of TAG, and this step has received the
most attention in terms of influencing the accumulation of
TAG in plant tissues.
Three acyl-CoA-dependent acyltransferases that cooperate

to synthesize TAG have been studied in detail in recent years,
with some progress toward understanding their contributions
to lipid synthesis. Nine extraplastidial acyl-CoA:G3P acyltrans-
ferases (GPATs) have been identified in Arabidopsis. However,
thus far, none have been demonstrated to be involved in TAG
accumulation. Eight of these GPATs form a gene family that is
specific to land plants. Several of these have been characterized
at the genetic and biochemical levels. They transfer acyl groups
to the sn-2-position and are involved in cutin or suberin bio-
synthesis (37) rather than membrane/storage lipid synthesis.
Perhaps the best candidate for an ER-associated GPAT
required for TAGbiosynthesis isArabidopsis thalianaGPAT9.
This protein is not related to GPAT1–8 but shares the highest

FIGURE 2. Schematic representation of acyl-CoA-dependent and acyl-CoA-independent pathways for TAG biosynthesis in plants. The Kennedy path-
way involving acyl-CoA-dependent acyltransferases (GPAT, LPAT, and DGAT) includes an intervening PA intermediate that is hydrolyzed by PAP to form DAG.
Two DGAT classes operate in plant TAG synthesis, and the relative contribution may be dependent upon the plant species and the specific types of FAs stored
in TAG. Labeling studies of soybeans indicate that much of the newly synthesized FA supplied from the plastids rapidly enters an acyl-CoA pool that is
incorporated into PC by acyl-editing reactions presumably via LPCAT. Acyl groups are desaturated or modified (e.g. hydroxylation) while esterified to PC and
then released back to the acyl-CoA pool, where they may co-mingle with newly synthesized acyl-CoAs and are incorporated into glycerolipids by Kennedy
pathway enzymes on a slower time course. The rapidly labeled PC pool is used to generate DAG (and vice versa) via PDCT (or CPT). TAG also can be synthesized
from DAG and PC by PDAT, yielding lyso-PC, which can be reacylated to form PC. Net synthesis of PC from DAG is accomplished by CPT. PC can be hydrolyzed
to PA by phospholipase D (PLD) or to DAG by phospholipase C (PLC; not shown) for TAG synthesis. This diagram does not account for separate pools of
intermediates, which are likely. The relative contribution and combination of these alternative pathways to the overall flux to TAG in plants are tissue- and
species-specific. Cho, choline; LPA, lysophosphatidic acid; LPC, lyso-PC; PLA, phospholipase A.
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homology with the mammalian GPAT (GPAT3) that is
involved directly in the synthesis of TAG in adipose tissues (38).
A. thaliana GPAT9 has been confirmed to localize to the ER
(39), but its impact on TAG accumulation is not certain.
For the lysophosphatidic acid acyltransferase (LPAT), five

genes have been annotated in the Arabidopsis genome, and
expression patterns and functions appear quite complex, with
three (LPAT1, LPAT2, and LPAT3) being essential to normal
plant development. Recently, overexpression of a Brassica
napus LPAT isoform with homology to A. thaliana LPAT2
resulted in enhanced TAG accumulation in Arabidopsis seeds
(40). Genetic studies with Arabidopsis LPAT2 have been lim-
ited because female gametophyte development is disrupted in
the loss-of-functionmutants (41); its direct role inTAGbiosyn-
thesis in Arabidopsis should perhaps be revisited. Both Arabi-
dopsis LPAT4 and LPAT5 give rise to alternative transcripts,
mostly with variations in the 5�-UTR (The Arabidopsis Infor-
mation Resource), indicating a higher order of complexity in
PA synthesis than is currently appreciated. Much functional
work remains to be done on the LPATs and the broader family
of LPAT-like genes to understand theirmetabolic role(s) in acyl
lipid synthesis in general and inTAGaccumulation specifically.
Comparatively more information is known about the termi-

nal acyltransferases in TAG biosynthesis in plants, the DGATs.
Two classes of genes encode DGATs in plants, DGAT1 and
DGAT2, and these are homologous to those found in fungi and
mammals (42). Genetic studies with mutants have confirmed
that DGAT1 is required for normal TAG accumulation in oil-
storing tissues of Arabidopsis (43), and its overexpression in
vegetative tissues or seeds can lead to enhanced TAG accumu-
lation (44, 45). However, disruption of DGAT1 gene function
results in only a 20–40% reduction in Arabidopsis seed oil, so
othermechanismsmust cooperate in the accumulation of TAG
in plants. The role of Arabidopsis DGAT2 is unclear because
mutants have no observable phenotype, even when crossed
with dgat1mutants. On the other hand, the function ofDGAT2
appears clearer in the castor bean endosperm system, which
accumulates large amounts of TAG containing more than 90%
ricinoleic acid (18:1 FA hydroxylated at the �12-position). Cas-
tor seeds express DGAT2 at much higher levels compared with
DGAT1. Castor bean DGAT2 prefers ricinoleoyl-DAG accep-
tors (46), and its coexpression with the castor bean hydroxylase
increases ricinoleic accumulation in Arabidopsis seeds (47).
DGAT2 also has been studied in the Tung tree (which accumu-
lates conjugated FAs inTAG), and it is localized to a subdomain
of the ER that is different from that of DGAT1, suggesting that
these two proteins may cooperate to synthesize TAG in Tung
seeds but in spatially distinct subcellular locations (48).
Although DGAT2 has been examined mostly in plant species
with unusual FAs (47–50), it likely contributes to TAG accu-
mulation in plants that do not accumulate unusual FAs based
on expression levels in palm, olive, and other plants, even
though its relative contribution may vary between species.
The formation of DAG from PA is catalyzed by a PA phos-

phatase (PAP)/phosphohydrolase. This enzyme in mammalian
and yeast systems, also termed lipin, functions to control the
flux between the synthesis of membrane lipids and TAG (51,
52). Loss-of-function mutations in both mammals and yeast

result in increased membrane lipid proliferation and decreased
TAG content (51, 52). In fact, mutations in lipin genes inmam-
mals lead to a marked dysregulation of fat accumulation in adi-
pose and other tissues (51). This results from dual activities of
PAP both by transcriptional de-repression of lipid metabolism
genes and by regulation of DAG levels. A recent additional role
for PAH1 in lipid accumulation has been proposed in yeast: the
accumulation of DAGwithin the ER is thought to nucleate lipid
droplet formation (53). Two homologous genes designated
PAH1 and PAH2 have been identified in Arabidopsis (54–56).
Loss of function of PAH1 and PAH2 in Arabidopsis disrupted
membrane remodeling, suggesting a role in the eukaryotic
pathway ofDAG formation (54). Furthermore, pah1/pah2dou-
ble mutants showed increased PC and overall expansion of the
ER in leaves, consistentwith a function in regulatingmembrane
phospholipid accumulation as in animals and yeast (55),
although the mechanism(s) remain to be elucidated. Still, these
pah1/pah2 double mutants had only an �15% reduction in
seed TAG, suggesting that additional unidentified PAP
enzymes provide DAG for TAG biosynthesis. One potential
candidate, the �-isoform of lipid phosphate phosphatase, was
identified as markedly up-regulated in oil-storing tissues of
palm (13), but the functional activity of this enzyme in TAG
biosynthesis remains to be determined.
Considering the nutritional and economic importance of

plant TAG, it is surprising how many questions remain about
the precise molecular identity of a GPAT, LPAT, and PAP for
TAG synthesis. Even the relative contribution of DGATs is
somewhat unclear. Thus, fundamental uncertainties remain
about central enzymes of plant TAG synthesis. Clearly, more
work needs to be done to characterize the “conventional” Ken-
nedy machinery. Furthermore, as outlined below, the recogni-
tion of other pathways that lead to TAG has further expanded
the metabolic “networks” that need to be considered.

Acyl-CoA-independent Mechanisms Involved in TAG
Synthesis

It is clear from many lines of evidence that the synthesis of
TAG in plants is not as simple as the sequential acylation of
glycerol with GPAT, LPAT, and DGAT (with an intervening
PAP) by the conventional Kennedy pathway. In fact, a direct
contribution from this pathway to TAG biosynthesis in many
cell types may be far less than has been considered historically.
In 2000, Stymne and co-workers (57) reported a new DGAT-
independent mechanism for TAG synthesis in yeast and plants
and identified a yeast gene that increased TAG when overex-
pressed. Phospholipid:DAG acyltransferase (PDAT) was iden-
tified and characterized as an acyl-CoA-independent transacy-
lase that synthesizes TAG fromPCandDAG, also yielding lyso-
PC. PDAT was heralded as a mechanism for channeling
unusual FAs intoTAG in someplant species due to itsmarkedly
distinct comparative substrate specificities (57), and PDAT has
been used to enhance the accumulation of TAG with oxygen-
ated FAs in transgenic seeds (58, 59). PDAT was shown to par-
ticipate in TAG biosynthesis in yeast log-phase growth and
could partially compensate for loss of DGAT to store TAGdur-
ing stationary phase (60). Six PDAT-like genes were identified
in Arabidopsis, and one, designated PDAT1, accounted for
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most PDATactivity in plant tissues (61). However, therewas no
significant impact onTAGaccumulation in pdat1 loss-of-func-
tion mutants or in plants overexpressing A. thaliana PDAT, so
the role in overall TAG accumulation in Arabidopsis was
uncertain (61, 62). A clear demonstration of a role forPDAT1 in
TAG biosynthesis was providedmore recently when its expres-
sion was silenced by RNA interference in a dgat1-1 mutant
background (63). Seed TAG content was reduced by 70–80%,
and normal seed (and pollen) development was disrupted.
Thus, PDAT1 appears to compensate for a loss of DGAT1 and
vice versa, but loss of both greatly compromises TAG deposi-
tion in both pollen and seeds, thereby indicating an overlapping
role for PDAT1 and DGAT1 in seed oil accumulation. These
results strongly suggest that PDAT and DGAT pathways coop-
erate in the majority of TAG synthesis in oil-storing tissues of
plants, but this needs to be examined and extended to other
plant tissues and species.
Recently, another DAG-utilizing enzyme has been identified

in plants, and it plays a role in channeling unsaturated FAs
into TAG. The enzyme PC:DAG phosphocholine transferase
(PDCT) is encoded by the ROD1 (reduced oleate desaturation
1) gene inArabidopsis. A loss-of-functionmutation in this gene
results in a 40% decrease in polyunsaturated FAs in seed TAG
while leaving overall TAG levels essentially unperturbed (64).
The enzyme transfers a phosphocholine headgroup of PC to the
sn-3-position of a DAG molecule. The substrate specificity of
the enzyme directs 18:1-containing glycerolipids toward fur-
ther desaturation and 18:2- and 18:3-containing DAG toward
TAG biosynthesis, thereby playing a role in modulating the FA
composition of TAG. The discovery of this PDCT enzyme now
helps explain the considerable flux from PC back into DAG
required for TAG synthesis that may complement a reversibil-
ity of cholinephosphotransferase (CPT) activity. Another
DAG-utilizing enzyme activity, a so-called DAG:DAG acyl-
transferase that forms TAG and monoacylglycerol, has been
detected in vitro (61), but its molecular identity and role, if any,
in TAG metabolism remain unknown.
With so many diverse activities in TAG metabolism relying

onDAG (and other lipid) intermediates, questions have contin-
ued to surface about the potential existence of separate sub-
strate pools and their possible role in modulating pathway flux.
The existence of substrate pools also may be important when
considering the overlap of the TAGbiosynthetic pathways with
those of phospholipid biosynthesis. Rapid radiolabeling studies
of soybean embryos with [14C]acetate and [14C]glycerol sup-
port the existence of separate pools of DAG for TAG and PC
biosynthesis (34), a conclusion that was suggested by a number
of studies with different plant systems in vitro (24). Labeling
embryos with acetate over a short time course (minutes) labels
newly synthesized FAs exported fromplastids, whereas labeling
with glycerol over these same time scales reflects the de novo
assembly of glycerolipids by acylation ofG3P (34). Comprehen-
sive molecular species characterization and kinetic analyses of
these short-term radiolabeling data implicate at least two pools
of DAG: one utilized for de novo PC synthesis and one utilized
for TAG synthesis (34). The utilization of PC by plants as the
substrate for ER desaturases (65) and as an intermediate in
TAG biosynthesis provides a mechanism to increase the pres-

ence of polyunsaturated FA in TAG. Moreover, channeling of
FAs into glycerolipids via specific acyl-CoA pools from PC acyl
exchange has been suggested from numerous radiolabeling
studies (26, 66). Accessibility of acyltransferases to these acyl-
CoA pools and their compartmentation also should be incor-
porated into models describing TAG accumulation.

Acyl Hydrolases/Acyltransferases in Remodeling/Editing
for TAG Biosynthesis

One interesting feature of plant glycerolipid metabolism is
the extensive acyl-editing or acyl-remodeling reactions that are
evident (24) and that result in a rapid exchange of acyl groups
between PC and the acyl-CoApool(s) (Fig. 2). In pea leaves (33),
where glycerolipid synthesis is primarily formembranes, and in
developing soybean (34), where glycerolipid synthesis is over-
whelmingly devoted to TAG accumulation, there is a common
theme with respect to acyl exchange from PC. In both systems,
rapid (within 2 min) [14C]acetate labeling demonstrated that
most newly synthesized FAs are first incorporated into PC
before any other glycerolipid (33, 34). This initial flux of acyl
groups into PC bypassed PA and the Kennedy pathway, indi-
cating that the process of rapid acyl exchange occurred inde-
pendently of net synthesis of phospholipid and TAG in devel-
oping embryos. The incorporation of newly synthesized FA
(mostly oleate) into PC through acyl editing also results in the
release of pre-existing FA fromPC into the acyl-CoA pool. This
pool is then available for acyl transfer by GPAT, LPAT, and
DGAT. Because PC is the site of desaturation of oleate to lino-
leate and linolenate (65), this acyl exchange mechanism also
allows polyunsaturated acyl-CoAs to enter any of the three sn-
positions of TAG. It should be noted that acyl editing itself does
not influence the amount of net PC orTAG synthesis per se, but
it is keenly important to allow rapid acyl flux into PC for FA
desaturation/modification reactions and to provide a pool of
modified acyl-CoA structures for TAG assembly.
Acyl-editing reactions that exchange acyl groups among

phospholipid molecular species with an intervening acyl-CoA
pool are well established in eukaryotes and prokaryotes (67).
These acyl exchange reactions in plants have been measured in
vitro (68) and can be catalyzed either (a) by forward and reverse
reactions of LPCAT (to yield acyl-CoA directly) or (b) by a
phospholipase A-type activity to yield a free FA intermediate
that then is activated to CoA (also referred to as the “Lands
cycle”).Which of these two alternatives predominates in vivo is
an important and challenging question for future research.
Although some preference for sn-2 exchange is observed, the in
vivo radiolabeling data implicate exchange at both sn-1- and
sn-2-positions of PC. The fact that this set of reactions appar-
ently acts preferentially on the PC pool (in comparison with
other membrane lipids) reinforces the special roles played by
PC in plant lipid metabolism.
Acyl editing can also be viewed as part of a cooperative sys-

tem involving activities of the LPCAT (and phospholipase
A/LACS?), CPT, DGAT, PDCT, and PDAT enzymes that to-
gether provide a means to equilibrate and utilize PC, DAG, and
acyl-CoAs as crucial acyl intermediates/carriers in the modifi-
cation and synthesis of TAG in the ER. It is possible that mod-
ifications of this cooperative metabolic network have contrib-
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uted to the marked diversity of seed FA composition that is
observed in nature. As noted, the castor bean accumulates 90%
ricinoleic acid in TAG. Perhaps substrate specificity or special-
ized isoforms of LPCAT, PDCT, PDAT, and DGAT evolved in
castor bean to be specific for hydroxy-FAs generated on PC by
the diverged FAD2 (hydroxylase), and this system would be
optimized for directing ricinoleic acid into TAG (59). This is
consistent with the incremental increases in accumulation of
ricinoleic acid in TAG by coexpressing DGAT2 or PDAT from
castor bean in conjunction with the FAD2-like hydroxylase in
transgenic oilseeds (47, 58, 59). It is possible that the activity of
PDCT or other enzymes from developing castor seed displays
specificity for ricinoleoyl-PC, and engineering of these enzymes
might further enhance hydroxy-FA accumulation in transgenic
plants. Alternatively, acyl-editing machinery may be responsi-
ble for enriching the DAG pool with hydroxy-FAs. The
so-called “bottleneck” in the accumulation of unusual FAs in
transgenic oilseeds might be a result of these cooperative
enzyme systems that lack appropriate specificity for structures
desired by oilseed engineers (69). Recently, Bates and Browse
(70) concluded that the conversion of hydroxy-FA-containing
DAG to PC is a major bottleneck in the production of TAG-
containing hydroxyl-FAs in transgenic Arabidopsis seeds. Fur-
thermore, it might be necessary to replace the competing
endogenous machinery that is likely specific for the endoge-
nous PC, DAG, and acyl-CoA species to gain maximum accu-
mulation of unusual FAs in TAG in heterologous systems. It
is of interest to note that it has often been relatively straight-
forward to engineer much higher levels of a FA that is already
present (e.g. oleic acid) with a single-gene change than to
increase FA levels in TAG of a FA that normally does not
occur in the crop host (71).

Concluding Comments

Whatwe thought we knew about the pathways and compart-
mentation of TAG accumulation in plants a decade or so ago
has turned out to be oversimplified and, to a large extent, inad-
equate. Advances in our understanding in recent years have led
to new discoveries and revisions of old hypotheses for the syn-
thesis and incorporation of FAs into glycerolipids in plant cells.
Many gaps still exist in almost all aspects of TAGaccumulation,
including the precise identity of enzymatic machinery, the rel-
ative contributions of various pathways in different species and
tissues, the regulation of pathway fluxes, and the nature of
metabolites involved in interorganellar transport. Answers to
questions in these areas will be critical to the future rational
design of biotechnology strategies needed to greatly enhance
our agricultural production systems to more efficiently feed,
clothe, house, and energize our growing and more affluent
world population.
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Chondroitin sulfate/dermatan sulfate (CS/DS) proteogly-
cans, major components of the central nervous system, have the
potential to interact with a wide range of growth factors and
neurotrophic factors that influence neuronal migration, axon
guidance pathways, and neurite outgrowth. Recent studies have
also revealed the role ofCS/DS chains in the orchestration of the
neural stem/progenitor cell micromilieu. Individual functional
proteins recognize a set ofmultiple overlapping oligosaccharide
sequences decorated to give different sulfation patterns, which
are termed here “wobble CS/DS oligosaccharide motifs,” and
induce signaling pathways essential for the proliferation, self-
renewal, and cell lineage commitment of neural stem/progeni-
tor cells.

The discovery of populations of multipotent self-renewing
neural stem cells within fetal and adult brains has raised the
hope of developing new therapeutic strategies for CNS dis-
orders. Neural stem/progenitor cells (NSPCs)3 are defined as
self-renewing multipotential cells that can generate all types
of neural cells, including neurons and glia (astrocytes and oli-

godendrocytes). In an adult brain, NSPCs are present in two
distinct regions: in the subgranular zone of the dentate gyrus of
the hippocampus and in the subventricular zone (SVZ) of the
lateral ventricles (1–4). During brain development, the neuro-
epithelial cells of the neural tube expand and self-renewby sym-
metric division. With increasing thickness of the neuroecto-
derm, radial glial cells emerge and fulfill the role of neural stem
cells. In the first wave, these cells self-renew by symmetrical
divisions. In parallel, an asymmetric division pattern develops
in which each division cycle gives rise to a radial glial cell and a
neuronal progenitor. This phase of neurogenesis is followed by
a phase of gliogenesis. In many regions of the CNS, oligoden-
drocytes precede the formation of astrocytes, which constitute
the final population that is formed in the developing CNS (5).
The radial glial cells can transform into astrocytes, and the sub-
population of astrocytes in the SVZ has been identified as
NSPCs in the adult brain (6). Thereafter, the radial glia recede.
Adult forms of radial glia are preserved as Bergmann glia and
Müller glia solely in the cerebellum and retina, respectively (7,
8). Thus, NSPCs, which are characterized by their high prolif-
erative potential while retaining self-renewal and pluripotency,
encompass neuroepithelial cells, radial glial cells, and SVZ
astrocytes (9, 10). The self-renewal and differentiation proper-
ties of NSPCs are modulated by intrinsic factors such as tran-
scription factors, intercellular interactions, and extrinsic fac-
tors present in the extracellular matrix (ECM). Understanding
how these factors regulate the differentiation of NSPCs is
essential to exploit potential therapeutic applications to treat-
ing various neurodegenerative disorders and spinal cord
injuries.

Neural Stem Cell Niche

The microenvironment where the NSPCs reside and main-
tain their self-renewal, proliferation, and differentiation is
termed the “stem cell niche.” The neural stem cell niche con-
sists of restricted sets of cell types and contains a specialized
microenvironment (11–13) composed of glycoproteins, mainly
tenascin C (14–16); proteoglycans (PGs) bearing heparan sul-
fate (HS), chondroitin sulfate (CS), or dermatan sulfate (DS)
side chains; and cell adhesion molecules such as polysialic acid
(17), SSEA-1 (stage-specific embryonic antigen-1)/Lewis X
(18), human natural killer-1 antigen (19), prominin (20), and
gp130 (21). Studies using knock-outmice have underscored the
importance of ECM components in CNS development (22, 23).
Tenascin C-deficient mice display behavioral abnormalities
(24) and deficits in the stem cell compartment, including a
delayed acquisition of the EGF receptor (15), reduced prolifer-
ation (25), and accelerated differentiation of oligodendrocyte
precursors (26–28). Studies using animals deficient in the
genes involved in HS biosynthesis have provided information
concerning the roles of HS in mammalian brain development
(29, 30). Thus, the ECM in which the NSPCs reside has a num-
ber of critical roles in the development, function, and repair
after injury of the CNS, yet minimal investigation in this area
has been carried out. The mammalian brain is a rich source for
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carbohydrates, which occur in the form of PGs, glycoproteins,
and glycolipids. Thisminireviewwill focus on the role played by
CS/DS-PGs in CNS development, with particular emphasis on
the maintenance and differentiation of NSPCs.

CS/DS in CNS

Cloning of various sulfotransferases and glycosyltransferases
involved in the synthesis of sulfated glycosaminoglycan (GAG)
chains of PGs has revealed crucial functions of GAGs in devel-
opment and pathophysiology. CS-GAGs are detectable in the
ECM and at cell surfaces in the CNS from an early stage of
development (31). Immunostaining of brain sections using
antibodies CS-56 (specific for CS-A and CS-C), MO-225, and
473HD (both of which recognize octasaccharide sequences
containing an A–D tetrasaccharide sequence composed of A
and D disaccharide units; for abbreviations of disaccharide
units, see Fig. 1 and Ref. 32) and mAb 2H6 (which recognizes a
C–C tetrasaccharide sequence) revealed the existence of CS
chains in the neurogenic regions of embryonic and adult brains
(14, 16). CS-PGs have also been found deposited between Pur-
kinje cell surfaces and the processes of Bergmann glia (not a
“classic” neurogenic region, however) (33). In addition, mAb
2A12, which is specific for iD-containingDS decasaccharide(s),

showed the distribution of DS chains in the hippocampus and
cerebellum of postnatal day 7 mice (34).
CS chains are heterogeneousmoleculeswith repeating disac-

charide units (-4GlcUA�1–3GalNAc�1-) (Fig. 1). The struc-
tural complexity of CS chains is generated biosynthetically
under the control of multiple sulfotransferases and DS C5-epi-
merases, which generate a DS domain along CS chains by con-
verting GlcUA into L-iduronic acid (IdoUA). Depending on the
number and positions of sulfate groups, a rich variety of CS or
DS disaccharide units can be generated (for detailed informa-
tion about CS biosynthesis, refer to reviews in Refs. 32 and
35–37). Sulfate groups are transferred from 3�-phosphoad-
enosine 5�-phosphosulfate to the specific acceptor sites in
CS/DS chains by chondroitin/dermatan sulfotransferases
(C/D-STs) that are located in the Golgi apparatus (32, 35).
These enzymes are classified into the following four groups:
chondroitin/dermatan 4-O-sulfotransferases (C4ST/D4ST),
chondroitin 6-O-sulfotransferase (C6ST), uronosyl 2-O-sulfo-
transferase (U2ST), and GalNAc-4-sulfate 6-O-sulfotrans-
ferase (GalNAc4S-6ST). Three C4ST isoforms (38–40), two
C6ST isoforms (41, 42), two DS epimerase isoforms (DS-epi1
and DS-epi2) (43, 44), D4ST1 (45), U2ST (46), and GalNAc4S-
6ST (47) have been identified in mammals. Gene expression
levels of these enzymes correlated with the amount of sulfated
products that corresponded to each enzymatic activity (48),
which holds the promise that studies of gene expression of
C/D-STswill yieldmore detailed insights into the sulfation pro-
files of CS, DS, and their hybrid chains.
The expression of CS biosynthetic enzymes in the postnatal

brain is dynamically regulated during development (49). It has
been demonstrated that the ratio of C4ST and C6ST activities
forming the specific sulfation profile changes markedly with
development in the embryonic chick brain (50). In situ hybrid-
ization of mouse brain revealed that the sulfotransferase genes,
including C4ST1 and C4ST2, which are involved in the synthe-
sis of A units, a precursor for B/iB units, in addition to the
GalNAc4S-6ST gene, which synthesizes E/iE units, are ubiqui-
tously expressed in the developing brain, whereas expression of
the D4ST1 and U2ST genes (which synthesize iA and D/iD/
B/iB units, respectively) is restricted to the cerebellum (32, 44,
49, 51, 52). Recently, Akatsu et al. (44) also found that the DS-
epi2 rather than DS-epi1 is the predominant isoform that is
ubiquitously expressed in the developing brain after birth, and
its expression correlated with the presence of high levels of
IdoUA-containing iD units and iB units at every developmental
stage. On the basis of these observations, we speculate that, like
HS, CS in the brain also has structural motifs composed of
oversulfated and/or IdoUA-containing disaccharide units that
change markedly with embryonic development.

Functions of CS/DS Chains in Developing Brain

Genetically engineered mice deficient in protein-tyrosine
phosphatase-� (PTP�)/receptor PTP� (RPTP�) CS-PG, which
is a receptor protein-tyrosine phosphatase with one transmem-
brane domain and two intracellular tyrosine phosphatasemod-
ules (an isoform of this gene that comprises the complete
ectodomain is released as CS-PG and known as phosphacan/
DSD-1-PG in rat and mouse, respectively), exhibit an age-de-

FIGURE 1. Structure of CS/DS disaccharide unit. A, the repeating disaccha-
ride units of CS are composed of GlcUA and GalNAc residues. GlcUA often
undergoes epimerization to form IdoUA and generates the DS disaccharide
units along CS chains. CS units are named traditionally, and the correspond-
ing DS units are indicated by “i,” which stands for IdoUA. Sulfation of the sugar
residues, indicated by “S,” occurs at the 2nd, 4th, and 6th carbon positions in
the ring (32). Depending on the position of sulfation, there are six major
CS/DS disaccharide units that generate numerous polymer sequences. The
enormous diversity thus generated by the various disaccharide units can
result in the formation of various sets of wobble motifs along the CS/DS
hybrid chains. B, biosynthetic pathways of CS/DS chains. epimerase, glucuro-
nyl C5-epimerase; UST, uronyl 2-O-sulfotransferase.
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pendent impairment of spatial learning and enhancement of
long-term potentiation in the hippocampus (53). This is sug-
gested to be due to impairment in the signaling of pleiotrophin
(PTN)/midkine (MK) because PTP�/RPTP� is a receptor for
these cytokines. Similarly, knockdown of other CS-PGs such as
neurocan and brevican in mice also showed no obvious abnor-
malities in the brain, but the maintenance of long-term poten-
tiation was disrupted, supporting the function of CS-PG in
memory and learning (35). The reported functions of brain
CS/DS chains in neuritogenesis are controversial because they
can act as promoters as well as inhibitors (32, 35, 54–59). Such
apparently contradictory functions are probably attributable to
the structural diversity ofCS/DS chains. CS/DS chains bind and
present neurotrophic factors such as PTN,MK, and hepatocyte
growth factor (HGF) to neuronal cells to promote neurite out-
growth (32, 56, 60, 61). PTN andMK serve as ligands for PTP�/
RPTP�, and the affinity binding of these cytokines is dependent
upon the D and E disaccharide units of the CS chains in PTP�/
RPTP� (62–64). The preferred HGF-binding sites on neuronal
cell surface CS are composed of oversulfated iB and E disaccha-
ride units. However, in vitro experiments for studying the neu-
rite outgrowth-promoting activity of CS/DS chains are depend-
ent on the cell types used. For example, CS-E, which promotes
neurite outgrowth of embryonic mouse hippocampal neurons
in vitro (60), is a potent inhibitor of dorsal root ganglion
explants from chick embryos (65). Similarly, phosphacan/DSD-
1-PG also has opposing effects on neuritogenesis depending
upon the neuronal lineages (66). In view of these findings, fur-
ther investigations are needed for a better understanding of the
neurite outgrowth-promoting activity of CS/DS chains in vitro.
CS in the brain also functions as an axon guidance molecule.

Injection of chondroitinase ABC, a bacterial enzyme that
degrades CS and hyaluronic acid, into developing nervous sys-
tem structures leads to deviations in axon guidance pathways
(67, 68). In addition, oversulfated CS has been shown to influ-
ence the migration of cortical neurons, which is mediated by a
PTP�/RPTP�-PTN/MK signaling complex (69). Knockdownof
U2ST (the enzyme involved in the synthesis of B and D units,
both of which contain GlcUA 2-O-sulfate) and GalNAc4S-6ST
in embryonic cortex neural progenitor cells resulted in
severe defects in the radial migration of cortical neurons,
suggesting that the expression of oversulfated CS structures
changes the behavior of neurons, possibly by modifying their
modes of interaction with ECM components (70). In addi-
tion, oversulfated CS has been shown to reinforce integrin
signaling, leading to the selective growth of CS-positive nas-
cent axons (71). Removal of CS by chondroitinase ABC
induces the formation of unstable axons in hippocampal
neurons that undergo multiple extensions and growth retar-
dation (71). More recently, Nakanishi et al. (72) have shown
that, in addition to its interaction with CS chains, PTN can
also interact with the core protein of the brain-specific
CS-PG neuroglycan. Mikami et al. (73) have shown that CS
can function via the cell surface receptor contactin-1. Con-
sidering these findings, it is tempting to suggest that CS/DS-
PGs are master regulators in CNS development.

CS/DS-PGs Expressing Functional “Wobble
Oligosaccharide Motifs” Are Localized in NSPC Niche

CS-PGs are major components of the neural stem cell niche,
and usingmAbCS-56, brain-specific CS-PGs consisting of neu-
rocan, phosphocan, and neuroglycan have been detected in the
ventricular zone of embryonic day (E) 14 fetal rat telencepha-
lon, in which NSPCs are abundant (74, 75). NSPCs by them-
selves participate in the construction of their own milieu by
synthesizing CS-PGs, including lectican PG family members
(aggrecan, versican, neurocan, and brevican) (76), and deposit-
ing them in their surroundings. Consistent with these observa-
tions, several CS-PGswere detected in neurospheres, which are
cellular aggregates that grow in suspension and are composed
of NSPCs and differentiating progeny. UsingmAb 473HD, spe-
cific CS-structural motifs could be clearly attributed to cells
positive for NSPC and radial glial markers, including nestin,
brain lipid-binding protein (BLBP), and glutamate aspartate
transporter (GLAST) (77–79). Phosphacan/DSD-1-PG is
another component present in the postnatal and adult NSPC
niche and in neurospheres (55, 66, 80). ThisCS-PG is selectively
recognized by mAb 473HD, and its particular CS epitope,
enriched with the D, A, and B disaccharide units (32), is func-
tionally active and promotes neurite outgrowth of several types
of CNS neurons (55).
In situhybridization of E13mouse brain showed a prominent

expression of various sulfotransferase genes such as C4ST1,
C6ST1, D4ST, and U2ST in the ventricular zones of the dorsal
and ventral telencephalon (51). It has to be remembered that
this is the same region where the 473HD epitope, consisting of
A, B, andDCS disaccharides, resides and is presumably synthe-
sized in a pathway involving the sulfotransferases for these
disaccharide units. NSPCs cultured as neurospheres alsomain-
tain the expression of these enzymes (51). However, the expres-
sion of these C/D-STs changes during the lineage-specific dif-
ferentiation of NSPCs. Yamauchi et al. (81) have recently
reported that the expression of C4ST1, C4ST2, and C6ST1
mRNAs decreases and that of U2ST and DS C5-epimerase
mRNAs increases during the differentiation of NSPCs to neu-
rons and astrocytes. They also showed that the expression of
GalNAc4S-6ST is lower only in astrocytes, whereas the expres-
sion ofD4ST1 is lower in neurons and higher in astrocytes. This
provides insights into the role of CS/DS hybrid chains (charac-
terized by disulfated disaccharide units such as B/iB, D/iD, and
E/iE) in critically modulating cytokine signaling involved in the
lineage-specific differentiation of NSPCs. Further inhibition of
sulfation of CS/DS chains using sodium chlorate in cells from
secondary neurospheres of E13 mouse cerebral cortex resulted
in a significant dose-dependent decrease in the number of neu-
rospheres. This decrease in neurosphere population could not
be rescued by the addition of individual purified GAG chains,
including heparin, CS-B, CS-D, or CS-E (51). The possible
explanation for this is the difference in the sulfation pattern of
GAGs from CNS and non-CNS sources. Thus, neural stem cell
maintenance might require the information of a “sulfation
code,” as has been proposed for neurite branching influenced
by HS chains in the nematode (82). Such a hypothetical code
would differ for neural stem cell self-renewal versus growth and
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proliferation behavior because the latter could be rescued by
defined CS and heparin (82). Thus, the patterned level of sulfa-
tion in CS/DS of the neural stem cell niche may allow or even
instruct NSPC behavior by modulating the activities of growth
factors and cytokines.
It should be noted, however, that the term sulfation code (73,

82) may not be appropriate. The structural information con-
tained by specific sulfation patterns of GAG oligosaccharide
motifs is not rigid but flexible, and functional proteins such as
growth factors recognize the overall organization of functional
GAG domains or motifs (83), but not just one set of a combina-
tion of peculiar sulfate groups at specific positions (83, 84).
Rather, the common features of the conformation of the over-
lapping multiple oligosaccharide molecules and of the electro-
static potential distribution over the surface of the sugar mole-
cules are crucial for recognition, as has been revealed by
structural investigation for theCS andDS oligosaccharides that
bind mAbs (85) or PTN/HGF using biochemical and computa-
tional approaches (86, 87). Hence, for such structural entities,
we propose the term “wobble GAG oligosaccharide motifs.”
Table 1 shows the wobble CS motifs for PTN binding.

CS/DS Chains Promote Proliferation and Self-renewal of
NSPCs

Stem cell maintenance and differentiation are governed by
local cues found in the microenvironment (11, 88). The prolif-
eration capacities and motility of NSPCs are retained even in
the adult brain, and therefore, understanding themechanismof
NSPC proliferation and differentiation is of great therapeutic
significance for a wide variety of clinical disorders, including
cell replacement strategies. NSPCs display multipotentiality
and adopt a wide range of phenotypes in response to various
stimulating factors from the microenvironment. These
responses are partially mediated by the CS/DS chains that are
found on the surface of NSPCs and in the niche. Degradation of
CS chains by chondroitinase ABC both in vivo and in vitro
reducesNSPCproliferation and the differentiation of radial glia
to neurons, favoring the maturation of the gliogenic subtype of
radial glia and the formation of astrocytes in the telencephalon

(77, 78). Deglycanation of CS reduced the number of neuro-
spheres and proliferating NSPCs. Utilizing the clonal density
assay, it was demonstrated that CS can also promote self-re-
newal of early telencephalic NSPCs grown in a neurosphere
culture. Twice as many secondary neurospheres originated
from cell suspensions derived from untreated primary cortical
and striatal neurospheres compared with neurospheres that
had been exposed to chondroitinase ABC. The findings
described provide the first experimental evidence for CS/DS
chains in regulating the self-renewal and proliferation of
NSPCs. This is reminiscent of the functions of HS, which con-
tributes to the self-renewal and proliferation of embryonic stem
(ES) cells (89, 90). Recently, Tham et al. (91) reported that sol-
uble phosphacan/DSD-1-PG can stimulate the survival of neu-
ral stem cells by preferential signaling through the EGF recep-
tor, JAK, and PI3K pathways. The same study also revealed that
CS-PGs can enhance the survival of neural stem cells derived
from ES cells and thus can be used as a tool to generate ES
cell-derived neural stem cells (91).
The capacity of CS/DS chains to bind to various growth fac-

tors might impinge on the proliferation rate of NSPCs. The
ability of CS to induce stem cell proliferation has recently been
documented in the nematode, and the involvement of chon-
droitin and CS in controlling embryonic cell division is medi-
ated by regulating proper embryonic cytokinesis (35, 92, 93).
Studies have also shown that CS serves as a docking site for
growth factors and therebymodulates responsiveness to FGF-2
in embryonic NSPCs (94). In experiments carried out by Sirko
et al. (78), NSPCs were grown as freely floating neurospheres in
defined media containing the growth factors EGF and FGF-2,
and therefore, the secreted or cell surfaceCS-PGs can intervene
in the FGF-2- or EGF-dependent signaling pathways and
thereby foster NSPC proliferation and self-renewal. This could
be effected either through themanner by which CS-GAGs bind
and store factors in the pericellular environment (48) or by their
serving as cis-acting cofactors for growth factor receptors, anal-
ogous to the role played by HS-PGs with respect to the FGF
receptor (54). Indeed, the growth factors PTN and MK, which
have been associated with the proliferation of NSPCs, were also
secreted into the neurosphere-conditioned media and strongly
interacted with the CS chains of phosphacan/DSD-1-PG (94,
95). The profound effect of elimination of CS/DS chains in
inhibiting the proliferation and self-renewal of NSPCs is likely
due to an impact on a multitude of signaling pathways. This
corroborates with studies of tenascin C, a glycoprotein that
interacts with phosphacan/DSD-1-PG (96, 97). Tenascin C
facilitates NSPC development by altering the response of cells
to mitogenic growth factors, and one possibility is that this
could be due to the interaction of tenascin Cwith CS-PGs. This
assumption is further supported by the finding that tenascin C
stimulates contactin-dependent neurite outgrowth (98), and
recently, it has been shown that contactin also serves as a recep-
tor for CS-E (73).

CS/DS Chains Participate in Decision of NSPC Fate

The subject of cell fate, also referred to as the ultimate differ-
entiated state to which a cell has become committed, is gov-
erned by a set of intrinsic transcriptional regulators but also by

TABLE 1
PTN-binding “wobble GAG motifs” expressed by CS/DS hybrid chains
during CNS development
CS/DS hybrid chains isolated from embryonic pig brain were fractionated using a
PTN affinity column, and the PTN-bound oligosaccharide fractions were
sequenced by HPLC after digestion with chondroitinase B, which cleaves GalNAc-
IdoUA but not GalNAc-GlcUA linkages, followed by fluorescent labeling (84).
Shown are the PTN-binding motifs in the CS/DS chains containing IdoUA, which
therefore are not rigid but rather flexible. PTN thus binds not just one set of a
particular sequence but an overall functional domain structure in the GAG chain.
On the basis of these findings, we propose a “wobble hypothesis,” which states that
the growth factor-binding moieties on GAGs are a set of multiple overlapping
oligosaccharide sequences with similar conformation and distributed electrostatic
potential but not just one specific sequence. “i” represents IdoUA, and “X” repre-
sents any disaccharide unit, including A, C, D, E, B, or T (trisulfated) units.

Wobble GAGmotif

iC-C-D-C-iX
iA-C-D-C-iX
iC-A-D-C-iX
iD-C-D-C-iX
iC-D-D-C-iX
iC-D-iD-C-iX
iE-D-A-D-iX
iE-D-iA-D-iX
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the unique local microenvironment (99). Toward the end of
embryogenesis and during early postnatal life, astrocytes and
oligodendrocytes are generated mainly from NSPCs, whereas
neurogenesis has largely ceased (1, 5). This timely differentia-
tion of NSPCs is dependent on the presence of CS, and the
elimination of CS/DS from NSPCs inhibits neurogenesis and
increases gliogenesis (78). In these studies, telencephalic neu-
rospheres were used as a model for NSPCs because these cellu-
lar aggregates self-renew in response to FGF-2 and EGF and
give rise to neurons, astrocytes, and oligodendrocytes upon dif-
ferentiation. Elimination of CS chains from neurospheres
reduced the number of BLBP-positive neurogenic neural pro-
genitor cells and increased the number of GLAST-positive
radial glial cells that preferentially generate astroglia (78). In
vivo removal of CS/DS chains from the cerebral ventricles of
E13–14 embryos reduced the number of phosphohistone
H3-positive and BrdU-positive proliferating cells (phosphohis-
tone H3 and BrdU are markers for mitosis and DNA synthesis,
respectively) in the area close to the ventricular surface, indi-
cating that CS/DS regulates the proliferation of precursor cells
residing in the ventricular zone of the developing brain. Further
removal of CS chains has been shown to decrease the expres-
sion of the neural precursor markers nestin and BLBP and to
increase the number of GLAST-positive precursor cells in the
cortical regions (78). These studies show the essentiality of
CS/DS chains for the timely differentiation of neurogenic-pos-
itive radial glia to neurons. It was interpreted that CS/DSmight
be part of the control machinery that delays the onset of glio-
genesis and promotes self-renewal of stem cells and neurogenic
precursors (78).
The timely differentiation of NSPCs into neurons and glia is

differentially controlled by CS via regulation of the responsive-
ness to FGF-2 and EGF (79). Using the neurosphere culture
model, it was observed that the selective removal of CS/DS
chains preferentially affected neurosphere formation of NSPCs
in response to FGF-2 rather than in response to EGF. Quanti-
fication of BrdU-positive cells on chondroitinase ABC-treated
neurospheres revealed that FGF-2-sensitive NSPCs require
intact CS chains for proliferation. Furthermore, the enzymatic
removal of CS-GAGs suppressed the expansion of FGF-2-re-
sponsive, BLBP-positive, and preferentially neurogenic NSPCs.
Removing CS chains favored the increase in GLAST-positive
and EGF-responsive progenitors that preferentially generate
astroglia. The preferential expansion of GLAST-positive radial
glial cells can reflect an enhancedpropensity of dividing cortical
progenitors to generate glia-restricted progenitors, with a con-
comitant decrease in the generation of BLBP-expressing neu-
rogenic progenitors. This switch in phenotype of neural pro-
genitor cells most likely corresponds to radial glial cell subtypes
that appear at later developmental stages (100). In this way, a
selective expression of CS-PGs in subsets of cells may account
for the generation ofNSPCdiversity. The gradually declining or
changing disaccharide composition of CS-GAGs during fore-
brain development results in CS/DS chains with functional
“wobble motifs” that can direct the NSPCs to neurogenic
and/or gliogenic lineage commitment. Still, there is no exten-
sive in vivo evidence for the roles of CS-PGs in the control of
neural stem cells. Further studies based on gene knock-out for

CS-PGs will help to fully understand the precise role of this
sugar molecule in CNS development.

Conclusions

The discovery of NSPCs and their ability to differentiate in
the adult brain can be viewed as one of themajor breakthroughs
in the field of neuroscience, yet the application of stem cells for
cell replacement therapies is still in its infancy. In an optimistic
perspective, much work remains to be done to attain a safe and
secure state of empirical research and application. The studies
discussed herein for the first time demonstrated that CS/DS
carbohydrates play a pivotal role in the orchestration of the
NSPC micromilieu. CS-PGs are the major components of the
neural stem cell niche, and fine structures of CS/DS chains are
dynamically and spatiotemporally regulated during CNS devel-
opment. CS-PGs fine-tune the neural stem cell microenviron-
ment and mediate various biological processes, including
proliferation, self-renewal, cell lineage commitment, and cyto-
kinesis (Fig. 2). Encouraged by these findings, we should exploit
and manipulate the powerful influence that the microenviron-
ment holds for stem cell fate decision. The capacity of CS/DS
chains containing functional wobble GAG oligosaccharide
motifs to possibly instruct NSPCs and direct their lineage com-
mitment opens a new avenue for the use of stem cells in regen-
erative medicine. The ease of isolation of CS fragments from
biological sources, includingmarine organisms,may yield slow-
acting yet safer sugar-based drugs (36) that can harness the
processes of neural stemcell-based therapies. Chemical synthe-

FIGURE 2. Proposed mechanism of CS-PGs in modulating neural stem
cells and their progeny. CS-PGs, the major components of the neural stem
cell niche in the SVZ, interact with various growth factors and neurotrophic
factors and promote the proliferation/self-renewal and differentiation of
NSPCs and neurite outgrowth of terminally differentiated neurons. CS/DS-
PGs interact with growth factors such as FGF and EGF and promote the pro-
liferation and self-renewal of NSPCs. The timely differentiation of NSPCs to
neurons is controlled by CS/DS chains, which specifically bind and favor the
responsiveness to FGF. Thus, CS-PGs could instruct the NSPCs and direct their
lineage commitment. CS/DS-PGs also bind and present neurotrophic factors
such as PTN, MK, and HGF to neuronal cells to promote neurite outgrowth.
The high affinity binding sites for these factors appear to contain D, E, and/or
B disaccharide units and are also enriched in IdoUA. Hence, the ligand-bind-
ing sites on the CS/DS hybrid chains are not rigid but flexible, and individual
functional proteins recognize a set of multiple oligosaccharide sequences
decorated by wobble sulfate groups to give different sulfation patterns. They
are termed here “wobble CS/DS motifs” and influence various cellular events,
including proliferation, self-renewal, and differentiation of NSPCs and neuri-
togenesis of terminally differentiated neurons.
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sis of active CS/DS fragments is also a powerful approach once
various wobble GAG oligosaccharide motifs are elucidated.
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Precise balance between phosphorylation, catalyzed by pro-
tein kinases, and dephosphorylation, catalyzed by protein phos-
phatases, is essential for cellular homeostasis. Deregulation of
this balance leads to pathophysiological states that drive dis-
eases such as cancer, heart disease, and diabetes. The recent
discovery of the PHLPP (pleckstrin homology domain leucine-
rich repeat protein phosphatase) family of Ser/Thr phosphata-
ses adds a new player to the cast of phosphate-controlling
enzymes in cell signaling. PHLPP isozymes catalyze the dephos-
phorylation of a conserved regulatory motif, the hydrophobic
motif, on theAGCkinases Akt, PKC, and S6 kinase, as well as an
inhibitory site on the kinase Mst1, to inhibit cellular prolifera-
tion and induce apoptosis. The frequent deletion of PHLPP in
cancer, coupled with the development of prostate tumors in
mice lacking PHLPP1, identifies PHLPP as a novel tumor sup-
pressor. This minireview discusses the structure, function, and
regulation of PHLPP, with particular focus on its role in disease.

Structure

The PHLPP (pleckstrin homology domain leucine-rich
repeat protein phosphatase) enzymes are novel members of the
protein phosphatase 2C (PP2C)3 grouping in the protein phos-
phatase metal-dependent (PPM) family of Ser/Thr phosphata-
ses (1). The catalytic core of PPMs has a signature set of con-
served Asp residues that coordinate Mg2� or Mn2�, metals

required for catalytic activity (2). Like other PPMs, but in con-
trast to the more abundant and better characterized PPPs
(phosphoprotein phosphatase), PHLPP contains regulatory
modules within the same polypeptide as the phosphatase
domain.
The PHLPP family comprises three isozymes, the alterna-

tively spliced PHLPP1� and PHLPP1� (also referred to as
suprachiasmatic nucleus circadian oscillatory protein (SCOP)
(3)) and PHLPP2, a separate gene product. All three isozymes
share a similar domain structure (Fig. 1A): an N-terminal PH
domain, a leucine-rich repeat (LRR) region, a PP2C phospha-
tase domain, and a C-terminal PDZ-binding motif. In addition,
both PHLPP1� and PHLPP2 have a predicted N-terminal Ras
association domain that is not present in PHLPP1�. The PH
domain contains only the middle Arg of the RXRSF motif
required for phosphoinositide binding and, as such, is a weak
membrane-binding module (4). The PDZ ligands are type 1
PDZ ligands (TPL for PHLPP1 andTAL for PHLPP2). PHLPP is
evolutionarily conserved, with the PH domain and PDZ ligands
being later additions. Curiously, the yeast homolog, Cyr1, is
fused to the N terminus of adenylate cyclase (5).

Function

Based on the reasoning that so many players in the Akt/PKB
pathway have a PH domain (notably Akt itself and its upstream
kinase, PDK1), a rational search of the NCBI database was per-
formed to identify a gene predicted to encode a PH domain and
phosphatase (6). This led to the discover of PHLPP, which was
shown to dephosphorylate a key regulatory site on the C termi-
nus of Akt, the hydrophobic motif, and thus inactivate the
kinase (6). PHLPP was subsequently shown to serve as the
hydrophobic motif phosphatase for three AGC kinase family
members, Akt, PKC, and S6K1 (ribosomal protein S6 kinase 1).
The AGC kinase family mediates an array of important cel-

lular functions, and their dysregulation is strongly associated
with the pathogenesis of many human diseases, most notably
cancer (7). A common property of many AGC kinases is that
their activation is induced by phosphorylation at two conserved
segments: 1) the activation loop, which is phosphorylated by
PDK1 and required to correctly align residues for catalysis, and
2) a C-terminal segment with two phosphorylation sites named
the “turnmotif” and the “hydrophobic motif.” Phosphorylation
at both segments is necessary for maximal activation of these
enzymes (8). Signal transduction by the AGC kinases is
opposed by cellular phosphatases that dephosphorylate these
enzymes, leading to their inactivation.
Initial studies identified PHLPP as a hydrophobic motif

phosphatase, unveiling a new player to oppose prosurvival sig-
naling pathways. Both PHLPP1 and PHLPP2 selectively
dephosphorylate the hydrophobic motif site of Akt isozymes,
PKC isozymes, and S6K (6, 9, 10). In the case of Akt, dephos-
phorylation of this site (Ser-473 of Akt1) reduces its intrinsic
catalytic activity, leading to increased apoptosis and decreased
proliferation (6, 11). In the case of PKC, dephosphorylation of
this site (Ser-657 of PKC�) destabilizes PKC and shunts it to
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degradation pathways. In the case of S6K, dephosphorylation of
the hydrophobic motif (Thr-389) reduces its activity, with the
functional consequence of reducing protein translation (12).
This selectivity for the hydrophobic motif may reflect unique
interactions of the motif with the substrate-binding cavity of
the phosphatase domain; molecular docking revealed that the
signature Phe at the P�1 position of the motif is accommo-
dated in a hydrophobic pocket (brown residues in Fig. 1C) (13).
Thus, PHLPP terminates signaling by three AGC kinases by
selective dephosphorylation of their hydrophobic motif.
Another substrate that PHLPP dephosphorylates to inhibit

cell survival is Mst1 (mammalian sterile 20-like kinase 1) (14).
The Mst1 signaling pathway is a critical regulator of cell sur-
vival, and it is frequently inactivated in tumorigenesis (15). By
binding to and dephosphorylating Mst1 at an autoinhibitory
site (Thr-387), PHLPP activates the Mst1 signaling pathway,
leading to activation of the downstream pro-apoptotic MAPK
pathway (14). Therefore, the antiproliferative and apoptosis-
inducing effects of PHLPP are mediated not only through the
inactivation of theAkt/PKCprosurvival pathways but addition-
ally through the activation of Mst1-controlled pro-apoptotic
pathways.

Protein interactions mediated by the regulatory modules on
PHLPP likely play a determining role in dictating substrate
specificity. The ability of PHLPP to dephosphorylate PKC is
dependent upon the PH domain, as deletion of this domain
results in increased PKC levels (9). In contrast, the ability of
PHLPP to properly regulate Akt depends on an intact PDZ-
binding motif, as deletion of the four amino acids delineating
this motif greatly impairs the ability of PHLPP to terminate Akt
signaling (6). Furthermore, knockdown of PHLPP1 and
PHLPP2 revealed isozyme-specific interactions with individual
Akt isozymes that regulate their activity toward downstream
substrates (11). Specifically, PHLPP1 controls the activity of
Akt2 and Akt3 (but not Akt1), and PHLPP2 regulates Akt1 and
Akt3 (but not Akt2). As a result, the PHLPP family constitutes a
unique signaling axis that regulates both the amplitude and
direction of Akt signaling.
A number of protein scaffolds that serve as signaling plat-

forms to direct downstream signaling by PHLPP have been
identified recently. PHLPP has been shown to be targeted to
Akt through interaction with three distinct scaffolding pro-
teins, FKBP51 (FK506-binding protein of 51 kDa) (16), Scribble
(17), and NHERF1 (Na�/H� exchanger regulatory factor 1)

FIGURE 1. Domain structure of PHLPP. A, domain structure of PHLPP family members showing predicted Ras association domain (RA; purple), PH domain
(cyan), LRRs (orange), PP2C domain (yellow), and C-terminal PDZ-binding motif (pink). a.a., amino acids. B, model of the PP2C domain of PHLPP2 showing active
site acidic residues (Asp-806, Glu-990, and Asp-1024; pink) that coordinate two Mn2� ions (green spheres) (13). Leu-1016, which is present as Ser in 30% of the
population, is highlighted in blue. C, surface rendition of the active site of PHLPP2 docked with a phosphorylated hydrophobic motif peptide from Akt
(HFPQFpSYSAS; with phosphorylated Ser (Ser-473) in red and underlined hydrophobic residues in cyan). Active site residues and Mn2� are colored as described
for B. The alignment of hydrophobic phosphorylation motif sequences of PKC�II, Akt1, and S6K1 is indicated.
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(18), all of which enhance the ability of PHLPP to dephosphor-
ylate Akt by co-localizing the two enzymes. Additionally, over-
expression of the membrane proteins Scribble and NHERF1
forces the relocalization of PHLPP1, which is normally local-
ized primarily in the cytosol, to the plasma membrane. Using
both purified proteins and immunoprecipitation studies, it was
determined that the PDZ-binding motif of PHLPP1 and
PHLPP2 is necessary for their interaction with NHERF1. Spe-
cifically, PHLPP1 binds to both PDZ domains of NHERF1,
whereas PHLPP2 binds primarily to PDZ2 of NHERF1. In con-
trast, the interaction between PHLPP1 and Scribble is inde-
pendent of the PDZ-binding motif of PHLPP1 but is lost upon
deletion of the entire C-terminal region. These scaffolding pro-
teins are commonly lost in tumorigenesis, resulting in the
impaired ability of PHLPP to terminate Akt signaling, thus pro-
moting cell survival and, importantly, resistance to chemother-
apy. Thus, poising PHLPP near its substrates through scaffold-
ing interactions is crucial for its cellular function.
In addition to its influence on cell survival, PHLPP is involved

in a diverse array of physiological processes, including the cir-
cadian rhythm, memory formation, and T cell development.
PHLPP1� was identified by Shimizu et al. (3) and originally
termed SCOP because mRNA levels were demonstrated to
oscillate in a circadian manner, suggestive of a role in control-
ling the central clock. Subsequent studies by Sassone-Corsi and
co-workers (19) determined that in response to a light-induced
phase shift, PHLPP1�/�mice display delayed shortening of cir-
cadian period length (tau) and impaired capacity to stabilize the
circadian rhythm. Additionally, in neuronal cell systems,
PHLPP1� was reported to bind the nucleotide-free form of
K-Ras, through interaction within the LRR region of PHLPP1,
to prevent GTP binding to K-Ras and ultimately diminish sig-
naling through the MEK/ERK pathway (20). Consequently,
overexpression of PHLPP1 in the hippocampi of mice reduces
ERK1/2 signaling, which has been reported to inhibit cAMP
response element-mediated transcription and impair long-
term memory formation (21). These findings implicate a role
for PHLPP in maintaining neural plasticity and in resetting the
circadian clock in response to changing stimuli.
Through their opposition of Akt, PHLPP isozymes also serve

a critical role in the development and function of regulatory T
cells (Tregs) (22). Inactivation ofAkt is known to be a functional
requirement of Tregs, and both PHLPP1 and PHLPP2 mRNAs
are significantly up-regulated in Tregs compared with conven-
tional T cells. Knockdown or genetic deletion of PHLPP1
results in the activation of Akt, an effect that dramatically
impairs the development and function of Tregs. Interestingly,
stimulation of conventional T cells with the immunosuppres-
sive cytokine TGF-� enhances Smad3 binding to the PHLPP1
promoter and induces PHLPP1 expression, indicating that up-
regulation of PHLPP1may be a critical aspect of the Treg devel-
opmental program.
Although themajority of the existing research on PHLPP has

focused on its opposition of Akt and other prosurvival signaling
pathways, there is growing evidence that PHLPP is a central
player in a broad range of cellular processes. Unlike the major-
ity of protein phosphatases, PHLPP contains multiple regula-
tory domains, which raises the possibility that it can control

various effectors throughmechanisms independent of its phos-
phatase activity. Further study will likely reveal novel interact-
ing proteins and unique functions for the PHLPP isozymes.

Regulation

Maintenance of PHLPP activity and expression is crucial to
sustain cellular homeostasis in response to various stimuli and
to preserve the balance between cell survival and apoptosis.
Thus, understanding how the stability and activity of PHLPP
are regulated is an important area of research.
PHLPP regulates hydrophobic motif phosphorylation in

both the absence and presence of growth factor stimulation (6,
11), suggesting constitutive phosphatase activity. However,
whether the intrinsic catalytic activity of PHLPP is acutely
modulated by agonist stimulation is largely unknown. Given
the large number of predicted phosphorylation sites, it is likely
that future studies will unveil multiplemechanisms for agonist-
dependent regulation of activity or subcellular location of
PHLPP.
Interestingly, PHLPP2 activity is highly sensitive to a com-

mon polymorphism affecting 30% of the human population: a
single amino acid change (Leu-1016 to Ser) (Fig. 1B) within the
phosphatase domain of PHLPP2 reduces its rate of dephos-
phorylation of Akt and PKC by �5-fold in vitro, thus rendering
it ineffective toward Akt and PKC in cells and reducing
PHLPP2-dependent apoptosis (23). Whether this polymor-
phism predisposes to cancer is unclear; however, it is notewor-
thy that in three of three heterozygous patients with high-grade
breast cancers, the Leu variant (active toward Akt and PKC)
was shown to be lost in the tumor. This residue is situated in the
predicted substrate-binding cleft of PHLPP2 (Fig. 1B), suggest-
ing that the less abundant Ser variant has a lower affinity for
substrates such as Akt and PKC.
Recent drug discovery efforts using chemical and virtual

screening methods have identified small molecules that specif-
ically inhibit PHLPP at micromolar concentrations (13). These
compounds are selective for PHLPP comparedwith other PP2C
family members, including PP2C�. Biochemical and cellular
assays demonstrated that the two most promising compounds,
which are structurally diverse, effectively inhibit PHLPP in
vitro, increase Akt signaling, and prevent etoposide-induced
apoptosis in cells. Furthermore, molecular modeling of the
phosphatase domain of PHLPP2, based on the structure of
PP2C�, identified several residues that are likely to be impor-
tant for its catalytic activity (Fig. 1B). This molecular modeling
suggests that two Mn2� ions bind the active site and are coor-
dinated by Asp-806, Glu-989, and Asp-1024 (13). The identifi-
cation of PHLPP-specific inhibitors provides a powerful tool to
enhance the understanding of PHLPP at themolecular and cel-
lular levels and provides leads for potential therapeutic
application.
In recent years, our knowledge of the mechanisms control-

ling PHLPP expression levels has greatly improved. At the
translational level, PHLPP1 and PHLPP2 expression is con-
trolled by way of mammalian target of rapamycin (mTOR)-de-
pendent protein translation (24). Specifically, pharmacological
or genetic inhibition of mTOR activity reduces PHLPP expres-
sion via S6K and 4E-BP1, as expression of constitutively active,
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rapamycin-insensitive S6K or knockdown of 4E-BP1 is suffi-
cient to overcome the ability of mTOR inhibition to reduce
PHLPP expression. This finding has broad implications
because physiological stimuli such as amino acid availability
and glucose levels are known to affect the activity ofmTOR (25)
and, in turn, influence the steady-state levels of PHLPP.
PHLPP expression is also controlled at the protein level

through multiple degradation pathways. First, a study examin-
ing the role of PHLPP1� (SCOP) in the regulation of MAPK
signaling demonstrated that an increase in intracellular Ca2�

causes a rapid reduction in the cellular levels of PHLPP1� (21).
It has been established previously that a class of proteases, cal-
pains, is activated in the presence ofCa2� (26). Purified calpains
induce the proteolysis of PHLPP1� in vitro, and pharmacolog-
ical inhibition of calpains was reported to cause a significant
increase in steady-state levels of PHLPP1�. These findings sug-
gest a role for calpain-mediated proteolysis in regulating the
steady-state levels of PHLPP1� in neurons. Second, PHLPP1
levels are modulated by proteasomal degradation. Recent work
by Gao and co-workers (27) identified PHLPP1 as a proteolytic
target of �-transducin repeat-containing protein (�-TrCP), an
E3 ligase that serves as the substrate recognition subunit in the
SCF (Skp1/cullin 1/F-box) protein complex. Specifically, phos-
phorylation of PHLPP1 by casein kinase 1 (CK1) and glycogen
synthase kinase 3 (GSK-3) at multiple residues within its
PP2C domain generates a phosphodegron motif that pro-
motes PHLPP degradation. CK1 constitutively phosphorylates
PHLPP1, an event that is essential for subsequent phosphory-
lation byGSK-3 at Ser-847.Uponphosphorylation by bothCK1
and GSK-3, PHLPP1 is recognized and bound by �-TrCP,
polyubiquitinated, and degraded by the 26 S proteasome.
Importantly, it has been established previously that the activity
of GSK-3� is impaired upon phosphorylation by its upstream
kinase, Akt. Thus,Akt stabilizes its negative regulator, PHLPP1,
resulting in a negative feedback loop through which PHLPP1
serves to dampen Akt signaling. Proteasomal degradation is
largely responsible for the basal turnover of PHLPP1, as 1) inhi-
bition of Akt, CK1, or GSK-3, 2) siRNA knockdown of �-TrCP,
or 3) mutation of the Ser/Thr phosphodegron sites on PHLPP1
to Ala results in a marked increase in PHLPP1 stability. Fur-
thermore, an inverse correlation between PHLPP1 and �-TrCP
levels was observed in colon cancer cell lines, suggesting that
high levels of this E3 ligase correlate with the low level of
PHLPP1 often associated with tumors.
A screen of the NCI60 panel of tumor cell lines identified a

subset of tumors in which the negative feedback loop between
Akt and PHLPP1 is lost (28). Specifically, the cellular levels of
PHLPP1 are insensitive tomanipulation of Akt activity in high-
grade glioblastoma (GBM) cell lines. Cellular fractionation
revealed that in astrocytoma cell lines and normal brain tissue,
�-TrCP1 is predominantly cytoplasmic, whereas in GBM cell
lines and patient-derived tumor neurospheres,�-TrCP1 is con-
fined to the nucleus and thus spatially separated from PHLPP1,
which is cytoplasmic. As a result, in GBM, although PHLPP1 is
properly phosphorylated by upstream kinases, it can no longer
interact with �-TrCP1, and PHLPP1 levels are no longer sensi-
tive to Akt activity. Consistent with this, reintroduction of
�-TrCP1 to the cytosol of GBM cells is sufficient to restore the

ability of Akt to control PHLPP1 levels. This study indicates a
novel mechanism for the dysregulation of PHLPP1 levels, as
well as other SCF�-TrCP substrates, in cancer. Interestingly,
PHLPP1 mRNA levels were consistently reduced in a majority
of the GBM cell lines tested compared with low-grade astrocy-
tomas, suggesting that dysregulation of PHLPP at the transcrip-
tional level may be responsible for promoting Akt signaling in
this disease.
Inhibitors of the mTOR and PI3K/Akt signaling pathways

have shown promise as a therapeutic strategy in the clinic
and are the subject of a great deal of anticancer research.
However, as an off-target effect, we note that the use of these
inhibitors may decrease PHLPP levels and, as a result, pro-
mote survival signaling through Akt, PKC, and Mst1 (Fig. 2).
Thus, inhibitors targeting the PI3K signaling pathway may
display greater efficacy in tumors that have lost the feedback
loop between Akt and PHLPP1 such as GBM because PHLPP
levels will remain constant despite the inhibition of Akt
activity. Therefore, it is important to determine whether the
negative effect on PHLPP expression caused by inhibitors of
PI3K, mTOR, and Akt negates some of their antitumorigenic
effects.

Role in Disease

Increasing evidence supports a crucial role for PHLPP in the
onset and progression of various disease states. The best docu-
mented role of PHLPP is as a tumor suppressor protein in can-
cer (29). Furthermore, several reports suggest that PHLPP not
only blocks tumorigenesis by inactivation of oncogenic path-
ways but also sensitizes cancer cells to chemotherapy (16, 30,
31).
Loss of PHLPP1 is sufficient to cause prostate tumors in

mice, and its genetic deletion or mRNA repression is prevalent
in prostate cancer patients (29). Indeed, PHLPP is deleted as
often as the phosphatase and tensin homolog (PTEN;�40%) in
metastatic prostate cancers (32). Of potential clinical relevance,
low levels of both PHLPP1 andPTEN transcriptswere shown to
correlate strongly with relapse in patients after prostate sur-
gery, suggesting that levels of these tumor suppressors could
serve as a predictor for disease recurrence after prostectomy
(29). Reductions in PHLPP1 or PHLPP2 mRNA and/or protein
levels are associated with a broad spectrum of additional can-
cers, including chronic lymphocytic leukemia (33), breast car-
cinomas (34, 35), GBM (36), andmelanoma (37) among others.
Aberrations in PHLPP may be particularly prevalent in GBM,
where mutations have been found in human tumors and where
higher levels of PHLPP correlate with higher survival rates (38).
PHLPP has also been characterized as a tumor suppressor in
colon cancer: immunohistochemical staining of colon tumors
revealed 78 and 86% decreases in PHLPP1 and PHLPP2 expres-
sion, respectively, compared with normal tissue. Furthermore,
stable overexpression of PHLPP in colon cancer cells decreases
proliferation and sensitizes cells to growth inhibition induced
by PI3K inhibition. ReducedAkt signaling is largely responsible
for the inhibition of cell growth observed upon PHLPP overex-
pression, as a constitutively active and PHLPP-resistant Akt
construct (S473E) negates these effects (39). Importantly,
reconstitution of either PHLPP1 or PHLPP2 into colon cancer
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cells strongly inhibits tumor growth in vivo (39). Thus, PHLPP
is a major tumor suppressor, and mechanisms to enhance its
activity provide a potentially promising novel chemotherapeu-
tic approach.
In contrast to the detrimental effect of enhanced Akt activity

in promoting tumorigenesis, enhancing Akt activity can be
advantageous in disease states such as ischemic heart disease
and metabolic disorders. In this regard, PHLPP1 has been
shown to be an important regulator of Akt signaling in the heart
(40): knockdown or genetic deletion of PHLPP1 enhances Akt
activity in cardiac myocytes and, in turn, provides protection
against ischemic injury. Thus, acute inhibition of PHLPP1 after
cardiac injury may be of therapeutic benefit. Similarly, Akt is a
key modulator of insulin signaling. Impaired activation of Akt
isozymes, specifically Akt2, reduces glucose transport and ulti-
mately leads to insulin resistance, which is commonly associ-
ated with obesity and type 2 diabetes (41, 42). Indeed, PHLPP1
protein levels are significantly higher in skeletal muscle and
adipose tissue from obese human subjects compared with non-
obese subjects, correlating with lower Akt (Ser-473) phosphor-
ylation (43). Consistent with this, PHLPP1 mRNA is enhanced
in type 2 diabetic individuals, correlatingwith decreased hydro-
phobic motif phosphorylation of Akt2 (43). Overexpression of
PHLPP1 in insulin-responsive cell lines results in a decrease in
insulin-induced Akt (Ser-473) phosphorylation, diminished
glycogen synthesis, and reduced glucose transport (44). These
reports suggest that increased PHLPP1 expression promotes
insulin resistance associated with diabetes and obesity.
In summary, mechanisms that control the amount of

PHLPP in the cell are often aberrant in disease. Notably, loss
of PHLPP drives proliferative/survival pathways and is fre-

quently associated with cancer, whereas gain of PHLPP
drives signal termination and is associated with insulin
resistance and obesity. Thus, maintenance of PHLPP levels is
essential for cellular homeostasis.

Conclusion

Identified originally as the hydrophobic motif phosphatase
for Akt, PHLPP has emerged as a central player in the onset and
progression of major diseases because of its control of the bal-
ance between cell survival and apoptosis. Noting that there are
close to 60,000 phosphorylation sites (PhosphoSitePlus) and
fewer than 50 Ser/Thr phosphatases (2), PHLPP is likely to cat-
alyze the dephosphorylation of a plethora of other substrates
that await identification. As a result, efforts to identify novel
substrates and gain a more complete understanding of the
mechanisms governing the activity, localization, and stability of
PHLPP are burgeoning research areas likely to provide novel
insight into the biological function of this new player in cell
signaling. The development of both pharmacological inhibitors
and activators of PHLPP or its regulators, particularly if
designed to target PHLPP activity at specific protein scaffolds,
holds much promise for intervention in the diverse pathophys-
iologies resulting from aberrant PHLPP signaling.
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The cache of coupled reduction-oxidation (i.e. redox) reac-
tions in mammals is ultimately enabled by the cellular nicotin-
amide currency, i.e. the NAD�/NADH and NADP�/NADPH
redox couples. Oxidative metabolism, which results in the cap-
ture of reducing equivalents primarily as NADH, represents
capital investment, whereas biosynthetic reactions, which uti-
lizeNADPH, represent expenditures. From the central nicotin-
amide warehouse, conversion to alternative currencies diversi-
fies the cellular energy portfolio. Themitochondrialmembrane
is the site of currency conversion to ATP, which occurs via the
electron transfer chain and involves a four-electron reduction
of oxygen to water. The oxidative phosphorylation process is,
however, leaky, and reactive oxygen species (ROS),2 represent-
ing incomplete oxidation products of this pathway, are side
products. ROS are also generated at other loci, such as NADPH
oxidase, by metabolic enzymes, such as lipoxygenase, and in
response to extracellular signals, such as growth hormones and
cytokines. Long viewed as noxious, ROS are produced in a con-
trolled manner that is now recognized as critical for signaling
within and between cells. ROS are crucial for regulating such
processes as cell division, circadian rhythms, and the immune
response. On the other hand, uncontrolled ROS levels spell
death.
The intracellular redox “climate” is varied and influenced by

multiple regulators. In the cytoplasm, protein regulators,
such as thioredoxin, and small molecule antioxidants, such
as glutathione and cysteine, maintain distinct redox poten-
tials, revealing that the various redox nodes are not in equi-
libriumwith each other (1).Within organelles, the potentials
of the very same redox couples vary; the redox poise setting is
more oxidizing in the endoplasmic reticulum but more
reducing in the mitochondrion, for instance. Outside the
cellular “box,” i.e. in the extracellular space, the redox envi-
ronment is far from fully oxidized and inert as commonly
supposed. Instead, it is dynamically shaped by intracellular
redox metabolism and is the subject of the minireview by
Ruma Banerjee (2).
Redox changes are sensed and relayed by various cellular

transducers. Protein redox sensors, such as thioredoxin and
peroxiredoxin, play important roles in this regard and are
responsive to redox changes by virtue of reactive cysteines. A
conserved cysteine in peroxiredoxins is oxidized by hydrogen
peroxide to form a sulfenic acid. Although the peroxidase activ-
ity confers an antioxidant function, interactionswith other pro-

teins that are intrinsically less sensitive to oxidation, e.g. those
involved in oxidative protein folding in the endoplasmic retic-
ulum, confer a peroxide sensor function to peroxiredoxins. The
minireview by Sue Goo Rhee et al. (3) discusses the role of
peroxiredoxins in peroxide regulation and signaling.
The modification of reactive cysteine residues with nitric

oxide gives S-nitrosocysteine. This reversible post-translational
modification has pleiotropic effects in cellular signaling path-
ways and overlaps in some instances with other central mech-
anisms for signal transmission, e.g. phosphorylation and ubiq-
uitylation. Regulation of protein function by S-nitrosylation is
the subject of the minireview by Douglas T. Hess and Jonathan
S. Stamler (4).
Cysteines are not particularly abundant in proteins and

are not particularly reactive at physiological pH. Hence, the
use of cysteines for sensing and signaling changes in the
cellular redox state relies on mechanisms for modulating
their reactivity in protein microenvironments. The physico-
chemical properties of and computational methods for iden-
tifying reactive cysteines at a genome-wide level are the sub-
ject of the minireview by Stefano M. Marino and Vadim N.
Gladyshev (5). The article also includes a discussion of bioin-
formatics approaches for identifying reactive cysteines and
predicting their functions in metal binding, structure stabi-
lization, regulation, or catalysis.
Finally, twominireviews focus on aspects of redox regulation

in the mitochondrion. The majority of mitochondrial proteins
synthesized in the cytosol and destined for the intermembrane
space lack an N-terminal leader sequence. Instead, these pro-
teins are imported by an oxidation-drivenmitochondrial disul-
fide relay reaction. This disulfide relay apparatus is functionally
related to the disulfide bond system of the bacterial periplasm
but is structurally distinct and is the subject of the minireview
by Johannes M. Herrmann and Jan Riemer (6). The mitochon-
drion is a hotbed of ROS production used for signaling and
regulation of diverse biological activities. Toren Finkel (7)
reviews the role of mitochondrial oxidants in the hypoxic
response, in regulation of autophagy, in stem cell self-renewal
capacity, and in innate immunity.
In summary, the six minireviews in this thematic series pro-

vide glimpses into the field of redox sensing and regulation.
They illustrate how redox potential setting at a compartmental
level is important for enabling/disabling cellular functions and
reveal at a molecular level that a battery of sensors and carriers
convey redox information within signaling networks.
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Aerobic organisms generate reactive oxygen species as meta-
bolic side products andmust achieve a delicate balance between
using them for signaling cellular functions and protecting
against collateral damage. Small molecule (e.g. glutathione and
cysteine)- and protein (e.g. thioredoxin)-based buffers regulate
the ambient redox potentials in the various intracellular com-
partments, influence the status of redox-sensitive macromole-
cules, and protect against oxidative stress. Less well appreciated
is the fact that the redox potential of the extracellular compart-
ment is also carefully regulated and is dynamic. Changes in
intracellular metabolism alter the redox poise in the extracellu-
lar compartment, and these are correlated with cellular pro-
cesses such as proliferation, differentiation, and death. In this
minireview, the mechanism of extracellular redox remodeling
due to intracellular sulfur metabolism is discussed in the con-
text of various cell-cell communication paradigms.

Life on oxygen necessitated the evolution of antioxidant sys-
tems to protect against overoxidation and to combat reactive
oxygen species (ROS)2 generated as side products from a leaky
electron transfer chain. ROS are also produced in amultitude of
other oxygen-metabolizing reactions and, at low levels, serve in
biological signaling pathways (1, 2). At elevated levels, ROS are
correlated with a plethora of complex diseases, including car-
diovascular and neurodegenerative diseases and cancers (3). In
addition to their widely recognized role in countering oxidative
threats, antioxidant systems are vitally important for poising
the intra- and extracellular redox milieus, both of which are
maintained far from equilibrium. Small molecule- and protein-
based redox buffer systems, including GSH/GSSG, cysteine/
cystine, and oxidized/reduced thioredoxin, are used for thiol-
based redox homeostasis essential for controlling cellular
functions, e.g. gene expression, cell cycle progression, and apo-
ptosis (4). In proteins, methionine and cysteine are the two
common amino acids that can be reversibly oxidized, and their
redox status can influence protein conformation and/or stabil-

ity, enzymatic activity, and interactions with other protein
and/or DNA partners. Oxidation ofmethionine leads tomethi-
onine sulfoxide, which can be reversed enzymatically, or to
methionine sulfone, an overoxidized species that cannot be res-
cued (5).Oxidation of cysteine can lead to formation of sulfenic,
sulfinic, or sulfonic acid, the latter of which represents an irre-
versible modification. In addition to small molecule repair sys-
tems, antioxidant enzymes are utilized for maintaining the
integrity of functionally critical redox-active amino acids and
include sulfiredoxin (6), methionine sulfoxide reductase (5),
and thioredoxin (7), whereas enzymes such as superoxide dis-
mutase, glutathione peroxidase, and catalase keep ROS levels at
bay.
The cellular redox status governs the equilibrium between

oxidized versus reduced states of cysteines and methionines.
Themore oxidizing environment of the endoplasmic reticulum
(ER) and extracellular compartment permits a higher preva-
lence of oxidized cysteines. Indeed, an entire machinery exists
in the ER for introducing disulfides for proper folding and func-
tioning of secreted proteins. Similarly, the extent of steady-state
thiol modifications (e.g. glutathionylation and cysteinylation) is
modulated by the ambient redox potential of the cellular com-
partment. A shift in the steady-state redox potential driven, for
example, by metabolic changes (e.g. sulfur amino acid paucity)
or environmental insults (e.g. oxidative stress) can impact the
distribution of reduced versus oxidized protein thiols. Indeed,
based on the Nernst equation, for every 30-mV change in the
redox potential, an �10-fold shift in the equilibrium between
protein dithiols and disulfides is expected. Proteins with regu-
latory thiol/disulfide switches are susceptible to shifts in redox
state.
Although the importance of redox buffers for maintaining a

reducing intracellular environment is well appreciated, the
extracellular compartment is generally viewed as an oxidizing
microenvironment that is redox-inert. Emerging studies are
changing this view, however, by revealing that the extracellular
redox environment is dynamic and is sculpted by intracellular
metabolism. Because many signaling pathways involved in
autocrine and paracrine regulation emanate from the cell sur-
face, the dynamics of extracellular redox buffering are likely to
have a profound effect on cell-cell communication and func-
tion. In this minireview, we focus on thiol-based redox buffer-
ing beyond the membrane and its regulation by a metabolic
circuitry within the membrane.

Redox Nodes

The primary intracellular redox hubs that interface with
redox-active thiol-containing macromolecular targets are oxi-
dized/reduced thioredoxin, GSH/GSSG, and cysteine/cystine
(Fig. 1). Estimates of the cytoplasmic redox potentials reveal
that these systems are not in equilibrium with each other and
suggest instead that they are likely to be under kinetic control
(Fig. 1A). Thus, the steady-state redox potential for the oxi-
dized/reduced thioredoxin couple in proliferating cells is
between �270 and �280 mV and is largely unperturbed in
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response to cues such as differentiation and apoptosis (8). The
GSH/GSSG redox potential ranges between �260 mV (in pro-
liferating cells) and �220 mV (in differentiated cells) and is
shifted further in the oxidative direction during apoptosis or in
response to sulfur amino acid starvation (8, 9). The cysteine/
cystine couple is themost oxidized at�160mV in proliferating
cells and�125mV in differentiated cells but is unresponsive to
cysteine deficiency (10). Because the GSH/GSSG redox couple
is the most dynamic of the three redox nodes, it has been sug-
gested that it functions as a switchable node that can be either
oxidizing or reducing depending on the status of cells during
the aging process, during the cell cycle, or in response to envi-
ronmental triggers (11). In contrast, the relative stabilities of
the reduced/oxidized thioredoxin and cysteine/cystine couples
lend themselves better to their predominant roles as reducing
and oxidizing nodes, respectively.

In the extracellular space, the cysteine/cystine redox couple
is quantitatively themost significant. In normal human plasma,
the concentrations of cysteine (8–10 �M) and cystine (40–50
�M) (12) are considerably higher the those of GSH (2.8 �M) and
GSSG (0.14 �M) (13). These correspond to redox potentials of
�80 mV for the cysteine/cystine couple and �140 mV for the
GSH/GSSG couple. A linear age-dependent increase in the
plasma cysteine/cystine redox potential (at a rate of 0.14
mV/year) is observed for individuals between 19 and 85 years of
age, whereas the GSH/GSSG redox potential is stable for the
first 45 years and thereafter becomes more oxidized at a linear
rate of 0.7 mV/year (12). Mammalian cells in culture hold the
extracellular cysteine/cystine redox potential at approximately
�80 mV, which shifts in the reductive or oxidative direction
depending on whether the cells are ready for proliferation or
death (Fig. 1A) (14, 15).

Intracellular Sulfur Metabolism Modulates Extracellular
Redox Potential

Cysteine is derived frommethionine via the transsulfuration
pathway or can be obtained via import of cysteine or cystine
(followed by reduction) (Fig. 1B). The transsulfuration pathway
comprises two pyridoxal 5�-phosphate-dependent enzymes,
cystathionine �-synthase and �-cystathionase, which succes-
sively convert homocysteine, a byproduct of the methionine
cycle, to cystathionine and cysteine, respectively. In liver, where
this pathway is best characterized, it serves as an overflow route
for disposal of excess sulfur and is activated by S-adenosylme-
thionine, an indicator of sulfur sufficiency (16). Flux through
the transsulfuration pathway is also activated under oxidative
stress conditions (17, 18). Cystathionine �-synthase represents
a regulatory focal point and is subjected to sumoylation (19)
and allosteric (20, 21), intrasteric (22), and hormonal (23, 24)
regulation. The second major homocysteine-utilizing enzyme,
methionine synthase, conserves methionine via a transmethy-
lation reaction. It utilizes 5-methyltetrahydrofolate as a sub-
strate and is dependent on a vitamin B12 cofactor for catalysis.
Because both homocysteine-utilizing enzymes are dependent
on B vitamins (B12, B6, and folic acid), sufficiency or deficiency
of these nutrients can modulate flux through the sulfur
pathway.
In contrast to the 1–10 mM steady-state concentrations of

GSH found inside cells, cysteine concentrations are approxi-
mately an order of magnitude lower and limit GSH synthesis.
The first of two steps in the GSH synthesis pathway is catalyzed
by �-glutamylcysteine ligase, the rate-limiting enzyme. The
second enzyme, GSH synthetase, catalyzes the ATP-dependent
addition of glycine to �-glutamylcysteine to generate GSH. In
addition to supporting antioxidant and xenobiotic clearance
(via the action of GSTs) functions, GSH also serves as a repos-
itory of cysteine. GSH is rapidly turned over in many cell types,
with half-lives varying from 2 to 6 h, which suggests a high
export rate (25).
Members of the ABCC (ATP-binding cassette C) family of

multidrug resistance-associated proteins (primarily MRP1 and
MRP2 and, possibly, CFTR (cystic fibrosis transmembrane con-
ductance regulator)) handle extrusion of GSH from cells (26).
Under oxidative stress conditions, GSSG can be excreted via

FIGURE 1. Changes in redox potentials and cellular function. A, the steady-
state cytoplasmic redox potentials for the three major thiol-based buffers in
differentiated cells are shown inside the box, whereas the extracellular redox
potentials for the GSH/GSSG and cysteine/cystine redox couple are shown
outside. Shifts in the reductive and oxidative directions are associated with
proliferation and apoptosis, respectively. Trxred/Trxox, reduced/oxidized thi-
oredoxin. B, the GSH/cysteine cycle connects intra- and extracellular GSH and
cysteine pools. Cysteine and cystine can be transported via Na�-dependent
and Na�-independent transporters. Although the mechanisms of cystine
reduction are not fully understood, it is reduced in the intracellular milieu, e.g.
by GSH or thioredoxin. Alternatively, cysteine can be produced from homo-
cysteine, which is a product of the methionine cycle, via the transsulfuration
pathway catalyzed by cystathionine �-synthase (CBS) and �-cystathionase
(CSE). Cysteine is incorporated into GSH via the actions of �-glutamylcysteine
ligase (GCL) and glutathione synthetase (GS). The transmembrane GSH/cys-
teine cycle, shown in red, results in circulation of intracellular GSH to the
outside, where it is cleaved by the actions of �-GT and a dipeptidase (DP). X
and X-CH3 represent a methyl group acceptor and a methylated acceptor,
respectively.
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these transporters. Despite the large quantities of GSH that are
secreted into plasma, the concentration ofGSH in circulation is
low. The ectoenzyme �-glutamyl transpeptidase (�-GT), which
is widely distributed in animal tissues (27), is important for
maintaining low extracellular GSH. �-GT catalyzes the cleav-
age ofGSH into glutamate and cysteinylglycine, and the latter is
converted by a dipeptidase to its component amino acids. The
amino acids released via this mechanism can remain in circu-
lation or can be taken up locally or at a distance. The integration
of intra- and extracellular sulfur metabolism via the transcellu-
lar GSH/cysteine cycle (Fig. 1B) permits modulation of the
extracellular redox poise by intracellular metabolic changes.
Potential mechanisms for influencing the extracellular redox
potential include changing the rate of cystine consumption,
glutathione extrusion, and glutathione cleavage. Systemically,
the release of large quantities of GSH from the liver serves as a
source of cysteine for extrahepatic tissues.
A comparison of postprandial plasma cysteine/cystine redox

potential showed that a meal with sulfur amino acids causes a
10-mV reductive shift compared with one missing these amino
acids (28). This study reveals both the dynamic nature of the
systemic extracellular cysteine/cystine redox potential and its
modulation by diet.

Cysteine/Cystine Transporters

Multiple transporters with tissue-specific distribution exist
for the import of cystine, the predominant form of the amino
acid in circulation, and for cysteine, which is present at substan-
tially lower concentrations (29, 30). Broadly, the transporters
can be categorized intoNa�- dependent andNa�-independent
types (Fig. 1B). The XAG� or excitatory amino acid transporters
are typically known for their high-affinity Na�-dependent glu-
tamate uptake activity and have been extensively characterized
in the CNS. There are five excitatory amino acid transporter
subtypes designated 1–5, with different cellular distributions.
In contrast to the high affinity for glutamate (Km � 9 �M), the
affinity for cystine (Km� 470�M (31)) and cysteine (96�M (32))
ismodest. Na�-dependent uptake of cysteine occurs via system
ASC (Km � 17 �M (32)), which also serves as a transporter for
alanine, serine, and threonine.
Systemb0� catalyzes theNa�-independent import of cystine

(Km � 30 �M (33)) and is important in the renal absorption of
cystine and neutral and dibasic amino acids. Mutations in sys-
tem b0� lead to cystinuria. The Na�-independent xC� anti-
porter uses the transmembrane glutamate gradient to drive
import of cystine (Km � 11 �M (32)). The two amino acids are
exchanged in a 1:1 stoichiometry. Inefficient import of cystine
both by naïve T cells (34) and by neuronsmakes themmetabol-
ically dependent on dendritic cells (35) and astrocytes (36),
respectively, formeeting their cysteine needs. In both instances
of intercellular dependences, the transmembrane GSH/cys-
teine cycle furnishes extracellular cysteine for uptake.
Transporters that can release intracellular cysteine are

poorly characterized. The system L-like neutral amino acid
antiporter LAT2, which has limited tissue distribution,
exchanges extracellular neutral amino acids (with Km values in
the micromolar range) for intracellular cysteine and other
amino acids (with millimolar Km) (29, 37).

Redox Modulation in Extracellular Compartment

The cytoplasmic and extracellular redox potentials of the pri-
mary thiol buffers are vastly different (Fig. 1A) and influence the
structure, stability, and function of macromolecules that reside
within each compartment. The redox status of exofacial mem-
brane proteins, receptors, and transporters should be sensitive
to the cysteine/cystine redox couple and influence, in turn,
their stability and/or function.
A number of studies have revealed systemic changes in the

plasma or extracellular GSH/GSSG and cysteine/cystine redox
couples.Moreoxidizedpotentials arecorrelatedwithaging, smok-
ing, cardiovascular disease, and diabetes (11). Emerging evidence
in several heterocellular systems that are metabolically coupled is
revealing that the basis for extracellular redox climate dynamics is
a change in intracellular redox metabolism. In the following sec-
tion, a few examples of extracellular redox remodeling that occurs
during intercellular communication that have been described by
the author’s laboratory are discussed.
An example of the interplay between redox metabolism and

intercellular signaling involves cells of the adaptive immune
system, which are mobilized into action when an infection
overwhelms innate defense mechanisms. An early step in this
process is engagement of naïve T cells with antigen-presenting
cells in immune synapses, which elicits a flurry of signaling and
leads to activation and subsequent clonal expansion of T cells.
Very low expression of the xC� antiporter makes T cells ineffi-
cient in importing cystine andmetabolically dependent on anti-
gen-presenting cells for cysteine needed for activation (34, 38).
In contrast to naïve T cells, antigen-presenting cells, e.g. den-
dritic cells, express the xC� antiporter, are proficient in cystine
uptake, and further up-regulate expression of xC� upon co-cul-

FIGURE 2. Intercellular redox signaling and metabolite changes. A, redox
remodeling during T cell activation. Induction of the xC� transporter in den-
dritic cells leads to increased consumption of cystine, which, via the �-glu-
tamyl cycle, is converted to extracellular cysteine, which is imported by T cells
and used in GSH biosynthesis. The reductive shift in the extracellular redox
potential during T cell activation has been documented to increase the pro-
portion of thiols on exofacial membrane protein domains in dendritic cells
and T cells. B, activated T cells secrete large quantities of glutamate that are
efficiently cleared via the XAG� transporter on astrocytes. In turn, this activates
the xC� transporter, stimulating cystine consumption and GSH synthesis,
secretion, and cleavage. Cysteine derived from extracellular GSH is taken up
by neurons and converted to GSH and serves a neuroprotective function.
Although the status of membrane protein thiols under these co-culture con-
ditions has not been characterized, the reductive shift in the extracellular
compartment is expected to increase the proportion of thiols versus disulfides
and may be important in initiating or curtailing signaling pathways. The
upward and downward red arrows indicate increases and decreases,
respectively.
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ture with T cells (Fig. 2A) (14). The net outcome of these
changes is a shift in the extracellular microenvironment to a
more reducing potential. Metabolic labeling and pharmacolog-
ical inhibition studies have revealed that the mechanism for
conversion of extracellular cystine imported by dendritic cells
to cysteine involves the transmembrane GSH/cysteine cycle.
The increased cystine consumption and cysteine release by
dendritic cells result in an approximately �30-mV decrease in
the extracellular cysteine/cystine redox potential to �110 mV
(14). In contrast, when dendritic cells and naïve T cells are cul-
tured separately, the extracellular redox potentials are approx-
imately �80 and �50 mV, respectively, consistent with den-
dritic cells being differentiated and T cells being fated for
apoptosis in the absence of activation. The reductive remodel-
ing of the extracellular environment is conducive for T cell
proliferation and also causes a significant shift in themembrane
thiol status as visualized by Alexa maleimide labeling of cell
surface thiols (14). Hence, within 1 h of co-culture, a substantial
increase in labeling is seen on the surfaces of dendritic cells and
T cells, increasing by 4- and 8-fold, respectively in 48 h. The
identities of the redox-sensitive proteins that are affected by the
shift in the extracellular redox potential and the impact of this
redox change on membrane protein functions and signaling
pathways need to be elucidated.
Regulatory T cells thwart activation of effector T cells as part

of a natural surveillance mechanism for keeping autoimmunity
in check (39). One strategy for immunosuppression deployed
by regulatory T cells is to interfere with extracellular redox
remodeling during T cell activation (14, 40). Remarkably, addi-
tion of cysteine to the culture medium at concentrations that
build up during co-culture of naïve T cells and dendritic cells
alleviates immunosuppression by regulatory T cells (14).
Hence, a change in intracellular redox metabolism in dendritic
cells that leads to a shift in the extracellular redox potential is a
critical determinant of the outcome of T cell activation and
hence immunity.
In the CNS, a different set of cellular players engage with

infiltrating T cells when the blood-brain barrier is breached
during injury. The ensuing neuroinflammatory response
involves interactions between T cells and glial cells and, if con-
trolled, is neuroprotective. Engagement of astrocytes and T
cells results in significant increases in extracellular cysteine and
GSH levels (Fig. 2B) (41). Themechanismof the resulting extra-
cellular reductive shift is novel and involves cystine uptake that
is driven by high concentrations of glutamate released by acti-
vated T cells. Intracellular accumulation of glutamate due to
the activity of the XAG� transporter stimulates the xC� anti-
porter, which is driven by the transmembrane glutamate gradi-
ent, and leads to increased intracellular cysteine that stimulates
GSHbiosynthesis. In addition to the reductive shift in the extra-
cellular redox poise, the enhanced availability of cysteine is an
important arm of the neuroprotective response shaped by T
cells because neurons are inefficient transporters of cystine.
Cysteine exported by astrocytes is then imported by neurons
and used for GSH synthesis, increasing antioxidant capacity.
As the above example illustrates, astrocytes play a critical

role in neuronal redox homeostasis. In Alzheimer disease,
extracellular deposition of amyloid � (A�), derived from the

amyloid precursor protein, is seen in senile plaques. Repeated
exposure of astrocytes to A� leads to enhanced uptake of cys-
tine via the xC� transporter, decreased expression of cystathio-
nine �-synthase, decreased intracellular GSH, and increased
extracellular cysteine, which is derived via the transmembrane
GSH/cysteine cycle (42). The net result of these metabolic
changes is a 10-mV oxidative shift in the intracellular GSH/
GSSG redox potential and a 30-mV reductive shift in the extra-
cellular cysteine/cystine redox potential. It has been speculated
that chronic A�-induced remodeling of the extracellular redox
environment might stimulate microglial proliferation, enhance
inflammation, and exacerbate neuronal degeneration (42).
Unregulated accumulation of astrocyte-derived cysteine could
lead to NMDA receptor excitotoxicity (43) and crossing of the
threshold between a neuroprotective versus neurotoxic con-
centration of the amino acid.
Although the above examples illustrate a common theme of

extracellular redox remodeling during cell-cell communica-
tion, they also reveal significant mechanistic differences in how
this is achieved in different systems. Indeed, yet another strat-
egy for controlling the extracellular redox potential appears to
operate in cultured human colonic epithelial cells and involves
cystine transporters but not intracellularGSHmetabolism (44).
A more complete picture of the identities of membrane pro-
teins affected by redox changes is needed to understand how
the extracellular redox environment influences cellular
function.

Extracellular Redox Enzymes

Significant gaps exist in our understanding of how changes in
the extracellular thiol/disulfide status of membrane proteins
are catalyzed and how this process is regulated in mammals.
H2O2 reacts slowlywith thiols to formasulfenic acid intermediate,
which can subsequently be converted in an enzyme-catalyzed or
uncatalyzed reaction to a disulfide (Scheme 1) (45, 46). Thiol per-
oxidases andperoxiredoxins canaccelerate the samereaction (45).
Alternatively, vitamin C or dehydoascorbate can react with thiols,
leading to disulfide generation (Scheme 2) (47).
Some candidate proteinaceous catalysts that might be

important in determining the dithiol/disulfide equilibrium on
exofacial membrane protein domains include sulfhydryl oxi-

SCHEME 1

SCHEME 2
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dases and secreted thioredoxin/thioredoxin reductase. Protein-
disulfide isomerases, which have been reported on the cell sur-
face, do not catalyze the net generation of disulfide bonds.
Instead, they shuffle bonds, exchanging one disulfide for
another.
Members of the quiescin-sulfhydryl oxidase (QSOX) family

are flavin-dependent enzymes involved in oxidative protein
folding in the ER (48). QSOX is also found on the outer face of
the plasma membrane in secreted fluids and in cell culture
medium.QSOX catalyzes the reduction ofmolecular oxygen to
H2O2 using the two electrons released during conversion of a
thiol pair to a disulfide in client proteins. A role for QSOX-
derived H2O2 in signaling has been suggested. Secreted/exofa-
cial QSOXmight also participate in extracellularmatrix forma-
tion and redox cycles pertinent to cell proliferation,
development, and adhesion (48). It is not known if the levels
and/or activity of QSOX is modulated under conditions in
which extracellular redox remodeling occurs and, if so, how this
process might be regulated.
Thioredoxin is a small disulfide oxidoreductase and reduces

disulfide bonds on target proteins, including ribonucleotide
reductase, peroxiredoxins,methionine sulfoxide reductase, and
the transcription factor AP-1. Extracellular thioredoxin, which
is secreted by a leaderless pathway, has anti-inflammatory
effects (49). A truncated form of thioredoxin missing �20
amino acids at the C terminus is also a potent cytokine and is
mitogenic. However, its mitogenic activity is independent of an
active site CXXCmotif (50). This is in contrast to the extracel-
lular effects of full-length thioredoxin, which require an intact
active site motif. Thioredoxin is released in response to oxida-
tive stress in a process that also requires an intact active site
CXXCmotif (51). Secreted thioredoxin interacts with the TNF
receptor superfamily member CD30 on lymphocytes in a
CXXC-dependent manner (52). Thioredoxin released by den-
dritic cells upon engagement with T cells (38) does not play a
role in the ensuing reductive shift in the extracellular cysteine/
cystine redox potential (14).
For thioredoxin or related family members to function as

disulfide reductases to regulate the dithiol/disulfide equilib-
rium of extracellular membrane protein domains, additional
components, e.g. NADPH and thioredoxin reductase, are
needed. Although normal and cancerous cells are reported to
secrete thioredoxin reductase (53), the extracellular source of
reductant necessary for completing this redox cycle is
unknown.

Future Perspectives

Oxidative stress is widely invoked in conditions ranging from
inflammation and aging to complex diseases. However, the
specificity of the oxidative stress response in a given disease is
generally very poorly understood. More problematic still are
the limited insights into the redox changes that occur in the
extracellular compartment with the potential to influence a
host of paracrine and autocrine signaling pathways and trans-
porter and receptor functions. These limitations explain, in
part, the remarkable lack of success with the wide therapeutic
use of antioxidants. However, the information gap represents
an opportunity for elucidating the mechanisms underlying

redox changes within and outside the cell, identifying targets
that are modulated by these changes, and applying this infor-
mation toward developing rational therapeutic strategies.
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Peroxiredoxins (Prxs) contain an active site cysteine that is
sensitive to oxidation byH2O2.Mammalian cells express six Prx
isoforms that are localized to various cellular compartments.
The oxidized active site cysteine of Prx can be reduced by a
cellular thiol, thus enabling Prx to function as a locally con-
strained peroxidase. Regulation of Prx via phosphorylation in
response to extracellular signals allows the local accumulation
of H2O2 and thereby enables its messenger function. The fact
that the oxidation state of the active site cysteine of Prx can be
transferred to other proteins that are less intrinsically suscepti-
ble to H2O2 also allows Prx to function as an H2O2 sensor.

An unusual antioxidant protein, now called peroxiredoxin
(Prx),2 was initially identified on the basis of its capacity to
protect proteins from oxidative damage induced by reactive
oxygen species (ROS) produced in the presence of DTT. It was
named “protector protein” or “thiol-specific antioxidant”
before being renamed Prx (1–5). The ROS were generated as
the result of the reduction of molecular oxygen by DTT to
superoxide and H2O2, which were further reduced to hydroxyl
radicals in the presence of trace amounts of contaminating
metal (iron or copper) ions (6). Analysis of purified yeast Prx
revealed that it did not contain conventional redox centers such
as metals, heme, flavin, or selenocysteine. Prx therefore did not
resemble any antioxidant known at the time. It was subse-
quently found that (i) Prx is present in all biological kingdoms
from bacteria to mammals; (ii) two cysteine residues, corre-
sponding to Cys47 and Cys170 of yeast Prx, are highly conserved
amongPrx familymembers; (iii) Prxs are homodimers arranged
in a head-to-tail orientation; and (iv) Cys47–SH of Prx is specif-
ically oxidized by H2O2 to cysteine sulfenic acid (Cys–SOH),
which is resolved by reaction with Cys170–SH of the adjacent
monomer, resulting in the formation of a disulfide linkage,
Cys47–S-S–Cys170 (7). The antioxidant function of Prx was
attributed to the fact that the disulfide could be reduced by

DTT, resulting in completion of a catalytic cycle. Thioredoxin
(Trx) was eventually shown to be the biological donor of reduc-
ing equivalents for the catalytic function of Prx (8), with per-
oxynitrite (ONOO�) in addition to H2O2 and lipid peroxides
also being found to be reduced by Prx enzymes (9). The con-
servedCys residue corresponding toCys47 of yeast Prxwas later
referred to as the peroxidatic Cys (CP) to reflect its sensitivity to
oxidation by peroxides, and the conserved Cys residue corre-
sponding to Cys170 was designated the resolving Cys (CR) (10).

Given that H2O2 reacts with the thiolate (deprotonated)
form of cysteine, oxidation of cysteine is enhanced by a
microenvironment that lowers the normally high pKa (�8.6) of
cysteine thiols to a value below neutral pH. The pKa values of
the CP residue of members of the Prx family are in the range of
5–6 (11–16).However, whereasmost deprotonated thiols react
with H2O2 with a rate constant of �20 M�1 s�1 (17), the CP
residue of Prxs reacts with H2O2 with rate constants of 1 � 105
to 1 � 107 M�1 s�1 (14, 17). The low pKa alone thus appears to
be insufficient to account for the high reactivity of Prx with
peroxide. The unusually high activity was recently attributed to
the fact that Prx enzymes activate not only the thiolate of CP but
also the peroxide substrate via a hydrogen bonding network
formedby four amino acids (Pro, Thr,Arg, andGlu,Gln, orHis)
conserved in the active site of all Prx enzymes (18).

Mechanism of Peroxidase Reaction

On the basis of the location or absence of theCR residue, Prxs
are classified into 2-Cys, atypical 2-Cys, and 1-Cys Prx subfam-
ilies (4, 5, 19).Mammalian cells express six isoforms of Prx: four
2-Cys Prx isoforms (Prxs I–IV), one atypical 2-Cys Prx isoform
(Prx V), and one 1-Cys Prx isoform (Prx VI). These isoforms
vary in subcellular localization,with Prx I, II, andVI being local-
ized mainly in the cytosol; Prx III being restricted to mitochon-
dria; Prx IV being found predominantly in the endoplasmic
reticulum (ER); and Prx V being present in the cytosol, mito-
chondria, and peroxisomes. As discussed below, however, Prx
localization is multifarious, being dependent on the cell type
and environment.
The peroxidase reaction mechanisms of mammalian Prx

enzymes are shown in Fig. 1. As demonstrated first with yeast
Prx, the conserved CP–SH of 2-Cys Prx is selectively oxidized
by H2O2 to the CP–SOH intermediate. An intermolecular
disulfide is then formed with CR–SH and is ultimately reduced
by Trx (Fig. 1A). Eukaryotic members of the 2-Cys Prx sub-
group are distinct frommost prokaryotic members in that they
contain two structural motifs (GGLG and YF) whose interac-
tion restricts the ability of CP–SOH to approach CR–SH and
thereby hinders disulfide formation (10, 18, 20). As a result,
CP–SOH of eukaryotic 2-Cys Prxs can react with a second
H2O2 molecule and become hyperoxidized to cysteine sulfinic
acid (CP–SO2H) before it is able to react with CR–SH (21, 22).
Such hyperoxidation results in the inactivation of peroxidase
activity and in the formation of higher order molecular aggre-
gates that exhibit protein chaperone function (23–25). The
CP–SO2H moiety of 2-Cys Prxs can be reduced in an ATP-de-
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pendent reaction catalyzed by sulfiredoxin (Srx) (Fig. 1A) (26).
Recent evidence has shown that 2-Cys Prxs from several pro-
karyotic organisms, including cyanobacteria, contain the
GGLG and YF motifs and undergo hyperoxidation at the CP
residue (27) and that cyanobacteria express a eukaryote-like Srx
protein (28).
Prxs V and VI, the mammalian members of the atypical

2-Cys and 1-Cys Prx subgroups, respectively, also exist in an
antiparallel dimeric form (29–33).During the catalytic cycles of
Prxs V and VI (Fig. 1, B and C), the CP–SH residue is first
oxidized by peroxides, as with 2-Cys Prxs. For Prx V, the result-
ing CP–SOH then reacts with CR–SH of the same subunit to
form an intramolecular disulfide linkage, which is also reduced
by Trx as in 2-Cys Prx (Fig. 1B). In the catalytic cycle of Prx VI,
Cys–SOH does not form a disulfide because of the unavailabil-
ity of another Cys–SH nearby. CP–SOH of oxidized Prx VI is
reduced by GSH in the presence of the Pi isoform of GST but
not by Trx or glutaredoxin (29, 30, 34–36). Prxs V and VI are
less sensitive to hyperoxidation than are 2-Cys Prxs, and hyper-
oxidized forms of Prxs V and VI are not reduced by Srx (37).

Reduction of Locally Produced Peroxides by Concerted
Action of 2-Cys Prx and Srx

The role of Prx enzymes as peroxidases has been demon-
strated by increasing or decreasing their expression levels in
various cell lines and evaluating the sensitivity of the cells to
oxidative insults. Prx-deficient mice have also been generated
by targeting the gene for each isoform. These mice develop to

adulthood with no overt phenotype when maintained under
normal laboratory conditions. Prx II knock-out (KO)mice sub-
sequently develop hemolytic anemia (38), and ablation of Prx I
resulted in spontaneous tumor formation in aging mice in one
study (39). These phenotypes of Prx KO mice may not be
related to the peroxidase activity of the targeted protein, how-
ever. As described below, certain Prx enzymes also function as
local regulators of H2O2, which serves as an intracellular mes-
senger. The tumor suppressor function of Prx I was attributed
to such regulation of H2O2 (40, 41).
An in vivo antioxidant function of Prx I was recently demon-

strated in the livers of ethanol-fedmice (42). The production of
ROS and oxidative stress play a central role in the pathogenesis
of alcoholic liver disease. Ethanol consumption induces the
accumulation of CYP2E1 (cytochrome P450 2E1), a major con-
tributor to ethanol-induced ROS production in the liver.
CYP2E1 catalyzes the oxidation of a wide variety of low molec-
ular weight compounds, including ethanol (43). Elevated
CYP2E1 levels alone result in oxidative stress because electron
transfer from the donor system (NADPH and NADPH-depen-
dent cytochrome P450 reductase) to CYP2E1 is not perfectly
coupled and is therefore leaky (44). Such leaked electrons react
with O2 to produce superoxide, which is converted to H2O2 or
reacts with nitric oxide to produce peroxynitrite. Ethanol feed-
ing in mice was found to markedly increase the abundance of
Srx protein and mRNA in the liver. However, it had no signifi-
cant effect on the hepatic abundance of the six Prx isoforms.

FIGURE 1. Reaction mechanisms of Prx enzymes. The reaction mechanisms of 2-Cys Prx (A), atypical 2-Cys Prx (B), and 1-Cys Prx (C) enzymes are shown. TrxR,
Trx reductase.
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Analysis of Nrf2 KO mice indicated that the ethanol-induced
up-regulation of Srx expression is mediated mainly via a path-
way dependent on the transcription factor Nrf2 (42).
During elimination of peroxides, all 2-Cys Prxs undergo

unavoidable hyperoxidation. Among Prxs I-IV, however, only
Prx I was found to be hyperoxidized (to a moderate extent) in
the livers of ethanol-fed mice, with this effect being markedly
enhanced in Srx KOmice (Fig. 2) (42). These observations sug-
gested that Prx I is the most active 2-Cys Prx in elimination of
ROS in the livers of ethanol-fed mice and that, despite the ele-
vated expression of Srx in such mice, the capacity of Srx is not
sufficient to counteract the hyperoxidation of Prx I that occurs
during ROS reduction. The preferential hyperoxidation of Prx I
also occurs despite the fact that both Prxs I and II are cytosolic
proteins and that Prx II is more prone to hyperoxidation than is
Prx I in most cell types (41, 45). A protease protection assay
showed that a large fraction of Prx I, but not of Prx II, is located
at the cytoplasmic side of the ER membrane, where CYP2E1 is
embedded (42). The selective burden of ROS removal borne by
Prx I is thus likely attributable to its proximity to the ROS-
generating CYP2E1 (Fig. 2). In addition to inducing the expres-
sion of Srx in the liver, ethanol feeding elicited the translocation
of some Srxmolecules tomicrosomes. However, the capacity of
Srx located near the surface of the ER was not sufficient to fully
counteract the hyperoxidation of Prx I, with consequent accu-

mulation of a small amount of Prx I–SO2. Chronic ethanol
feeding in Srx KO mice resulted in hyperoxidation of 30–50%
of total Prx I, which likely represents virtually all ER-bound Prx
I molecules (42).
Ethanol feeding also increases the abundance of CYP2E1 and

the production of ROS in mitochondria (46), likely resulting in
the hyperoxidation of Prx III, a member of the 2-Cys Prx sub-
family that is specifically localized to mitochondria (Fig. 2).
However, Prx III–SO2 was not detected in the livers of ethanol-
fed wild-typemice, probably because increased oxidative stress
resulted in the translocation of Srx into mitochondria (47), and
the capacity of mitochondrial Srx was then sufficient to coun-
teract the hyperoxidation of Prx III. A small proportion of Prx
III was hyperoxidized in the livers of ethanol-fed Srx-deficient
mice, suggesting that Prx III is vulnerable to hyperoxidation by
ethanol-inducedROS and that Prx III–SO2 accumulates only in
the absence of Srx. Mammalian cells also contain a mitochon-
drion-specific Trx system (48), suggesting that Prx III together
withmitochondrial Trxmight provide a primary line of defense
against H2O2 produced by themitochondrial respiratory chain.

Ethanol-induced oxidative damage in the liver includes pro-
tein modification such as carbonylation, addition of 4-hy-
droxynonenal, and nitration of tyrosine to yield 3-nitrotyrosine
(49). The pivotal roles of Srx and Prx I in protection of the liver
against ethanol-induced oxidative stress were apparent in mice
deficient in Srx or Prx I. Subjection of such mice to chronic
ethanol feeding thus resulted in more severe oxidative damage
to the liver, as revealed by protein carbonylation and by the
formation of 4-hydroxynonenal and 3-nitrotyrosine adducts,
compared with that observed in ethanol-fed wild-type mice
(42).

Regulation by Prx I of H2O2 Produced Locally at Plasma
Membrane

Many mammalian cell types produce H2O2 for the purpose
of intracellular signaling in response to stimulation through
various cell surface receptors (50, 51). For example, in cells
stimulated with growth factors such as PDGF or EGF, the pro-
duction of H2O2 is required for propagation of growth factor
signaling (52, 53). Hydrogen peroxide is distinct from other
messenger molecules in that it acts not by binding to effectors
but by oxidizing their critical residues,most notably cysteine, as
exemplified by the inhibition of protein-tyrosine phosphatases
(PTPs) and the tumor suppressor PTEN (phosphatase and ten-
sin homolog) as a result of oxidation of their catalytic Cys by
H2O2 produced in response to growth factor stimulation (19,
54). Indeed, the activation of protein-tyrosine kinases (PTKs) is
not sufficient to increase the steady-state level of protein tyro-
sine phosphorylation in cells; the concurrent inhibition of PTPs
by H2O2 is also required. It had remained unclear, however,
how a toxic molecule like H2O2 is able to oxidize effector pro-
teins selectively without inflicting damage on other proteins
and lipids. One possible explanation was localized production
of H2O2. Evidence indicates that NADPH oxidase (Nox) is
largely responsible for receptor-dependent H2O2 production
(55, 56) and that Nox1 andNox2 are activatedwithin lipid rafts,
which serve as a platform for the assembly of various signaling
proteins, including receptor PTKs and Src family kinases (57).

FIGURE 2. Antioxidant roles of Prx I, Prx III, and Srx in ethanol-fed mouse
liver. EtOH feeding increases the abundance of CYP2E1 in the ER. A large
proportion of Prx I is present at the cytosolic side of the ER membrane, where
CYP2E1 is located. Prx I is therefore preferentially engaged in the reduction of
ROS produced by CYP2E1 and becomes hyperoxidized. Reactivation of such
hyperoxidized Prx I requires the action of Srx, the expression of which is
greatly increased via an Nrf2- and antioxidant regulatory element (ARE)-de-
pendent pathway in the livers of ethanol-fed mice. Ethanol feeding also
increases the abundance of CYP2E1 and the production of ROS in mitochon-
dria, likely resulting in hyperoxidation of Prx III that is reversed in part by
translocation of Srx from the cytosol into mitochondria.
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Proteins such as PTPs and PTEN have a low pKa thiol that
can be selectively oxidized by H2O2 with a rate constant of�20
M�1 s�1 (17). Given such amoderate rate of oxidation, forH2O2
to serve as a signalingmolecule, its concentrationmust increase
rapidly above a certain threshold (10–100 �M) and remain ele-
vated long enough for it to oxidize effector molecules (58).
However, in most cells, H2O2-eliminating enzymes are present
at large concentrations in the cytosol to ensure that the toxic
molecule remains at low intracellular levels (�0.1�M) (58). The
localized production of H2O2 might therefore not be sufficient
to support its messenger function without protection from
local H2O2-eliminating enzymes.

Although Prxs I and II are present mostly in the cytosolic
fraction, a small proportion of these enzymes was shown to be
constitutively associated with detergent-resistant lipid rafts
(41). Prx I, but not Prx II, was also found to be phosphorylated
(at Tyr194) by PTKs of the Src family in several cell types stim-
ulated via growth factor receptors, including those for PDGF
and EGF, or via immune receptors such as the T cell and B cell
receptors. This phosphorylation induced inactivation of the
peroxidase activity of Prx I and was confined to Prx I molecules
associatedwith lipid rafts; it was not observedwith Prx I present
in the cytosol. The spatially confined inactivation of Prx I thus
provides a means for the generation of favorable H2O2 gradi-
ents around lipid rafts, where signaling proteins are concen-
trated, while minimizing the general accumulation of H2O2 to
toxic levels and disturbance of global redox potential. Prx I
phosphorylation was enhanced by increasing Nox1 expression,
supporting the notion that Prx I phosphorylation occurs in the
cellular microdomains where H2O2 is produced. The phospho-
rylation of Prx I at Tyr194 was also detected at the wound edge
during repair of a cutaneous injury in mice. This finding likely
reflects the fact that growth factors such as EGF, PDGF, FGF,
TGF-�, keratinocyte growth factor, and insulin-like growth
factor-1 act as key inducers of the proliferation of keratinocytes
and fibroblasts at the wound edge (59).
A model depicting the mechanism underlying H2O2 accu-

mulation around lipid rafts and its role in intracellular signaling
is shown in Fig. 3. Engagement of a growth factor receptor or an

immune receptor thus induces the production ofH2O2 through
activation of Nox present in lipid rafts. The activated receptor
also induces the phosphorylation of raft-associated Prx I at
Tyr194 through activation of a Src family PTK, resulting in inac-
tivation of Prx I, which would otherwise destroy the newly gen-
erated H2O2. Inactivation of Prx I allows the accumulation of
H2O2 around lipid rafts, which in turn promotes further phos-
phorylation and inactivation of Prx I both by activating Src
kinases and by inactivating PTPs. These two positive feedback
loops allow the sustained H2O2 signaling necessary for the reg-
ulation of biological responses. The inhibition of PTPs byH2O2
is critical for growth factor signaling because activation of
receptor PTKs alone is not sufficient to achieve the levels of
protein tyrosine phosphorylation necessary for such signaling,
with the concurrent inhibition of PTPs by H2O2 preventing the
futile cycle of phosphorylation and dephosphorylation (52–54).
Reversible inactivation of the inositol lipid phosphatase PTEN
by H2O2 is also necessary for signaling mediated by phosphoi-
nositide 3-kinase (60, 61).
In contrast to Prx I, Prx II was found to be inactivated not via

tyrosine phosphorylation but rather via hyperoxidation of its
peroxidatic cysteine and only under conditions of sustained
oxidative stress. Hyperoxidized Prx I or II could not be detected
even when the extent of PDGF-induced H2O2 generation was
increased by overexpressing the PDGF receptor or Nox1
(together with two additional proteins, Noxo1 and Noxa1,
which are necessary for activation ofNox1) (41). Although both
Prxs I and II are associated with lipid rafts, inactivation of Prx I,
which is more efficient as a peroxidase than is Prx II, might be
sufficient to allow local accumulation of H2O2 for signal prop-
agation. The role of raft-associated Prx II remains unclear.
Given that the accumulation of a small amount of H2O2 at lipid
rafts can trigger rapid signal amplification through the action of
the positive feedback loops shown in Fig. 3, the presence of both
Prxs II and Imight provide a safeguard to prevent inappropriate
activation of signaling cascades by spurious production ofH2O2
at rafts. Functional differences between Prxs I and II are also
apparent in the phenotypes of the corresponding KO mice:
mice lacking Prx I thus manifest an increased susceptibility to

FIGURE 3. Model for mechanism underlying H2O2 accumulation around lipid rafts and its role in intracellular signaling. See text for details.
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spontaneous cancer, whereas those deficient in Prx II do not
(39, 40). Prx I has thus been suggested to play a tumor suppres-
sor role, and this suggestion was further supported by the
observation that Prx I deficiency in mice increases the suscep-
tibility to Ras- or ErbB2-induced breast cancer (40).
Themodel shown in Fig. 3 also exemplifies a double-negative

feedback loop, in which PTPs suppress receptor PTK activa-
tion, and H2O2 mediates coupling of receptor PTK activation
with PTP inhibition. Computer simulation has recently been
applied to analyze the signaling system involving a receptor
PTK, a PTP, Prx I, and H2O2 (62). It was suggested previously
that the plasma membrane is partitioned into 50–300-nm-
wide domains by the combined action of actin-based mem-
brane skeleton “fences” and anchored-transmembrane protein
“pickets” (63), with proteins and lipids being highly mobile
within these membrane domains. However, the hopping of sig-
naling proteins across the fences is thought to occur with low
probability and therefore becomes the rate-limiting factor in
lateral spread of receptor signaling. The computer simulation
indicated that the propagation of growth factor signaling initi-
ated by a local source is possible as a result of the tight H2O2-
dependent coupling between the receptor PTK and PTP. In
addition, the simulation predicted that the phosphorylation-
dependent regulation of Prx I activity contributes to lowering
the threshold for later propagation of signaling but not substan-
tially to its axial propagation in the cytoplasm (62).

Role of Prx IV as H2O2 Sensor for Protein Folding in ER

Prx IV is an ER-resident protein (64). The ER is responsible
for maintaining redox conditions that facilitate the formation
of disulfide bonds, which involves the transfer of electrons from
the reduced cysteines of unfolded proteins to oxidoreductases

of the protein-disulfide isomerase (PDI) family. Completion of
the catalytic cycle requires re-formation of the intramolecular
disulfide of PDI. Ero1 (ERmembrane-associated oxidoreductin
1) was found to participate in PDI reoxidation and disulfide
bond formation (65). During the PDI oxidation reaction, Ero1
mediates the flavin-dependent transfer of electrons directly to
molecular oxygen, producing one molecule of H2O2 for every
disulfide bond formed (Fig. 4). TheH2O2 produced by Ero1 can
be reduced by Prx IV. Given that the ER does not contain Trx, it
has been unclear, however, how the inevitable formation of the
disulfide CP–S-S–CR within Prx IV can be reversed to support
peroxidase activity. A novel solution to this problem has been
provided by the finding that PDI physically interacts with Prx
IV and serves as the disulfide reductase of oxidized Prx IV (66,
67). Indeed, PDI itself was oxidized more efficiently by Prx IV
than by Ero1 (67). In addition to providing a pathway for main-
taining the catalytic activity of Prx IV, the coupling of the oxi-
dation of Prx IV byH2O2 to the formation of a disulfide ensures
that two disulfide bonds are formed for every oxygen molecule
reduced (Fig. 4).
Despite its key role in protein folding, Ero1 was found not to

be essential in mice (68), suggesting the existence of alternative
sources of H2O2 molecules for protein folding. Nox4, which is
present in the ER, was proposed as a candidate for such a
source. ER-associated mitochondria also can provide H2O2 to
support ER function. It was proposed thatH2O2molecules pro-
vided by these sources are used to oxidize Prx IV and that the
oxidized state of Prx IV is then transferred to PDI thiols,
thereby converting them to a disulfide and finally resulting in
the formation of a disulfide in the protein to be folded (Fig. 4)
(66, 67). Prx IV thus functions as a sensor of H2O2 in PDI-

FIGURE 4. Role of Prx IV as H2O2 sensor for protein folding in ER. Oxidation of thiols to disulfide linkages during protein folding in the ER is achieved with the
use of H2O2 produced by oxidant-generating sources such as Ero1, NADPH oxidase, and mitochondria. Ero1 produces H2O2 by transferring electrons from
reduced PDI to O2. In the proposed model, CP–SH and CR–SH of Prx IV are first oxidized by H2O2 to form a disulfide. The oxidized state of Prx IV is then transferred
to PDI thiols, thereby converting them to a disulfide and finally resulting in the formation of a disulfide in the protein to be folded. Prx IV in the ER physically
interacts with PDI. It is thus thought to function as a sensor of H2O2 in PDI-mediated protein folding.
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mediated protein folding. This sensor function of Prx IV is pos-
sible because the active site of Prx is configured to favor oxida-
tion by peroxides but not for reaction with other oxidants or
disulfide-containing proteins. The peroxide sensor function of
thiol-based peroxidases has been demonstrated previously for
the oxidation of Yap1 (a transcription factor that controls anti-
oxidant gene expression) by Orp1 (a Prx-related glutathione
peroxidase) in Saccharomyces cerevisiae (69, 70). Similarly, in
Schizosaccharomyces pombe, Tpx1 (a 2-Cys Prx) serves as a
peroxide sensor for Pap1, the homolog of Yap1 (71, 72). In
plants, the nuclear-encoded chloroplast 2-Cys Prx was shown
to regulate the transcription activity of Rap2.4 (73).

Other Localized Functions of Prx

A somewhat unusual disulfide reductase activity of Prx I has
been described recently in relation to regulation of the six-
transmembrane protein GDE2 (74). GDE2, which controls the
onset and progression of the differentiation of spinal motor
neurons through its extracellular glycerophosphodiester phos-
phodiesterase activity, is normally inactive because of the pres-
ence of an intramolecular disulfide bond between Cys25 and
Cys576. However, GDE2 associates with Prx I through its N-ter-
minal 38 amino acids, resulting in the activation of GDE2
through Prx I-catalyzed reduction of the intramolecular disul-
fide bond. This finding thus uncovered a novel disulfide reduc-
tase activity of Prx I. Prx I-dependent activation of GDE2
should result in the formation of the intermolecular disulfide
CP–S-S–CR within Prx I, suggesting that the progression of
neuronal differentiation relies on the effective recycling of Prx I
to the active reduced form by Trx.
Prx VI is the prototype and the onlymammalian 1-Cysmem-

ber of the Prx family.Major differences from other Prxs include
the use of GSH instead of Trx as the physiological reductant,
heterodimerization with Pi GST as part of the catalytic cycle,
and the ability to hydrolyze phospholipids as a result of Ca2�-
independent phospholipase A2 (PLA2) activity (35, 36, 75–77).
Prx VI is thus a bifunctional protein and has separate active site
residues for peroxidase (Cys47, theCP residue) and PLA2 (Ser32)
activities. Prx VI is found in both cytosolic and lysosomal com-
partments in lung alveolar epithelium. It is capable of reducing
a broad spectrum of peroxides and provides protection against
oxidative stress through its peroxidase activity (78), and it par-
ticipates in the turnover of lung surfactant phospholipids
through its PLA2 activity (79). Given that the pH optimum for
the PLA2 activity of the enzyme is in the acidic range (80) and
that the peroxidase activity is expressed at cytosolic pH, the
subcellular localization of Prx VI is likely to affect the balance
between the two activities. The localization of Prx VI to lyso-
some-like organelles in lung epithelial cells was shown recently
to require the activity of the mitogen-activated protein kinases
ERK and p38 but not to involve PrxVI phosphorylation. Rather,
ERK and p38 appear to regulate the subcellular localization of
Prx VI through activation of 14-3-3� as a chaperone protein
that binds to Prx VI, resulting in entry of Prx VI into the vesic-
ular pathway and its further targeting to lysosomal compart-
ments (81).

Concluding Remarks

The structure of Prx provides a specific environment that
renders CP highly sensitive to oxidation by H2O2 while at the
same time protecting it from reaction with other cellular oxi-
dants. Six different Prx isozymes are found in various locations
of mammalian cells, allowing Prx to function as a peroxidase as
well as a sensor of H2O2 in specialized cellular compartments.
As exemplified by the tyrosine phosphorylation-dependent
inactivation of Prx I, the peroxidase function of Prx can be reg-
ulated via various post-translational modifications. Such mod-
ifications also include threonine and serine phosphorylation
(82, 83), lysine acetylation (84), cysteine glutathionylation (85,
86), cysteine nitrosylation (87), and limited proteolysis (88),
although the biological relevance of these reactions remains
unclear at the present time. Prxs also interact with numerous
proteins, whichmight direct their cellular localization and sen-
sitivity to oxidation (5).
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Protein post-translational modification by S-nitrosylation
conveys a ubiquitous influence of nitric oxide on signal trans-
duction in eukaryotic cells. Thewide functional purview of S-ni-
trosylation reflects in part the regulation by S-nitrosylation of
the principal protein post-translational modifications that play
a role in cell signaling, including phosphorylation, acetylation,
ubiquitylation and related modifications, palmitoylation, and
alternative Cys-based redox modifications. In this minireview,
we discuss the mechanisms through which S-nitrosylation
exerts its broad pleiotropic influence on protein post-transla-
tional modification.

Ineukaryotic cells, regulationofproteinproperties and function
by post-translational modification is the central molecular mech-
anism that mediates signal transduction. It has been established
over the past decade that S-nitrosylation, the addition of an NO
group to a Cys thiol to form an S-nitrosoprotein (SNO-protein),
regulates a broad spectrum of proteins in all functional protein
classes and cell types examined (1–3). The literature now
encompasses some 3000 S-nitrosoproteins (including those
identified with exogenously administered, physiological,
nitrosylating agents), which may represent only the tip of the
iceberg in light of the emerging role of denitrosylases in determin-
ing detectable levels of protein S-nitrosylation (4, 5). As illustrated
in this minireview, the picture that has formed indicates that the
propagation ormodulation of cell signals by S-nitrosylation often
entails crosstalk with signaling modalities mediated by other
principal mechanisms of post-translational modification. In-
deed, it appears to date that, among post-translational modifi-
cations that convey cell signals, the breadth of the influence of
S-nitrosylation may be comparable with that of phosphoryla-
tion and ubiquitylation, where signal crosstalk is established as
a central operating principle (6). A number of recent reviews
have emphasized the determinants of substrate specificity and
the enzymatic mechanisms of S-nitrosylation/denitrosylation
(1, 2, 4, 5, 7). We summarize here for the first time the role of
S-nitrosylation as a pleiotropic regulator of protein post-trans-
lational modification (Fig. 1).

The precis presented here raises issues of general relevance
to the analysis of regulation by S-nitrosylation (as for other
post-translational modifications). With regard to causality, it
can be difficult to predict or assess the degree of modification
required to exert a significant regulatory effect in vivo, in part
because of the compartmentalized modification of substrate
proteins involved (1, 8). Accordingly, only a small subset of
proteins, such as those affiliated with a receptor or other part-
ners (1, 8, 9), may convey the cell signals. Furthermore, the
population stoichiometry of modification may be relatively
unimportant in cases of gain of function, including induced
protein-protein interactions and the activation of transcription
factors or channels, where minor populations may convey bio-
logical activity. Nonetheless, S-nitrosylation and activation of a
substantial proportion of a channel population have in fact
been documented (10), and notably, a stoichiometry of 1 for
S-nitrosylation has been observed in the case of inhibition of
enzyme activity (mitochondrial caspase-3) (11, 12). Additional
challenges are presented by the targeted S-nitrosylation ofmul-
tiple, functionally related elements in signaling pathways
because spatiotemporal analyses are largely beyond the state of
the art. Nonetheless, mutation of identified sites of S-nitrosyla-
tion in concert with inhibition of stimulus-coupled NOS activ-
ity can provide strong evidence for a physiological role. An
emerging understanding of the determinants of specificity of
S-nitrosylation highlights the importance of direct binding of
substrates by sources of NO groups, the reactivity of target Cys,
and the nature of the nitrosylating agent, as illustrated by the
newly appreciated roles for transnitrosylases (7).

Phosphorylation

Regulation by S-nitrosylation of both protein kinases and
phosphatases influences a wide range of signal transduction
pathways mediated by phosphorylation/dephosphorylation,
and illustrative examples are provided here (Table 1). In many
but not all cases, the effect of S-nitrosylation on kinase or phos-
phatase activity is inhibitory and is exerted through modifica-
tion of a single Cys residue, and in the case of kinases, inhibition
may be exerted directly through suppression of kinase activity
or bymodulating the interaction of kinase and substrate. These
operating principles are well illustrated in the case of MAPK-
mediated signaling (1) that mediates TNF�-induced apoptosis.
Endogenous S-nitrosylation of the MAPK kinase kinase ASK1
(apoptosis signal-regulating kinase-1) at a single Cys inhibits
the binding of ASK1 to its principal downstream effectors,
MKK3 and MKK6 (13). S-Nitrosylation of a single Cys within
JNK, the downstream MAPK target of MKK3/6, inhibits JNK-
mediated phosphorylation and transactivation of c-Jun (14), at
least in part by inhibiting binding of JNK and c-Jun (15). Thus,
S-nitrosylation of specific regulatory Cys residues may exert a
calibrated anti-apoptotic influence through modulation of
sequential MAPK-mediated transduction stages. In addition to
theMAPK subfamily of the CMCG family of kinases, S-nitrosy-
lation acts onmembers of the cyclin-dependent kinase subfam-
ily (16, 17). Endogenous S-nitrosylation of neuronal Cdk5 tar-
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gets one or twoCys residues, includingCys-83, within theATP-
binding pocket, and the resultant modulation of kinase activity
regulates dendritic growth, branching, and spine formation (17,
18). Excessive S-nitrosylation of Cdk5 is associated with den-
dritic spine loss in Alzheimer disease (18).
Exemplary instances of regulation by S-nitrosylation of ser-

ine/threonine kinases outside theMAPK family are provided by
Akt kinase (PKB) and G protein-coupled receptor kinase
(GRK).2 S-Nitrosylation of a singleCyswithinAkt inhibits insu-
lin-stimulated Akt catalytic activity, and Akt S-nitrosylation is
enhanced in diabetic mouse models (19, 20). Enhanced S-ni-
trosylation of Akt is also associated with aging-related deficits
in skeletal muscle (21). S-Nitrosylation of a single Cys within
the activation loop of GRK2, induced by stimulation of �2-ad-
renergic receptors (�2-ARs) that are coupled to endothelial
NOS (eNOS; NOS3), inhibits ligand-stimulated activation of
GRK2 and thus�2-AR phosphorylation and thereby suppresses
receptor desensitization and down-regulation that are associ-
ated with heart failure and asthma (22). S-Nitrosylation also
inhibits the activity of protein kinase C (23) as well as other
serine/threonine kinases, including I�B kinase and the insulin
receptor kinase, as discussed below.

Protein-tyrosine kinases (PTKs) function in a multiplicity of
signaling pathways, and S-nitrosylation has been shown to reg-
ulate the function of both receptor and non-receptor PTKs.
S-Nitrosylation of one or twoCys residueswithin the epidermal
growth factor receptor, a prototypical receptor PTK, inhibits its
auto(trans)phosphorylation and downstream signaling (24).
Downstream signaling by receptor PTKs is often mediated by
phosphorylation and activation of non-receptor PTKs, the pro-
totype of which is c-Src. S-Nitrosylation of a single Cys within
the catalytic domain of c-Src (which is conserved among other
members of the Src family of non-receptor PTKs) activates
rather than inhibits c-Src catalytic activity as assessed by tyro-
sine autophosphorylation, and c-Src activation by �-estradiol,
an important step in cancer cell invasion, was shown to depend
upon c-Src S-nitrosylation (25). An additional example of
kinase activation by S-nitrosylation is provided by the (non-
protein) kinase glucokinase. S-Nitrosylation of a single Cys res-
idue (Cys-371) consequent upon activation of neuronal NOS
(nNOS; NOS1) by insulin in pancreatic beta cells disrupts the
binding of glucokinase and nNOS, thereby disinhibiting glu-
cokinase to promote insulin secretion (notably, insulin is a
prominent example of a receptor PTK ligand) (26).
Both protein-tyrosine phosphatases (PTPs) and serine/thre-

onine phosphatases are regulated by S-nitrosylation. Members
of the PTP superfamily utilize a catalytic Cys, and oxidative
inhibition of PTPs by endogenously produced hydrogen perox-
ide,whichmay be reversible or irreversible, iswell known. S-Ni-

2 The abbreviations used are: GRK, G protein-coupled receptor kinase; �2-AR,
�2-adrenergic receptor; eNOS, endothelial NOS; PTK, protein-tyrosine
kinase; nNOS, neuronal NOS; PTP, protein-tyrosine phosphatase; SDF-1�,
stromal cell-derived factor-1�; HIF-1�, hypoxia-inducible factor-1�; IKK,
I�B kinase.

FIGURE 1. Schematic summary of principal post-translational mechanisms regulated by S-nitrosylation and molecular loci of regulation.
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TABLE 1
Summary of illustrative examples of regulation by S-nitrosylation of protein post-translational modification
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trosylation inhibits the prototypical PTP, PTP1B, by targeting
the active site Cys, and S-nitrosylation protected PTP1B from
irreversible oxidation by hydrogen peroxide (27). Cellular irra-
diation induced transient S-nitrosylation of the active site Cys
and thereby inactivated the SH2 (Src homology 2) domain-con-
taining non-receptor tyrosine phosphatases SHP-1 and SHP-2
(28). Furthermore, PTP1B, SHP-1, and SHP-2 are S-nitrosy-
lated consequent upon insulin stimulation of eNOS, which
results in enhanced tyrosine phosphorylation of the insulin
receptor anddownstream signaling elements, including theAkt
kinase, and thereby enhanced insulin responsiveness (29). The
chemokine stromal cell-derived factor-1� (SDF-1�) signals
through a MAPK cascade involving JNK3, and JNK activity is
regulated byMKP7 (MAPKphosphatase 7). Activation of JNK3
by SDF-1� was shown to depend upon activation of eNOS, and
an essential role was demonstrated for S-nitrosylation and inhi-
bition of MKP7, resulting in enhanced JNK3 phosphorylation
(30). Thus, S-nitrosylation ofMKP7 is a crucial link in SDF-1�-
regulated endothelial cell migration and angiogenesis (30).
Recent results demonstrated that PTEN (phosphatase and

tensin homolog) is also regulated by S-nitrosylation. The gene
encoding PTEN was identified as a tumor suppressor that is
mutated in many cancers. Although the catalytic domain of
PTEN is similar to that of dual specificity PTPs, its principal
substrates are phosphoinositides and, in particular, phosphati-
dylinositol 3,4,5-trisphosphate. Thus, PTEN negatively regu-
lates the phosphoinositide 3-kinase/Akt signaling pathway.
S-Nitrosylation of a single Cyswithin PTEN inhibits phosphati-
dylinositol-3,4,5-trisphosphate phosphatase activity, and nota-
bly, the site of S-nitrosylation (Cys-83) is allosteric and distinct
from the active site Cys (Cys-124) that is the target of oxidative
inactivation of PTEN (31). S-Nitrosylation of PTEN enhances
Akt signaling (phosphorylation of Akt substrates), and S-ni-
trosylation of PTEN is enhanced in ischemic brain tissue (31,
32), consistent with the role of Akt in promoting cell survival.
Enhanced S-nitrosylation of PTEN was also observed in the
brains of patients diagnosed with Alzheimer disease (33).

Acetylation

Nitric oxide plays a broad role in regulating the expression of
eukaryotic genes, and this influence is exerted at least in part
through S-nitrosylation (34, 35). S-Nitrosylation of regulatory
binding partners of transcription factors can exert an extranu-
clear influence on transcription factor activation, stability,
and/or nuclear targeting, as in the case of hypoxia-inducible
factor-1� (HIF-1�) and p53 (see below) (1), and S-nitrosylation
of transcription factors at DNA-binding or allosteric sites can
directly regulate gene transcription in the nucleus, as in the case
of NF-�B, where S-nitrosylation of critical redox-sensitive Cys
residues inhibits NF-�B DNA binding and promoter activity
and therebyNF-�B-dependent gene transcription (36). In addi-
tion, it has emerged that S-nitrosylationmay also operate in the
nucleus on epigenetic mechanisms of transcriptional regula-
tion, in particular through regulation of histone acetylation/
deacetylation (Table 1).
HDAC2 (histone deacetylase 2) is modified directly by S-ni-

trosylation. In neurons, S-nitrosylation of HDAC2 coupled to
stimulation of nNOS by BDNF was localized to two Cys resi-

dues, Cys-262 and Cys-274, which are conserved across other
Class I histone deacetylases (37). S-Nitrosylation did not affect
deacetylase activity, but it induced HDAC2 release from chro-
matin and consequently enhanced acetylation of histones and
transcriptional activation, in particular of cAMP response ele-
ment-regulated genes. At least one function of this chromatin
remodeling was to control the activation of genes that regulate
dendritic growth and branching (37). In skeletal muscle,
HDAC2 expression is up-regulated in the MDX mouse model
of muscular dystrophy, which is also characterized by dysregu-
lated NOS activity in dystrophic muscle (38). Either down-reg-
ulation of HDAC2 or repletion of NOS ameliorates the patho-
physiological MDX muscle phenotype, and repletion of NOS
results in S-nitrosylation of HDAC2 (38).

Important new insight into the regulation of nuclear S-ni-
trosylation has been provided recently by Snyder and co-
workers (39). These investigators established a role for the
enzyme GAPDH in conveying S-nitrosylation-based signals
from the cytosol to the nucleus: GAPDH that is S-nitrosy-
lated at the single (active site) Cys-150, by NO generated
endogenously in the context of apoptotic signaling, binds the
E3 ubiquitin ligase Siah1 and is thereby co-translocated to
the nucleus (40). Subsequently, they reported that S-nitrosyla-
tion of GAPDH promoted its binding to nuclear substrates,
including HDAC2 and the Class III deacetylase sirtuin-1, fol-
lowed by transnitrosylative transfer of the NO group from
SNO-GAPDH to binding partners (39). Furthermore, trans-S-
nitrosylation inhibited sirtuin-1 activity and its effects on tran-
scription. Thus, SNO-GAPDH functions as a nuclear S-nitrosy-
lase to facilitate histone acetylation and thereby gene
transcription (7, 39). Most recently, this group has shown that
histone acetylation is also facilitated through degradation by
Siah1, co-translocated to the nucleuswith SNO-GAPDH, of the
histonemethyltransferase SUV39H1 (suppressor of variegation
3–9 homologue 1) (41). Although lysine acetylation is best
characterized in the context of nuclear histones, proteomic
analysis has revealed that themammalian acetylome comprises
at least 1700 proteins involved in a broad range of cellular func-
tions,most ofwhich are non-nuclear (42). The role of S-nitrosy-
lation in regulating extranuclear lysine acetylation remains
unexplored.

Long-chain Fatty Acid S-Acylation (S-Palmitoylation)

Cys residues within proteins may be subject to covalent lipid
modification by thioether-linked polyisoprenylation or thioes-
ter-linked S-palmitoylation. S-Palmitoylation is unique among
Cys-directed and other covalent lipid modifications of proteins
in that it is, at least in many cases, reversible and dynamic.
Members of the DHHC family (characterized by an aspartate-
lysine-lysine-cysteine active site) serve as S-palmitoylating
enzymes, and two classes of depalmitoylating enzymes have
been identified (43). S-Palmitoylation has been shown to influ-
ence a broad range of protein properties and functions, includ-
ing subcellular localization and stability, protein-protein inter-
action, and signal propagation (43). As in the case of
S-nitrosylation, only one or a few Cys residues are S-palmitoy-
lated within most modified proteins. To the extent that the
molecular determinants that target S-palmitoylation and S-ni-
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trosylation are shared, S-palmitoylation and S-nitrosylation
might operate antiphasically. A mutually competitive relation-
ship between S-palmitoylation and S-nitrosylation was sug-
gested initially on the basis of decreased palmitoylation of mul-
tiple neuronal proteins (including GAP-43 and SNAP-25) in
the presence of nitric oxide donors as assessed by metabolic
labeling (incorporation of [3H]palmitate) (44). Subsequent
studies, also employing metabolic labeling, reported inhibition
by S-nitrosylating agents of S-palmitoylation of themammalian
�2-AR, transferrin receptor, and caveolin (45, 46) as well as the
coronavirus spike protein (47).
A direct demonstration of mutually competitive S-nitrosyla-

tion and S-palmitoylation in neurons under physiological con-
ditions was provided recently by Ho et al. (48). PSD-95 (post-
synaptic density protein of 95 kDa), which serves as the
principal scaffolding protein of the post-synaptic density, is
known to be dynamically S-palmitoylated at Cys-3 and Cys-5
(49). Ho et al. (48) showed that these residues are also subject to
endogenous S-nitrosylation and that stimulation of S-nitrosy-
lation decreased palmitoylation as assessed by metabolic label-
ing as well as by acyl-biotin exchange (which directly indicates
levels of S-palmitoylated substrate). Conversely, inhibition of
S-palmitoylation, either pharmacologically in cultured cells or
by genetic knock-out of the relevant DHHC in intact mice,
enhanced endogenous S-nitrosylation. The physiological rele-
vance of this dynamic reciprocity was demonstrated by the
finding that synaptic clustering of PSD-95, known to require
Cys-3/Cys-5 palmitoylation and to play an essential role in the
organization of glutamatergic receptors that are scaffolded by
PSD-95 (49), was decreased by nNOS activation consequent
upon stimulation of NMDA receptors. It is of note that,
although as yet unexplored, S-nitrosylation may potentially
inhibit protein S-palmitoylation by targeting the reactive Cys
residue in CoA and thereby suppressing formation of fatty acyl-
CoA, the precursor for S-acylation, or the reactive Cys residue
at the active site of theDHHCenzymes that is required for their
S-palmitoylating function. In view of the hundreds of proteins
(distributed across essentially all functional classes) that are
known to be modified endogenously by S-nitrosylation and/or
S-palmitoylation, the implications of their interaction are pro-
found (Table 1).

Ubiquitylation, SUMOylation, and ISGylation

Ubiquitylation is the ligation by the 8.5-kDa protein ubiqui-
tin of a target protein Lys residue (monoubiquitylation), which
may be followed by formation of ubiquitin chains through
attachment of additional ubiquitin moieties to one or more of
the seven Lys residues within conjugated ubiquitin (polyubiq-
uitylation). Activation of ubiquitin by an E1 ubiquitin-activat-
ing enzyme results in the thioester linkage of ubiquitin to the E1
active site Cys thiol, followed by transfer of ubiquitin via tran-
sthioesterification to the active site Cys thiol of an E2 ubiquitin-
conjugating enzyme and finally by formation of an isopeptide
bond between a target protein lysine and theC-terminal glycine
of ubiquitin catalyzed by an E3 ubiquitin ligase that can interact
with both E2 and substrate. Ubiquitylation was initially shown
to govern protein degradation through polyubiquitylation that
targets modified substrates to the proteasome. However, it is

now well established that the form of ubiquitylation (mono-
ubiquitylation versus polyubiquitylation and the type of inter-
ubiquitin linkages in polyubiquitin chains) dictates disparate
fates that are associatedwith a broad range of cellular processes
and signaling events (including, for example, receptor and
membrane trafficking and gene transcription) (Table 1).
In eukaryotes, polyubiquitylation-mediated degradation of

some proteins is governed by the N-end rule, according to
which an N-terminal Asn, Gln, or Cys is converted to Arg to
allow recognition by an E3 ligase (50). Whereas Asn or Gln is
enzymatically deamidated to Asp or Glu prior to conjugation
with Arg, arginylation of N-terminal Cys is mediated through a
modification, assumed to be S-nitrosylation, followed by
O2-dependent oxidation to cysteine sulfonic acid, as exempli-
fied in the case of the RGS (regulator of G protein signaling)
proteins (50). Thus, S-nitrosylation presumably serves as a nec-
essary step in implementing the ubiquitin-dependent N-end
mechanism of protein degradation and thereby governs the
turnover of multiple substrates.
S-Nitrosylation has been shown to inhibit RING finger E3

ligase activity. S-Nitrosylation of the neuronal RING finger E3
ligase parkin, which targets Cys within BIR (baculoviral inhibi-
tor of apoptosis repeat motif) and RING domains, is enhanced
in rodent parkinsonian models and brains of human patients
with sporadic Parkinson disease, and the consequent inhibition
of parkin activity (which may be preceded by activation (50))
has been implicated in protein accumulation and aggregation
that characterizes Parkinson (and other neurodegenerative)
disease (51, 52). In the case of the RING finger E3 ligase XIAP
(X-linked inhibitor of apoptosis protein), S-nitrosylation that
targets Cys residues within RING and BIR domains, respec-
tively, inhibits ubiquitin-mediated degradation of pro-apopto-
tic caspase cysteine proteases (caspase-3) and releases and dis-
inhibits XIAP-bound caspase-3 and thereby promotes cell
death (53), and elevated levels of SNO-XIAP have been
detected in the brains of patients with any of a number of neu-
rodegenerative diseases (53, 54). As indicated above in the case
of the N-end rule pathway, S-nitrosylation of substrates may
regulate their propensity to undergo ubiquitylation. S-Nitrosy-
lation of a single Cys within the Fe2�-dependent degradation
sequence of IRP2 (iron regulatory protein 2) was reported to
enhance its ubiquitylation and proteasomal degradation (55).
In contrast, endogenous S-nitrosylation of a pair ofCys residues
within the key apoptosis regulatory protein Bcl-2 inhibits its
ubiquitylation and proteasomal degradation and suppresses
apoptosis (56), and similarly, S-nitrosylation of a pair of
Cys residues within the anti-apoptotic FLICE inhibitory pro-
tein FLIP, which is down-regulated in association with apopto-
tic signaling, inhibits its ubiquitylation and exerts an anti-apo-
ptotic effect (57). In the case of the “tumor suppressor”
transcription factor p53, ubiquitylation by the RING finger E3
ligaseHDM2mediates rapid turnover by proteasomal degrada-
tion, and S-nitrosylation of a single Cys within HDM2 inhibits
p53 binding and thereby stabilizes p53 and activates p53-de-
pendent transcription (58, 59).
Additional examples illustrate control of ubiquitylation by

S-nitrosylation via regulation of alternative post-translational
modifications. The transcription factor NF-�B is complexed

MINIREVIEW: Pleiotropic Protein S-Nitrosylation

FEBRUARY 10, 2012 • VOLUME 287 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4415



with and sequestered in the cytoplasm by I�B (inhibitor of
NF-�B) proteins, and phosphorylation of I�B by the I�B kinase
complex (which contains the catalytic I�B kinase (IKK) � and
IKK� subunits) induces I�B ubiquitylation and degradation to
allow translocation of NF-�B to the nucleus and DNA binding
(60). Reynaert et al. (61) showed that endogenous S-nitrosyla-
tion of Cys-179 within IKK� inhibits I�B phosphorylation,
thereby regulating the proteasomal targeting of I�B and
NF-�B-dependent transcription. In the case ofHIF-�, hydroxy-
lation of HIF-� proline residues facilitates binding of the von
Hippel-Lindau protein, pVHL, which functions as the substrate
recognitionmodule of an E3 ubiquitin ligase. Because hydroxy-
lation is O2-dependent, HIF-� is stabilized by hypoxia. How-
ever, it was observed that exogenous S-nitrosylating agents as
well as endogenous NOS activity could stabilize HIF-1� at nor-
moxia (58, 62), and it was later demonstrated that S-nitrosyla-
tion of a single Cys within the oxygen-dependent degradation
domain of HIF-1� could inhibit normoxic pVHL binding and
thus HIF-1� ubiquitylation and degradation (63). Normoxic
S-nitrosylation of HIF-1� is enhanced in mice with a targeted
deletion of the denitrosylase S-nitrosoglutathione reductase,
and the effects of ischemic myocardial infarction are amelio-
rated in these animals in association with up-regulation by
HIF-1� of vascular endothelial growth factor and enhanced
angiogenesis (64). In addition, as described above, ubiquityla-
tion of nuclear proteins is subserved in part by binding and
co-translocation to the nucleus of GAPDH and the E3 ligase
Siah1, which are dependent uponGAPDH S-nitrosylation (40).
Binding of SNO-GAPDHstabilizes Siah1 and thereby enhances
degradation of nuclear proteins (40).
There exist a number of ubiquitin-like proteins, most prom-

inently the SUMO family of small ubiquitin-like modifiers and
ISG15, the product of interferon-stimulated gene 15, thatmod-
ify protein Lys residues in a fashion similar to ubiquitylation to
regulate a wide range of protein functions (58, 59). S-Nitrosy-
lation of a single Cys within the SUMO E3 ligase Pias3 (protein
inhibitor of activated STAT3) promoted its interaction with
and ubiquitylation by the ubiquitin E3 ligase Trim32 (tripartite
motif-containing 32), resulting in enhanced degradation of
Pias3 and suppression of sumoylation (65). ISG15 is modified
directly by S-nitrosylation at a single Cys that participates in
homodimerization, and S-nitrosylation results in enhanced
ISGylation (66).
There are several hundred mammalian E3 ligases, which

are distributed among at least four mechanistically distinct
classes (67). Little is known about the susceptibility to and
potential functional influence of S-nitrosylation across E3
enzymes (or for that matter, E1 and E2 enzymes, which pos-
sess reactive, active site Cys thiols). The possible roles of
S-nitrosylation in regulating ubiquitylation-mediated sig-
naling that is at least partly independent of substrate turn-
over also remain unexplored.

Cys-based Redox Modifications (Glutathionylation,
Sulfhydration, and Alternative Cys Oxidations)

In addition to S-nitrosylation, Cys residues in proteins may
undergo a variety of redox-based modifications and electro-
philic substitutions (68, 69). There is strong evidence and a

structural rationale to suggest that oxidative modifications of
thiol are not in general functionally interchangeable (8, 69), and
a molecular code for redox based-regulation has been enter-
tained (70). The extent to which particular modifications con-
vey physiological signals is an area of active investigation (69).
To date, physiological roles for themodification of Cys residues
by the formation of sulfinic acid and glutathione mixed disul-
fide are best established in the context of cellular proliferation
and differentiation, acting through inhibition of phosphatases
(69, 71), but recent examples of regulation of members of other
classes of proteins, as in activation of the ATM (ataxia telangi-
ectasia mutated) protein kinase by hydrogen peroxide-medi-
ated disulfide-linked dimerization (72),may portend a farwider
purview.Crosstalk among S-nitrosylation and alternative redox
modifications may be predicted because 1) in general, S-ni-
trosylation will prevent further oxidation of protein thiols (27,
73); 2) S-nitrosylation may catalyze disulfide formation
between vicinal thiols within or between proteins at active or
allosteric sites (74), although the physiological relevance of
accelerated disulfide formation is not well established; and 3)
S-nitrosylation may enhance glutathionylation (75, 76) or sulf-
hydration of the S-nitrosylated Cys in specific instances where
structural features orient the S-NO to favor attack on sulfur. In
addition, S-nitrosylationwill predictably regulate the activity of
oxidases and reductases that employ active site or allosteric
thiols to control both the production of redox-active second
messengers and the redox modifications of proteins that may
subserve signaling. One notable example is the inhibitory S-ni-
trosylation of peroxiredoxin 2 (77); the peroxiredoxins have a
recognized role in PTK-mediated signaling through regulation
of PTP activity (71). Exploration of interplay and crosstalk
between S-nitrosylation and alternative redox-based and elec-
trophilic modifications of protein Cys residues will assume
increasing importance with the establishment of physiological
roles for alternative modifications in cell signaling (Table 1).
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Cys ismuchdifferent fromother common amino acids in pro-
teins. Being one of the least abundant residues, Cys is often
observed in functional sites in proteins. This residue is reactive,
polarizable, and redox-active; has high affinity formetals; and is
particularly responsive to the local environment. A better
understanding of the basic properties of Cys is essential for
interpretation of high-throughput data sets and for prediction
and classification of functional Cys residues. We provide an
overview of approaches used to study Cys residues, from meth-
ods for investigation of their basic properties, such as exposure
and pKa, to algorithms for functional prediction of different
types of Cys in proteins.

Among the 20 common amino acids in proteins, Cys is often
an outlier credited with several unique features. It is one of the
least abundant residues (often the least abundant) in organ-
isms, yet it is frequently observed in functionally important
sites of proteins, where it serves catalytic, regulatory, structure-
stabilizing, cofactor-binding, and other functions. Although
Cys is thought to be a later addition to the genetic code (1), it
has also been shown to accumulate more than any other amino
acid in present day organisms (2), implying that the usage ofCys
may further expand in their descendents. The functional
importance of Cys in biology is also highlighted by the observa-
tion that, in humans, Cys mutations lead to genetic diseases
more often than expected on the basis of its abundance (3).
With respect to aging, several studies showed that Cys content
in mitochondrially encoded proteins inversely correlates with
life span in animals (4). Although the biological interpretation
of this relationship is debated (5–7), it highlights the fact that
Cys residues in proteins appear to be under strict evolutionary
control. This feature has to be associated with several unique
biological functions of Cys, as detected by genome-wide analy-
ses of its tendency to form functional clusters, such as structural
disulfides and metal-binding sites (8, 9).
Another unique property of Cys is its ability to functionally

interchange with Sec. Sec, known as the 21st amino acid in the
genetic code, is a selenium-containing amino acid that differs
fromCys by a single atom (i.e. selenium versus sulfur). Sec is the
only natural amino acid thought to be located exclusively in

catalytic sites (although a possible exception to this rule has
been reported (10)), and its function can be partially preserved
when Cys, but not any other amino acid, replaces Sec. This
functional interplay is unique in the proteinworld; for example,
the relationship between pyrrolysine (the 22nd amino acid) and
lysine is not functional (11). A recent study made the relation
between Cys and Sec even more intriguing. It has been found
that Cys can be inserted in proteins in place of Sec (12). The
unexpected aspect is that incorporation of Cys occurs specifi-
cally through the Sec insertionmachinery: Cys is synthesized by
Sec synthase directly on Sec-tRNA (from serine and thiophos-
phate) and inserted at UGA codons.
What are the physicochemical features of Cys that make this

residue such a unique case? The main feature appears to be the
high reactivity and chemical plasticity of its sulfur-based func-
tional group. First of all, Cys thiols are capable of unique reac-
tivity in the protein world: covalent interactions with other thi-
ols create intra- and intermolecular disulfide bonds. In
addition, Cys can coordinate a variety of metals andmetalloids:
along with His, Cys is the most frequently employed residue in
metal-binding sites of proteins. The side chain of Cys can also
directly react with many oxidants or oxidized cellular products
under physiological and pathophysiological conditions: revers-
ible oxidation of Cys thiols is known to play a role in redox
regulation of proteins via the formation of sulfenic acid inter-
mediates (13–15), mixed disulfides with glutathione (16), and
overoxidation to sulfinic acids (17). Last, but certainly not least,
Cys is the main target of nitrosative stress, leading to the for-
mation of reversible S-nitrosothiols (18). The susceptibility of
Cys to thesemodifications is largely dependent on the reactivity
of each specific thiol. Thus, understandingCys properties is not
only very important per se but is also critical to understanding
the nature and function of thiol-mediated redox processes in
the cell.
For this reason, we decided to structure this minireview in

two main parts. First, we provide an overview of the current
understanding of the general properties and physicochemical
features of Cys residues as well as theoretical approaches used
to study them. Second, we shift our attention to various func-
tional types of reactive Cys in proteins. Following a discussion
of the biological relevance of Cys reactivity and function, we
introduce and review the bioinformatics tools currently avail-
able to study various types of reactive redox thiols.

Properties of Cys Residues in Proteins: General
Comments on Thiol Reactivity

The general properties of Cys, from either physicochemical
or biological points of view, are difficult to categorize. A deeply
buried Cys may behave as a hydrophobic residue (due to the
hydrophobic nature of amino acid packing inside the protein),
whereas an exposed Cys (i.e. accessible to the solvent either on
molecular surfaces or in the solvated polar microenvironment
found in protein pockets and cavities) may interact with
H-bond partners (e.g. water molecules) and other titratable
groups of polar residues, which are abundant on protein sur-
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faces. These interactions may considerably polarize exposed
Cys, influencing its pKa (e.g. decrease it). Moreover, exposed
Cys residues have been estimated to have, on average and in
respect to all other titratable amino acids, the closest pKa to the
physiological pH (9). The latter observation implies that, even
for small variations within the physiological range of local pH
values, exposedCys residuesmay (i) easily switch their ability to
function as nucleophiles and (ii) experience sudden charge
shifts and significant electrostatic changes, which can extend to
the proximal portions of the molecular surface (Fig. 1A). In
some circumstances, similar electrostatic changes can affect
the ability of a protein to interact with the environment, for
instance, with other proteins and charged molecules. This
observation highlights the intrinsically high responsiveness of
exposed Cys to changes in physiological states and environ-
mental conditions, an aptitude that may provide a biological
(more so than chemical or physical) explanation for why Cys
residues are found much less frequently (than expected) on
molecular surfaces. Unless employed for a specific function,
exposed Cys residues tend to be removed from protein surfaces
(9). All of these considerations highlight two particularly
important descriptors of Cys reactivity: exposure to solvent and
the protonation status of its functional group.
Computation of amino acid exposure requires structural

information. A common approach for estimation of protein
exposure is to use a molecular probe (usually, a sphere whose
radius is variable, e.g. 1.4 Å to mimic the dimensions of the
water molecule) that is rolled over the protein body. Proteins
are usually treated as rigid bodies: the probe cannot penetrate
the surface and just touches its residues. Commonly used (and
free for download) programs include Naccess (version 2.1.1)
and Surface Racer. The standalone versions of these programs

are available, making them useful tools for automated large-
scale analysis.
With regard to pKa, no definitive protocols for its prediction

for Cys residues have been established as of yet. The acid disso-
ciation constant (pKa) of different Cys residues greatly corre-
lates with the reactivity of these residues: thiolates are consid-
erably better nucleophiles than their protonated counterparts.
Additionally, thiolates generally react more rapidly with oxi-
dants, such as H2O2, than thiols (19), although variations can
occur depending on the protein environment (20). Conse-
quently, reliable prediction of Cys pKa, especially for Cys resi-
dues that undergo reversible redox conversions under physio-
logical conditions, would be extremely valuable in the area of
Cys biology.
Different approaches have been used to study reactive Cys.

One method makes use of density functional theory (DFT)2
calculations to calculate pKa through natural population anal-
ysis charge onCys sulfur atoms (21). Themethod, when bench-
marked against different thiol oxidoreductases (Table 1),
proved to work well (linear correlation between theoretical and
experimental values, R2 � 0.96). To date, a limitation of quan-
tum mechanics (QM) approaches resides in their speed. Given
the intrinsic complexity of the analysis, even a small protein
cannot be analyzed in full, and the use of a reduced protein
model is necessary.
Anothermethod that has been applied to the investigation of

reactive Cys is the empirical pKa predictor PROPKA (22). For a
titratable residue, a pKa shift is evaluated as a function of the
sum of energy contributions provided by surrounding residues

2 The abbreviations used are: DFT, density functional theory; QM, quantum
mechanics; PTM, post-translational modification; PDB, Protein Data Bank.

FIGURE 1. Effect of pH perturbation on net charge of exposed Cys and electrostatic properties of molecular surface. Exposed Cys residues are signifi-
cantly more polar than buried Cys residues, a consequence of the high degree of Cys polarizability. For many exposed and polar Cys residues, pKa is close to the
physiological pH (A, blue, shaded). In such cases, for a typical monoprotic acid in a physiological solution (assuming Henderson-Hasselbalch behavior), sudden
negative charge switches can occur in the response to even very limited local pH shifts (A, neutral Cys for lower pH values and anionic Cys for higher pH values;
note the steep transition between the two Cys forms in the shaded area). For any Cys in the protein, its interactions with other titratable groups and solvent
determine the degree of reactivity of that Cys and influence its pKa. From a computational perspective, a common way to quantify the pKa of a residue is to
calculate its deviation (�pKa) from the reference pKa value (pKa(REF)) for that amino acid type; �pKa is derived by properly accounting for all interactions with the
titratable functional group, e.g. E1, E2, . . . En in B, where interactions with the generic titratable residues A (red circle; indicating an interacting acidic residue), B
(blue circle, indicating an interacting basic residue), and t (gray circle; indicating a generic non-charged titratable residue, e.g. Thr) are shown. The �pKa then
allows the pKa of a residue to be expressed as pKa � pKa(REF) � �pKa.
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(Fig. 1B). Although the theory of the approach is relatively sim-
ple, it has been praised for its balance of speed and perform-
ance.We tested its performance against the data set of proteins
previously evaluated by a QM approach (Table 1). Overall, the
two methods yielded consistent results (R2 � 0.602, linear cor-
relation of their respective results). Moreover, the PROPKA
prediction correlated sufficiently well (R2 � 0.74, average devi-
ation from the experimental value of 0.88 � 0.8) with experi-
mental pKa values, showing performances not too far from
those of more sophisticated approaches.
A third category of methods, which has been applied to the

analysis of redoxCys (24, 25), is based on the numerical solution
of the Poisson-Boltzmann equation: electrostatic calculations
provide (free) energies of each of the protonationmicrostates in
the system. This allows the probability of protonation to be
calculated over a range of pH values for each titratable residue
(i.e. the titration curve and its associated pK1⁄2 can be computed)
(Fig. 1), a feature that can be very informative (26, 27). As a
general note, each approach has its unique features, e.g.
PROPKA is ultrafast while still providing acceptable results; if
properly set up, the QM-based methods can be very accurate;
and Poisson-Boltzmann methods can compute, besides the
pKa, the whole titration curve in proximity to the pK1⁄2. Thus,
these methods can be considered complementary rather than
in competition, as they can provide insights from different per-
spectives and ultimately help establish a more complete pic-
ture of Cys reactivity. Besides pKa prediction, QM investiga-
tions can be useful in unraveling other aspects of Cys
properties and reactivity. For example, they have been
applied to investigate the structural determinants of Cys oxi-
dation to sulfenic acid (28). Other QM-based studies have
provided interesting insights into nitrosylation of Cys resi-
dues (29) and the role of substituents in disulfide exchange
reactions (30). Currently, DFT-based methods for the calcu-
lation of sulfenic acid/thiol reduction potential are in pre-
liminary stages of development (31). Once available to the
community, these methods would offer a significant addi-
tion to the current arsenal of computational tools in the
redox biology area.

Bioinformatics Approaches Used for Prediction of
Reactive Cys in Proteins

Cys may serve different functions, ranging from structural
stabilization to catalytic activity and including a variety of post-
translational modifications (PTMs) and associated regulatory
roles. Therefore, it is useful to classify Cys residues on the basis
of their function. Different functional categories of Cys include
(i) structural cystine residues (i.e. stable disulfide-bonded Cys),
(ii) metal-coordinating Cys residues, (iii) catalytic Cys residues,
and (iv) Cys residues that serve as sites of PTMs (regulatory
Cys), as shown schematically in Fig. 2. It has to be noted that not
all functional Cys residues can be unambiguously classified.
One example is the bacterial chaperone Hsp33, in which some
Cys residues serve both structural and regulatory functions
depending on the redox state (32, 33). Notably, this functional
switch is reversible (Fig. 2). It is also possible that additional,
currently undiscovered, functional categories of Cys exist. In
the following paragraphs, we briefly introduce the relevant bio-
logical aspects of each Cys functional category; then, for each
category, a brief discussion of how bioinformatics approaches
can be used to investigate the subject and with which tools is
provided.
Structural Disulfides—Disulfide bond formation is a major

mechanism employed by proteins to stabilize their structure.
As a norm, the formation of structural disulfides during the
folding process (often discussed as oxidative folding) involves a
specialized cellularmachinery (34, 35). Structural disulfides are
common in proteins residing in oxidizing cellular environ-
ments, such as the bacterial periplasm, eukaryotic endoplasmic
reticulum, and mitochondrial intermembrane space, as well as
in secreted proteins. However, transient disulfides are also
common in the reducing environments of cellular compart-
ments. Computational approaches used to predict structural
disulfides can be divided into sequence-based and structure-
based. Among the latter, the simplest method is to examine
protein structures for sulfur-to-sulfur (S-S) distances between
the two Cys residues. A distance of 2.5 Å is commonly consid-
ered a safe cutoff discerning disulfide bonds from other types of
functional Cys clusters (36). Often, disulfide bonds, detected by

TABLE 1
Comparison of pKa prediction methods
PDBcodes are reported for each protein analyzed. If a PDB structure containsmore than one protein, the nameof the protein analyzed is specified in theCys residue column.
Experimental pKa values are from the cited literature. QM pKa refers to the DFT-based approach developed by Roos et al. (21). PROPKA refers to the programmaintained
by Jensen and co-workers (23). Trx, thioredoxin.

PDB code (Ref.) Cys residue Experimental pKa QM pKa PROPKA Genea

1xob (69) Cys32 7.1 6.5 6.6 trxAb

2ppt (70) Cys73 5.2 4.8 5.7 trxCb

1su9 (71) Cys76 8.2 8.1 10 resAb

2o89 (21) Cys29 6.4 6.5 4 trxCb

1ljl (21) Cys89 9.5 10 9.2 arsC
1ljl (21) Cys10 6.8 6.9 6.8 arsC
2ipa (30) Cys82 (ArsC) 6.3 6 trxA,b arsC
2ipa (30) Cys32 (Trx) 8.3 8.1 trxA,b arsC
2gzy (30) Cys29 (Trx) 5.5 5.9 trxAb

2gzy (W28A) (30) Cys29 (Trx) 5.5 5.9 trxAb

1jbb (37) Cys87 11.1 10 UBC13
1jas (37) Cys88 10.2 9 UBE2B
1i7k (37) Cys114 10.9 10.5 UBE2C
1l1d (58) Cys117 9.3 9.5 msrAB

a Associated gene symbols are reported (retrieved via UniProt).
b Thioredoxin from different species: 1xob, Escherichia coli; 2ppt, Rhodobacter capsulatus; 2o89, Staphylococcus aureus; and 2ipa and 2gzy, Bacillus subtilis.
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analyzing the S-S distance, can be found already annotated in
the Protein Data Bank (PDB) repository (e.g. by directly access-
ing the PDB file header). A modification of this method envis-
ages the use of a distance between �-carbons of Cys residues.
Although less specific (it increases the false positive rate), the
computational advantage is remarkable, as only backbone trace
coordinates are required. This makes the approach well suited
for large-scale comparative structure-based analyses (8).
In some cases, however, it would be desirable to work with-

out structural information, as the structural coverage of natural
proteins is still largely incomplete. Here, several methods have
been developed. A common underlying concept of these meth-
ods is that the majority of disulfides show recurring motifs in
the primary structure and thus can be predicted once these
patterns are discovered. The simplest approach is the use of
curated sequence patterns and profiles, such as those found in
the PROSITE database (38). A PROSITE pattern is an anno-
tated regular expression that describes a relatively short portion
of protein sequence thatmayhave a biologicalmeaning or func-
tion. The PROSITE web server provides a simple interface
(ScanProsite) (39) to browse for S-S patterns in any input
sequence. Although many S-S patterns with perfect specificity
have been compiled, PROSITE profiles and regular expressions
can detect only a minority of disulfide-bonded Cys residues
(40).
Improved sequence-based approaches have been developed

in recent years that could manage an additional level of
sequence information (e.g. nature of adjacent amino acids, con-
servation of flanking residues, etc.) besides the primary
sequence (41–43). One such approach is DISULFIND, which
uses support vector machines and neural networks to classify
and rank different Cys residues in a protein sequence. The algo-
rithm is fast and performs, overall, better than PROSITE (43).
Another recently developed method is a structure-based

machine learning approach called DBCP. Starting from a
FASTA sequence, it automatically calculates a homologymodel
for the protein using Modeler (44). A support vector machine-
based algorithm then runs over the structural predictions and
assigns a score to each Cys. Only those Cys residues with scores
comparable to known structural disulfides are predicted as cys-
tine residues.
It should be noted that prediction of transient disulfides,

such as those present in reducing compartments of the cell, is
currently challenging, in part due to conformational changes
often associated with disulfide bond formation and reduction.
These issues are typically addressed by examining the confor-
mational mobility of various regions of proteins or, more
directly, by solving protein structures in both reduced and oxi-
dized states.
Metal-binding Cys Residues—Together with His, Cys is the

most frequently employed amino acid for metal coordination
(45). Metals in proteins have many functions. One example is
the stabilization of protein structures. This is common in zinc-
Cys4 complexes, where four thiolate-Zn2� bridges act as stabi-
lizing elements (46), particularly under the reducing conditions
of the cytosol, where stable disulfides are disfavored. Other
functions ofmetal ions in proteins include a direct involvement
in catalysis and occurrence in regulatory sites. In this regard,
Cys properties make this amino acid a preferred residue for
redox-dependent regulation of metal binding. For example, the
Zn2�-sulfur moiety permits zinc to be tightly bound yet avail-
able for release upon oxidation (46). This is a prominent feature
of Cys-based metal-binding sites, often referred to as the redox
switching of Cys residues (32, 33, 46).
Considering that metal-binding sites are often highly con-

served, the presence of conserved proximal Cys residues can be
a good indication that these residues may bind metals. There-
fore, one approach is the use of manually curated sequence
patterns and profiles, such as those found in PROSITE (30, 41).
As in the case of disulfide prediction, PROSITE patterns allow
fast and easy implementation (e.g. ScanProsite (39)) but lack the
ability to properly recognizemanymetal-binding sites (i.e. have
low true positive and high false negative rates) (40, 47). More
sophisticated approaches have been developed based on
machine learning (40, 48) and nonlinear statistical methods
(49). An example is provided by themethod calledMetalDetec-
tor, freely available as a web-accessible service. Methods like
this have been tested against and outperformed PROSITE pat-
tern-based analysis while maintaining many of its advantages.
Structure-based approaches can be a valuable alternative for

the prediction of metal-binding Cys residues. One interesting
method involves the use of the empirical force field FoldX (50).
The searching algorithm uses geometric information typically
found in metal-binding sites as a starting point to predict new
sites. After analyzing the typical arrangement of Cys ligands
around zinc coordination sites, the method can recognize sim-
ilar structural patterns in terms of both the nature of ligands
clustered in space and their relative geometries and therefore
predict new metal-binding sites (50). A standalone program
implementing the algorithm for prediction of metal-binding
sites (as well as several other algorithms for energy-based eval-
uation and protein design) is available at the FoldX web site.

FIGURE 2. Different functional categories of Cys residues. A schematic rep-
resentation of Cys functionality is shown. Starting from the top of the rhom-
bus, which gives the molecular structure of Cys, and going clockwise: catalytic
residues (red circle; representing a nucleophilic thiolate), metal-binding Cys
(orange circles; representing a zinc-Cys4-binding site), structural disulfides
(yellow circles; representing a covalent bond between two Cys residues), and
regulatory Cys (violet circle; representing an S-nitrosylation site). As discussed
in text, not all functional Cys can be reliably categorized. For example, some
catalytic Cys residues can also be S-nitrosylated or oxidized to sulfenic acid,
and some metal-binding Cys residues can, in certain situations, turn to cystine
residues. To represent this complexity and an occasional interplay of func-
tions, the rhombus connecting different functional Cys categories is shown
with a dashed line.
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Regulatory Cys Residues—Common reversible PTMs of Cys
include sulfenic acid (Cys-SOH), disulfide bonds (both intra-
molecular and intermolecular), S-nitrosylation (NO-Cys), and
glutathionylation. Additionally, Cys can react with endogenous
hydrogen sulfide (H2S), a modification that can lead to various
physiological (51–53) and structural (54) effects. All of the
above can be classified as redox-based PTMs and are reversible.
However, other important Cys modifications that are stable
and do not involve a change in the redox state occur, for exam-
ple, the formation of a thioether bond with farnesyl or gera-
nylgeranyl groups, leading to protein lipidation and membrane
anchoring (55) or covalent binding of protein cofactors, such as
heme. TheseCysmodificationsmay be classified into a separate
category of functional Cys residues. Below, we focus on the
reversible Cys modifications. These PTMs can affect protein
properties (local structure, electrostatic interactions, etc.) and,
ultimately, protein function or its network of interactions; for
these reasons, they are often referred to as regulatory Cys resi-
dues (56).
From a computational perspective, regulatory Cys residues

are challenging to investigate. Recent progress in proteomics
approaches provided a substantial improvement in both quan-
tity and quality of the data produced. In turn, this allows bioin-
formaticians to start tackling the fundamental issue of the
defining features of regulatory Cys. To date, no reliable
sequence-based predictive patterns have been developed for
different types of regulatory Cys. Instead, high heterogeneity of
sequence features was detected. However, structure-based
analyses have provided important insights, particularly in the
case of NO-Cys (18, 57, 59) and Cys-SOH (60). As for the latter,
an important role of uncharged H-bond donors, particularly
Thr, was revealed (60). Spatial (but not sequence) proximity to
these residues can lead to activation of Cys, mainly by lowering
its pKa. In the case of NO-Cys, sequence-based bioinformatics
analyses also revealed high heterogeneity around modification
sites (57, 59). However, structural analyses provided new
insights. First, a QM-based study demonstrated that NOmod-
ification can induce a significant charge redistribution in the
side chain of Cys, with only marginal effects on the backbone
atoms (29). In this study, specific force field parameters and
charge schemes forNO-Cyswere developed, paving theway for
setting up docking experiments with NO-Cys-containing sub-
strates, such as S-nitrosoglutathione (59). Indeed, docking cal-
culations could be a valid computational alternative for detec-
tion of specific Cys residues amenable to modification with
different nitrosylated substrates (NO-Cys, S-nitrosylated small
peptides, etc.). Particularly challenging but certainly feasible is
the investigation of the role of protein-protein interactions in
the transfer of NO groups from one protein to another (the
so-called protein interaction-based transnitrosylation). This
process has so far escaped detailed computational studies,
partly due to the complexity of the system. However, the steady
development of suitable docking software (e.g. RosettaDock)
and the information gained from previous studies (29, 59) may
make it soon possible to investigate protein interaction-based
transnitrosylation.
Catalytic Cys Residues—In many enzymes, Cys plays a criti-

cal role as a nucleophile in enzyme-catalyzed reactions. Such

Cys residues represent a functional category of catalytic Cys
residues. This category can be further subdivided into redox
and non-redox Cys functions based on whether the redox state
ofCys changes during catalysis. Examples of enzymeswith non-
redox catalytic Cys residues are protein-tyrosine phosphatases,
Cys peptidases, various members of the deubiquitination sys-
tem, and dCMP hydroxymethylases. Other enzymes called
thiol oxidoreductases present catalytic redox Cys in the active
sites; here, the catalytic Cys function involves substrate oxida-
tion or reduction, disulfide bond isomerization, and detoxifica-
tion of various compounds. To our knowledge, no computa-
tional approaches for the detection of catalytic non-redox Cys
residues have been developed. Thus, we focus further on thiol
oxidoreductases, for which better progress has been made.
Thiol oxidoreductases are the only known enzymes that also

use Sec as the catalytic residue. This very unique feature was
used to develop a bioinformatics strategy for the prediction of
thiol oxidoreductases. The method allows high-throughput
identification of catalytic redox Cys in protein sequences by
searching for sporadic Cys/Sec pairs in homologous sequences
(61). It initially identifies unique Cys/Sec pairs flanked by
homologous sequences within a pool of translated nucleotide
sequences. These pairs then serve as seeds for sequence analysis
at the level of protein families and subfamilies. Application of
this method identified themajority of known thiol oxidoreduc-
tases and indicated the identity of the catalytic Cys. A key
advantage of this approach, together with sensitivity, is its
speed. High-throughput analyses are possible in a reasonable
amount of time, allowing genome-wide analyses of thiol oxi-
doreductases (62).
Bioinformatics approaches applied to the study of thiol oxi-

doreductases are not limited to their prediction. Structural and
functional adaptations have been examined for different classes
of thiol oxidoreductases (63, 64), e.g. evolution of the thiore-
doxin fold, which led to the emergence of different functions,
such as thiol redox regulation, glutathione transfer to electro-
philic compounds, etc. In addition, a tool based on structural
profiles of reactive Cys sites was developed and employed for
functional classification of different subfamilies of peroxire-
doxins (65, 66). By using active site signatures, this method
allowed researchers to define six peroxiredoxin subfamilies,
each of them with specific functionalities (66, 67). Although
employed only with peroxiredoxins, it can be extended to anal-
yses of other families of thiol oxidoreductases.

Concluding Remarks

In this minireview, we focused on the properties and func-
tions of reactive Cys residues and methods used to analyze
them. A better understanding of basic chemical and physical
features of Cys seems to be crucial to improve currently avail-
able tools for recognition and functional annotation of reactive
thiols in proteins.With this aim, we first focused on two impor-
tant descriptors of Cys reactivity: exposure and pKa. We then
shifted the discussion to the various functional roles played by
reactive Cys residues in proteins and reviewed the current sta-
tus of computational methods used to investigate and predict
Cys functions. In some cases, bioinformatics has provided
important insights and tools, especially for catalytic redox Cys,
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metal-bindingCys, and disulfide bonds. In other cases, progress
has been limited, e.g. regulatory Cys, sites of stable PTMs and
catalytic non-redox Cys.
Difficulties in computational redox biology are linked to the

complexity of the subject. Despite the recent dramatic increase
in the studies that addressed this question experimentally,
many aspects of thiol-based redox regulation and signaling are
still not well understood. However, experimental advances,
especially in proteomics and structural and post-translational
data sets, have provided researchers with the opportunity to
both analyze certainCys categories on a genome-wide scale and
address the general principles of various Cys functions from a
computational perspective. For example, a new proteomics
approach called isoTOP-ABPP (68) allows high-throughput
identification of reactive Cys residues in proteins and quantifi-
cation of their reactivity. This method permits unambiguous
identification of reactive Cys residues and also scores them by
assigning a reactivity value (R) to each Cys. This feature offers a
range of future applications in computational analyses of reac-
tive Cys. For example, as R values provide a measure of Cys
nucleophilicity, it would be interesting to analyze how R scores
correlate with the results obtained with different theoretical
methods for Cys pKa prediction. We may expect further
improvements in the understanding of Cys properties in pro-
teins, and it is likely that a better theoretical description of reac-
tive Cys will be vital to improve the predictive power of com-
putational methods that target Cys functions in proteins.
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99% of all mitochondrial proteins are synthesized in the cyto-
sol, from where they are imported into mitochondria. In con-
trast to matrix proteins, many proteins of the intermembrane
space (IMS) lack presequences and are imported in an oxida-
tion-driven reaction by the mitochondrial disulfide relay.
Incoming polypeptides are recognized and oxidized by the IMS-
located receptor Mia40. Reoxidation of Mia40 is facilitated by
the sulfhydryl oxidase Erv1 and the respiratory chain. Although
structurally unrelated, the mitochondrial disulfide relay func-
tionally resembles the Dsb (disufide bond) system of the bacte-
rial periplasm, the compartment from which the IMS was
derived 2 billion years ago.

Mitochondria consist of two aqueous compartments, the
matrix and the intermembrane space (IMS).2 The mitochon-
drial genome codes only for roughly a dozen different proteins,
and the vast majority of mitochondrial proteins are nuclear
encoded. Even simple organisms such as bakers’ yeast contain
several hundred matrix proteins. Matrix proteins are synthe-
sized in the cytosol as precursors with N-terminal prese-
quences (also referred to asmatrix-targeting signals), which are
processed following translocation. The import of matrix-des-
tined preproteins ismediated by translocases in the outermem-
brane (TOM complex) and inner membrane (TIM23 complex)
in an ATP- and membrane potential-dependent process (for
review, see Refs. 1–3). Proteomic studies suggest that positively
charged presequences are consistently found on all matrix pro-
teins, although in some cases they are not proteolytically
removed (4, 5).
So far, �50 different proteins were identified in the IMS of

yeastmitochondria, and the list of IMSproteins is rapidly grow-
ing (6). The functions of these proteins are diverse. In addition
to components involved in mitochondrial respiration, the IMS
contains many proteins that transport proteins, metabolites,
lipids, or metal ions between both mitochondrial membranes.
In addition, several pro-apoptotic components are stored in the
IMS and released when the cell death program is triggered (7).

Some IMS proteins are synthesized in the cytosol as prepro-
teins carrying bipartite presequences that consist of a matrix-
targeting signal followed by a hydrophobic sorting region. The
latter serves as a stop-transfer sequence that is inserted into the
inner membrane during protein import and removed by IMS-
located proteases (8). Proteins with bipartite presequences
embark on the general matrix-directed protein-targeting path-
way, from which they are redirected into the IMS. However,
many IMS proteins lack N-terminal targeting signals and are
sorted into the IMS on a unique import route that differs in
many respects from the matrix-targeting pathway. Import of
many of these proteins relies on the mitochondrial disulfide
relay, which is introduced below.

Mitochondrial Disulfide Relay: Mia40 and Erv1

The IMS proteins Mia40 (mitochondrial IMS import and
assembly pathway 40 kDa) and Erv1 (essential for respiratory
growth and viability 1) represent the central components of the
disulfide relay system. Both proteins are ubiquitously present in
eukaryotes and are highly conserved. They are essential for via-
bility in yeast, and conditional mutants show severe defects in
the biogenesis of mitochondria and, presumably as secondary
effects, in other cellular activities (9–14).
Oxidoreductase Mia40—Mia40 binds directly to imported

IMS proteins and therefore might serve as an intramitochon-
drial import receptor. Mia40 comprises a highly conserved
domain of�8 kDa. The structures of this domain of the human
and yeast Mia40 proteins were recently solved by NMR and
crystallography (15–17). This domain contains six invariant
cysteine residues: a redox-active CPC motif (�290 mV) is fol-
lowed by a twin CX9C motif (see below) that forms two struc-
tural disulfides (Fig. 1A). The CPCmotif is part of a short helix
that is connected via a flexible region to a rigid helix-loop-helix
region that is stabilized by the twinCX9Cmotif. The twohelices
form a hydrophobic binding groove that is positioned in close
proximity to the redox-active disulfide bond. This groove
serves as binding region for substrates that presumably are rec-
ognized by so-called MISS (for mitochondrial IMS-sorting sig-
nal; also referred to as ITS for IMS-targeting signal) sequences
(see below) (18, 19).
In fungi, but not in animals and plants, Mia40 proteins con-

tain N-terminal linker regions that anchor them in the inner
membrane (13, 14). In yeast, the N-terminal anchor region is
not essential (13), and its function is less clear. It is conceivable
that the addition of a bipartite import signal might be advanta-
geous under anaerobic conditions when the oxidation-driven
import via the mitochondrial disulfide relay pathway might be
less efficient.
The oligomeric state of Mia40 is not known. On blue native

gels, yeastMia40migrates at 150–180 kDa (12), suggesting that
Mia40 is part of a larger complex. Alternatively, Mia40 might
migrate exceptionally slow on these gels; on denaturing SDS-
polyacrylamide gel, the 40-kDa protein migrates at �60–70
kDa (12, 13). The recombinant expression of the conserved
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domain of Mia40 did not reveal any evidence for dimer or oli-
gomer formation.
Sulfhydryl Oxidase Erv1—The second component of the

disulfide relay, Erv1, was initially identified as a component that
can stimulate liver regeneration (20). In these experiments,
parts of the livers of rats were removed, and factors of liver
extracts that improved regeneration of the organ were identi-
fied. Rat Erv1 was found to serve as a growth factor for liver
regeneration, and inmammals, Erv1 is therefore also referred to
as augmenter of liver regeneration (ALR), growth factor erv1-
like (GFER), or hepatopoietin.Whether Erv1 plays a physiolog-
ical role in liver development is not known.
Erv1 consists of two domains, an N-terminal less structured

region (shuttle domain) and aC-terminal FAD-binding domain
(Fig. 1B) (10, 21, 22). Several structures of the FAD-binding
domain of the human and yeast Erv1 proteins were solved by
NMR and crystallization, revealing a conserved four-bundle
structure holding the FAD factor noncovalently bound in a
hydrophobic, deeply embedded pocket (15, 16, 23–26). A sur-
face-exposed CXXC motif is located in proximity to the
isoalloxazine ring of the FAD, which is efficiently oxidized by
electron transfer to the FAD. A second redox-active CXXC
motif is part of the flexible N-terminal domain of Erv1. Erv1
forms a dimer in which the cysteine pairs of one N-terminal

domain and one FAD domain from two opposing subunits are
in close proximity, allowing an efficient intermolecular oxida-
tion of the N-terminal CXXC motif (27–30). The N-terminal
region serves as shuttle domain that interacts with Mia40 (see
below).
The FAD domains in some Erv1 proteins (for example, the

Arabidopsis thaliana homolog) contain a short butwell defined
hydrophobic tunnel through which oxygen has access to N5 of
the FAD isoalloxazine ring system (21, 25). Oxygen can thereby
directly oxidize the FADmoiety, which leads to the production
of hydrogen peroxide. Mammalian Erv1 proteins lack this
hydrophobic tunnel, presumably to prevent hydrogen peroxide
formation. In fungi and most likely also in metazoa, FAD oxi-
dation is mediated by cytochrome c, a highly abundant compo-
nent in the IMS. In vitro, collision of reducedErv1with oxidized
cytochrome c allows rapid electron exchange (31–33). At least
in yeast, cytochrome c is presumably the predominant oxidant
of Erv1 because mutants lacking cytochrome c or cytochrome c
oxidase accumulate Mia40 in its reduced form. Thus, electrons
from the disulfide relay pathway are channeled into the respi-
ratory chain and presumably contribute to the formation of the
mitochondrial membrane potential and ATP production.
However, in comparison with the electrons originating from
NADH and FADH2, their contribution is very minor.

Yeast cells can grow anaerobically. It is not clear how Erv1
oxidation is achieved in the absence of oxygen. Interestingly, it
was reported that cytochrome c becomes essential upon oxygen
depletion (34). This suggests that cytochrome c is required for
Erv1 oxidation under these conditions, but it remains unclear
how cytochrome c is oxidized anaerobically.
Metal-binding Protein Hot13—Hot13 is a small cysteine-rich

IMS protein that improves the performance of the disulfide
relay to some degree (35). In contrast toMia40 and Erv1, Hot13
is dispensable in yeast, and Hot13-deficient cells show no obvi-
ous defects. In vitro experiments suggest that Hot13 can
remove zinc ions from newly imported proteins and from
Mia40, thereby improving protein oxidation in the IMS (36, 37).

Protein Import by Mitochondrial Disulfide Relay

Whether they are directed to the matrix or the IMS, mito-
chondrial preproteins can be imported into isolated mitochon-
dria in vitro. Hence, an obligatory coupling of protein synthesis
and protein translocation (such as found for most proteins of
the mammalian endoplasmic reticulum) does not apply for
mitochondrial protein import. Nevertheless, protein synthesis
and protein import still might be kinetically coupled, i.e. pro-
teinsmight start to be imported while they are still synthesized.
This might be achieved by the attraction of nascent chains of
polysomes to the surface of mitochondria so that proteins that
are produced by downstream ribosomes are synthesized in
direct proximity of TOM complexes. In agreement with this
concept, it was shown that mRNAs for mitochondrial proteins
are enriched inmitochondrial fractions isolated fromyeast cells
and that, at least for certain transcripts, this enrichment
depends on the presence of the preprotein receptor Tom20 (38,
39). In addition, yeast mitochondria carry the mRNA-binding
protein Puf3 on their surface (40–42). Puf3-binding sites were
identified in several 5�-UTR regions of mRNA encoding mito-

FIGURE 1. Components of mitochondrial disulfide relay. A, scheme of
Mia40. This oxidoreductase contains a helix-loop-helix domain that is stabi-
lized by two structural disulfide bonds. The domain is preceded by a short
helical region that contains the redox-active CPC motif. To oxidize its sub-
strates, the CPC motif has to be in an oxidized state. Moreover, the substrate
should contain a MISS motif that is capable of binding to the hydrophobic
groove formed by the helix-loop-helix domain of Mia40. B, scheme of Erv1.
Erv1 is a homodimeric flavoprotein. Each subunit is composed of two
domains: a four-helix bundle FAD domain and a flexible shuttle domain. Both
domains contain redox-active CXXC motifs. During the reoxidation of Mia40,
the CXXC motif in the shuttle domain of Erv1 forms an intermolecular disul-
fide with Mia40. Subsequently, electrons are passed onto the CXXC motif in
the FAD domain of the other subunit of Erv1. From there, electrons are shut-
tled via the FAD cofactor to cytochrome c. In addition to its redox-active
cysteine pairs, Erv1 also contains a structural disulfide bond that stabilizes the
four-helix bundle of the FAD domain. The box shows a schematic presenta-
tion of the structure of one FAD domain of Erv1.
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chondrial proteins, including some IMS proteins such as
Cox17, Cox23, and Pet191 (Fig. 2). Whether Puf3 binding to
mRNA leads to co-translational protein import or has other
functions in the expression of mitochondrial proteins is not
known.
Mia40-mediated Protein Translocation—Substrates need to

be in a reduced and unfolded state to be imported into the IMS
(43–45). For cytosolic precursors of the small Tim proteins
Tim9 and Tim10, it was reported that bound zinc ions stabilize
the reduced state of cysteine residues prior to import. However,
it is not known whether the zinc ions are removed before
import or if proteins enter the IMS in a zinc-containing form
(36).
The protein-conducting channel of the TOM complex is

believed to serve as a general entry site for preproteins into
mitochondria. Also IMS proteins apparently employ the TOM
pore, as blocking the TOM complex with large amounts of
matrix-targeted proteins prevented protein import into the
IMS (44). Direct binding of substrates of the mitochondrial
disulfide relay to TOM receptors was, however, not shown.
Mia40 plays an essential role in the import of these proteins and
serves as a docking factor that binds substrates during or
directly after their translocation across the outer membrane
(Fig. 2).
Preproteins bind to Mia40 by use of specific binding

sequences (19). These so-called MISS motifs (consensus aro-
matic-XX-hydrophobic-hydrophobic-XXC) serve as recogni-
tion sites that determine which positions of the incoming poly-

peptides are bound byMia40 (18, 19). TheMISSmotifs thereby
presumably position the sequences in the binding cleft ofMia40
in an orientation that allows the interaction of the redox-active
CPC motif of Mia40 with the cysteine residue in the substrate
(15, 17). In this reaction, a mixed disulfide of both proteins is
formed as a reaction intermediate (12, 13, 46). It is conceivable
that this strong contact is used to improve preprotein translo-
cation across the outer membrane. In the imported substrate
proteins, the sequence around the MISS motif forms a helical
region, and NMR studies suggested that helix formation is
induced or stabilized by Mia40 binding (16). In a final step,
formation of an intramolecular disulfide bond leads to the
release of the substrates from Mia40 (46). Because only
unfolded proteins are able to traverse the TOM pore, oxidative
folding traps the proteins stably in the IMS.
Most substrate proteins contain two disulfide bonds. At least

in vitro, Mia40 can introduce both disulfide bonds in sequential
reactions (30). In the presence of oxygen, semi-oxidized pro-
teins are also further oxidized without additional factors in
vitro, but whether this reflects the in vivo situation is unclear
(15, 16).Mutants in which individual cysteines aremutated can
still be oxidized as long as the MISS signal is not destroyed; in
this case, only one disulfide bond is formed (15, 30).
In vitro, glutathione plays a critical role in substrate oxidation

by Mia40 (30, 46). The precise role of glutathione is not clear,
but the presence of 5–10 mM glutathione strongly increases
both Mia40-mediated substrate oxidation in the reconstituted
system and Mia40-dependent protein import into the IMS.
How can a reductant increase the rate of protein oxidation? It
was observed that, in the absence of glutathione, Mia40 accu-
mulated in mixed disulfides, which represented kinetically
trapped oxidation intermediates. It is conceivable that, in these
intermediates, non-native disulfides are formed, andMia40 can
be released only by the help of an isomerase/reductase activity.
Glutathione could fulfill this function and thereby serve as a
lubricant that ensures that the oxidation pathway will finally
lead to a native folded protein. This would also explain why
most Mia40 substrates contain two disulfide bonds because
these will strongly stabilize the oxidized conformations and
make them resistant to reduction by glutathione. Indeed, IMS
proteins such as small Tim proteins and twin CX9C proteins
(see below) were shown to have very negative redox potentials
(�340 to �310 mV) and are reduced only by high concentra-
tions of dithiothreitol or glutathione if boiled in urea or SDS
(47). Because the strongly stimulating effect of glutathione was
observed only in vitro, it cannot be excluded that in vivo addi-
tional reductants contribute to the folding of IMS proteins (48).
Mia40 Oxidation by Erv1—The N-terminal shuttle domain

of Erv1 is specifically designed to interact with Mia40, whereas
the redox-active cysteine pair in the FADdomain is inaccessible
to Mia40 (30, 49, 50). The sequence around the N-terminal
cysteine pair is conserved and forms a helix that resembles the
region around the MISS signal in imported proteins. Presum-
ably, imported proteins and Erv1 alternately interact with
Mia40, thereby cycling it between oxidized and reduced states
(Fig. 2) (50). The redox potentials of the substrate proteins
(�340 to �310 mV for Tim9, Tim10, Tim13, and Cox17) were
found to be very similar to that of the N-terminal domain of

FIGURE 2. Import of substrates into IMS of mitochondria. Substrates of the
mitochondrial disulfide relay are synthesized on cytosolic ribosomes and are
imported post-translationally. Notably, there are indications for a localized
synthesis of several precursor proteins close to mitochondria, ensuring an
efficient import into the organelle. The binding of mRNAs to the surface
receptor Puf3 might restrict synthesis of some proteins to the mitochondrial
surface (Class I), whereas others are synthesized on free ribosomes (Class III)
(41). Mia40 substrates can traverse the TOM complex only in a reduced and
unfolded state; thus, the proteins are likely stabilized by chaperones and zinc
ions in the cytosol. As soon as the substrates enter the IMS, they are recog-
nized by the oxidoreductase and import receptor Mia40 via their MISS motifs.
The substrates and Mia40 form mixed disulfide bonds, and the substrates are
correctly oriented on Mia40. Subsequently, oxidized substrates are released,
and the now reduced Mia40 is reoxidized by Erv1, allowing the start of a new
import cycle.
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Erv1 (�320mV) (29, 33, 45, 51–53). However, the redox pair in
the FAD domain of Erv1 is significantly more positive (�150
mV), hence oxidizing, and presumably drives the oxidation of
substrate proteins. It was suggested that Mia40 and Erv1 are
associated with each other, forming a ternary complex with the
substrate to mediate substrate oxidation with high efficiency
(54).

Substrates of Mitochondrial Disulfide Relay

Themajority of the substrates of the mitochondrial disulfide
relay are small proteins with simple helix-loop-helix folds in
which the helices are connected by twodisulfide bonds (55–58).
The cysteines forming these disulfides are spaced by either
three or nine amino acid residues. Consequently, the proteins
are called twin CX3C and twin CX9C proteins, respectively. In
yeast, 15 mitochondrial twin CX9C motif proteins and five
mitochondrial twin CX3C motif proteins were identified, most
of which are conserved from plants to humans (59–61). The
oxidoreductaseMia40 also contains a twin CX9Cmotif, but it is
much larger compared with other members of the twin CX9C
family (59). Notably, bioinformatics analyses suggest the num-
ber of twin CX9C proteins in human cells to be at least twice as
high (62), whereas the number of twin CX3C proteins in ani-
mals and fungi is five.
Twin CX3C Proteins—Themembers of the twin CX3C family

are also referred to as small Tim proteins, a group of import
components that are ubiquitously expressed in eukaryotes.
Small Tim proteins function as chaperones that facilitate the
transport of hydrophobic membrane proteins from the TOM
channel through the IMS to their insertion sites at the inner and
outer membranes (Fig. 3A) (63–65). The small Tim proteins
were shown to form three distinct heterohexameric complexes
of ring-like structure: two soluble complexes formed by Tim9
and Tim10 and by Tim8 and Tim13, respectively, and one
Tim9-Tim10-Tim12 complex that is associated with the mem-
brane-embedded TIM22 translocase of the inner membrane
(47, 58, 66, 67). Formation of the disulfide bonds within the

small Tim proteins was shown to be a prerequisite for their
assembly into these complexes (43).
Notably, a mutation of one of the cysteine residues in the

human homolog of Tim8, DDP1/TIMM8a, has been shown to
be the cause of the Mohr-Tranebjaerg (MTS/DFN-1) or deaf-
ness/dystonia syndrome, a progressive neurodegenerative dis-
order (68, 69). In this disease, TIMM8a is unstable and cannot
be detected in patient fibroblasts. Due to a critical function of
the Tim8-Tim13 complex in the import of Tim23, the central
component of the preprotein translocase of the inner mem-
brane, the absence of TIMM8a results in impaired protein
import into mitochondria and, as a consequence, in severe
pleiotropic mitochondrial dysfunction.
Twin CX9C Proteins—Although the small Tim proteins play

a consistent role in the import of proteins into mitochondria,
the functions of twin CX9C proteins appear to be rather heter-
ogeneous (Fig. 3).Many of the twin CX9C proteins are linked to
the assembly of the cytochrome c oxidase of the respiratory
chain (Fig. 3D) (59, 60). For example, the copper chaperone
Cox17 delivers copper to subunits 1 and 2 (Cox1 and Cox2) of
cytochrome c oxidase and has been shown in vitro to bindCu(I)
in a redox-regulated fashion (70, 71). Cox19 and Cox23, which
are structurally related to Cox17, are also involved in copper
delivery, although they may not bind copper directly (72, 73).
Likewise, the proteins Cmc1 and Cmc2 have recently been
shown to be involved in thematuration of cytochrome coxidase
(74, 75).
The two twin CX9C proteins Mdm35 and Som1 are presum-

ably not involved in cytochrome c oxidase assembly. Mdm35 is
important for the import of the Ups1, Ups2, and Ups3 proteins
into the IMS; these three factors that are critical for mitochon-
drial lipid homeostasis (Fig. 3B) (76, 77). In the absence of
Mdm35, the three Ups proteins are unstable and are substrates
for the i-AAA protease Yme1 and Atp23, two IMS-localized
peptidases. The formation of a stable complex betweenMdm35
and the Ups proteins ensures their stable accumulation in the
IMS.

FIGURE 3. Functions of proteins with disulfide bonds in IMS of mitochondria. Proteins with disulfide bonds are indicated in boldface. Names of substrate
proteins that depend on the function or presence of disulfide-containing proteins are indicated in blue. See text for details. MCF, mitochondrial carrier family;
ROS, reactive oxygen species.
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The protein Som1 is the third subunit of the Imp (inner
membrane peptidase) complex (Fig. 3E) (78–81). The Imppep-
tidase processes nuclear encoded substrates (such as cyto-
chrome b2, the cytochrome b5 reductase Mcr1, the glycerol-3-
phosphate dehydrogenase Gut2, and cytochrome c1) as well as
the mitochondrially encoded protein Cox2. Deletion mutants
of SOM1 show defects in the processing of several Imp sub-
strates (78, 82).
Other IMS Proteins with Disulfide Bonds—In addition to the

twin CX3C and twin CX9C proteins, the IMS harbors other
proteins containing disulfide bonds. These proteins include the
superoxide dismutase Sod1 and its copper chaperone Ccs1, the
sulfhydryl oxidase Erv1, the complex III subunits Qcr6 and
Rieske protein Rip1, the thioredoxin-like proteins Sco1 and
Sco2, and the proteins Cox11 and Cox12.
Sod1 and Ccs1 form part of the antioxidative system that

dismutates superoxide anions to hydrogen peroxide (Fig. 3F).
Sod1 is a dimeric copper- and zinc-containing protein that con-
tains one disulfide bond per subunit. The insertion of this disul-
fide bond and of the copper ion is facilitated by Ccs1 (83–85).
Themajorities of both proteins are present in the cytosol; how-
ever, small amounts are also found in the IMS of mitochondria
(84, 86, 87). It was proposed that Ccs1 mediates the import of
Sod1 into the IMS because up-regulation of Ccs1 in the IMS
results in an increase of Sod1 in this compartment (84). Like
Sod1, Ccs1 contains one structural disulfide bond. This disul-
fide bond is introduced during import by the mitochondrial
disulfide relay (88, 89, 100).
In addition to its two redox-active CXXC motifs, Erv1 con-

tains a structural disulfide bond that is critical for its stability
(Fig. 3C). This disulfide bond stabilizes the four-helix bundle of
Erv1 that is responsible for the binding of the redox cofactor
FAD. Notably, Erv1 lacks a mitochondrial presequence and is a
substrate of the mitochondrial disulfide relay itself (60, 90).
However, it remains unclear whether Mia40 introduces the
structural disulfide into Erv1.
Complex III of the respiratory chain also harbors two disul-

fide-containing proteins that face the IMS: Qcr6 (subunit 8 in
mammals) and the Rieske iron-sulfur protein Rip1 (Fig. 3D).
Qcr6 and subunit 8 are composed of two antiparallel helices
that are connected by one or two disulfide bonds, respectively
(91), thereby resembling the structure of twin CX9C proteins.
In the catalytic subunit Rip1, the [2Fe-2S] iron-sulfur cluster is
held between two loops of the protein that are connected by a
disulfide bond (92). This disulfide bond is found in Rieske pro-
teins of all eukaryotes and is critical for the enzymatic activity of
complex III (93).
In addition, the proteins Cox11 andCox12 are disulfide-con-

taining proteins of the IMS (Fig. 3D). Cox12 is part of cyto-
chrome c oxidase, and its CX9C-CX10C cysteine pattern closely
resembles the twin CX9C motifs. As in these proteins, the cys-
teines form two parallel disulfide bonds. Cox11 is an assembly
factor for cytochrome c oxidase that is required for copper
insertion (94). It has been proposed that the protein can also
exist as a dimer that is stabilized by a disulfide bond (95). The
function of Cox11 in copper transfer from Cox17 to Cox1
might be catalytically similar to that of Sco1 and Sco2 in the
copper transfer from Cox17 to Cox2 (96). Sco1 and Sco2 are

membrane proteins that expose a domain with a thioredoxin-
like fold in the IMS (Fig. 3D) (52, 97, 98). This fold also contains
aCX3Cmotif that has recently been shown to be redox-active in
vivo. It was proposed that Sco2 acts as a thiol-disulfide oxi-
doreductase that can oxidize the copper-coordinating cysteine
residues in Sco1 during Cox2 maturation (99). It remains
unclear whether themitochondrial disulfide relay is involved in
the reoxidation of Sco2.
The function of the mitochondrial disulfide relay for the

import or folding of these proteins is not well understood. Pro-
teins such as Sco1/Sco2, Cox11, Erv1, Rip1, and Sod1/Ccs1 are
of very diverse structure, suggesting that the protein-folding
capacity of Mia40 is not limited to simply structured helix-
loop-helix proteins. It will be a major task in the future to study
the relevance of the mitochondrial disulfide relay for the bio-
genesis and function of the wide range of IMS proteins.
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The production of mitochondrial reactive oxygen species
occurs as a consequence of aerobic metabolism. Mitochondrial
oxidants are increasingly viewed less as byproducts of metabo-
lism and more as important signaling molecules. Here, I review
several notable examples, including the cellular response to
hypoxia, aspects of innate immunity, the regulation of
autophagy, and stem cell self-renewal capacity, where evidence
suggests an important regulatory role for mitochondrial
oxidants.

Mitochondria are believed to be themajor source of intracel-
lular reactive oxygen species (ROS)2 generation. Working with
isolated mitochondria, some estimates have suggested that as
much as 3–5% of the oxygen consumed is ultimately diverted
toward ROS production (1). Although these estimates are
potential benchmarks, the experimental conditions, including
substrate concentration andATP levels, inwhichmany of these
measurements were made, as well as the functional alterations
that occur with mitochondrial isolation, argue for caution with
regard to such in vitro determinations. As such, the precise in
vivo amount of mitochondrial superoxide or hydrogen perox-
ide production remains elusive. Although the magnitude of
ROS production remains in doubt, the location of the one-elec-
tron reduction of molecular oxygen is less uncertain. Both
Complexes I and III of the electron transport chain are thought
to be the major sites of ROS production (2, 3), although clearly
other electron complexes, as well as other mitochondrial
enzymes, can generate ROS. Once generated, superoxide rap-
idly and spontaneously dismutates to hydrogen peroxide. This
conversion is accelerated in the presence of the enzyme super-
oxide dismutase. To avoid the potential damaging effects of
ROS, mitochondria express a number of protein antioxidants,
including SOD2, as well as other scavenging enzymes such as
peroxiredoxins 3 and 5. Although the activities of intracellular
antioxidants and peroxidases determine themagnitude of ROS,
the level of ROS generated is also believed to be dependent on
certain intrinsic properties of mitochondrial energetics. For
instance, a high protonmotive force (e.g. high �m) is believed to
favor the production of ROS, whereas mitochondrial uncou-

pling agents result in a lower �m and decreased ROS formation.
Similarly, mutations in either mitochondrial DNA or nuclear
DNA that lead to disruption in any of the components of the
electron transport chain also predispose to ROS formation pre-
sumably by impeding the flow of electrons down the cyto-
chrome chain.
Although the regulation of mitochondrial ROS release was

experimentally appreciated, formany years, the prevailing view
was that mitochondrial oxidants were autonomously produced
solely as a byproduct of metabolism. That notion has slowly
given way to amore nuanced view ofmitochondrial oxidants as
potential regulators of a number of intracellular pathways. Ini-
tial reports suggested that increased supply of metabolic sub-
strates augmented mitochondrial oxidant production and that
the release of oxidants could in turn activate JNK, a stress-
responsive kinase (4). Subsequent studies have suggested that
the link between excess metabolic supply and mitochondrial
ROS production may have important implications for human
disease (5, 6). Furthermore, the release of mitochondrial oxi-
dants and the subsequent activation of kinases such as JNK
were shown to be activated not only by alterations in substrate
supply but also by exogenous ligands such as TNF-� that
appear to increase mitochondrial ROS levels directly. These
latter studies demonstrated that the target of themitochondrial
ROS was not JNK itself but rather a cysteine-dependent phos-
phatase, the redox-dependent inactivation of which led to sus-
tained JNK activity (7). Thus, similar to other examples of
redox-dependent signal transduction, much of the specific sig-
naling revolves around the oxidation of reactive cysteine resi-
dues in specific target proteins. Although counterexamples
exist, in most cases, the specific ROS molecule involved in sig-
naling is believed to be hydrogen peroxide (8). Here, I will high-
light a subset of these emerging trends that together suggest a
complex signaling system that is initiated by the release ofmito-
chondrial oxidants. Although not exhaustive, these examples
highlight the growing importance of mitochondrial ROS as
physiological and pathophysiological regulators of a diverse
range of biological phenomena.

Hypoxia, Oxidants, and Regulation of Hypoxia-inducible
Factor 1� (HIF-1�)

Accumulating evidence suggests that mitochondrial oxi-
dants may be important regulators of the cellular response to
low oxygen. In particular, there are a number of studies that
suggest that, under hypoxic conditions (oxygen concentrations
between 1 and 5%), mitochondria might actually increase their
release of ROS. This release appears to come fromComplex III;
however, the precise molecular basis for the seemingly coun-
terintuitive relationship between ambient oxygen levels and
ROS production remains obscure. Nonetheless, evidence sug-
gests that the release of ROS under these conditions functions
as an important physiological regulator ofHIF-1�. HIF-1� con-
sists of a labile �-subunit and a constitutively expressed �-sub-
unit. The stability of the �-subunit is regulated by oxygen levels
such that, under normoxic conditions, this subunit undergoes
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proteasomal degradation, whereas under hypoxic conditions, it
is stabilized.
The first indication that there might be a connection

between hypoxia, mitochondrial ROS production, and HIF-1�
activation came from the analysis of �0 cells. These cells are
generated by culturing in the presence of ethidium bromide for
several weeks to inhibit replication of mitochondrial DNA
selectively. Such efforts lead to cells that lack the capacity for
electron transport because they cannot produce a sufficient
number of key cytochrome components and other molecules
encoded exclusively by mitochondrial DNA. In these initial
reports, the parental cell line increased ROS levels during
hypoxia, whereas �0 cells did not. In addition, �0 cells also
appeared impaired in their ability to activate HIF-1� under
hypoxic conditions (9). In contrast, some follow-up reports
workingwith a similar but not identical paradigmdisputed how
important the hypoxic release of mitochondrial ROS was for
HIF-1� stabilization (10, 11). The studies were complicated by
the difficulty of measuring ROS levels in living cells under
hypoxic conditions. In addition, although useful, �0 cells are an
imperfect model of mitochondrial deficiencies. Many of these
objections were resolved in subsequent studies. Indeed, using a
FRET-based approach,more sensitivemeasurementswere pos-
sible, allowing for a clearer demonstration that hypoxia triggers
ROS release (12). Similarly, three studies either using RNAi-
based approaches to inhibit components of Complex III or
using murine embryonic stem cells lacking cytochrome c
showed that intact mitochondrial function is required for the
hypoxic induction of HIF-1� (12–14). Furthermore, using a
variety of genetic or pharmacological approaches, these studies
demonstrated that it was themitochondrial release of hydrogen
peroxide that serves as the signaling intermediary for this
induction. Interestingly, these results suggest that, under low
oxygen conditions, HIF-1� may be uniquely poised to respond
to a rise in ROS and then to feedback and inhibit the production
of ROS levels (Fig. 1). This latter feedback activity is suggested
by a number of other studies in which HIF-1� was shown to
have an important role inmitochondrial function andROSgen-
eration. Included among these relevant HIF-1� activities is the
transcriptional regulation of metabolic enzymes such as lactate
dehydrogenase A and PDK1 (pyruvate dehydrogenase kinase 1)
that control the flow of carbon substrates into the mitochon-
dria (15, 16). Similarly, HIF-1� appears to regulate the expres-
sion of certain cytochrome components directly and to regulate
specific microRNAs that can in turn regulate the expression of
components of the electron transport chain (17, 18). Taken
together, these studies suggest that HIF-1� functions in a
homeostatic network both to respond tomitochondrial oxidant
production and to regulate mitochondrial oxidant generation.
Another interesting area in which there might be a conver-

gence between mitochondrial oxidants and the activation of
HIF-1� comes from the analysis of a series of rare tumors
caused by germ line mutations in components of Complex II of
the electron transport chain. There are four subunits of mam-
malian Complex II (SdhA, SdhB, SdhC, and SdhD), and unlike
Complex I, III, IV, or V, all of the components of Complex II are
nuclear encoded. The activity of Complex II is also unique in
that it has a role both in electron transport and in the Krebs

cycle, where it oxidizes succinate to fumarate. Genetic evidence
suggests thatmutations in SdhB, SdhC, and SdhDcan lead to an
autosomal dominant tumor syndrome characterized by the
development of exceedingly rare tumors, including paragan-
gliomas and pheochromocytomas (19). Significant evidence
suggests that tumors in this syndrome develop, at least in part,
through the chronic activation of HIF-1�. This activation may
be secondary to a Complex II-dependent defect in succinate
metabolism. A rise in succinate could act to inhibit the 2-oxo-
glutarate-dependent dioxygenase that regulates the proline
hydroxylation and hence the stability of HIF-1� (20, 21). None-
theless, there are also some examples in which specific Sdh
mutations appear to activate HIF-1� through an increase in
mitochondrial oxidants (22). Such mutations alter the confor-
mation of Complex II presumably to become an important site
of ROS generation. The relative contribution of changes in suc-
cinate levels versus changes in mitochondrial ROS remains
unclear, and it remains possible that, in this condition, different
mutations lead to activation of HIF-1� through different
pathways.

Mitochondrial Oxidants and the Inflammasome

Several recent observations have suggested that mitochon-
drial oxidants can also act as important signaling molecules to
regulate the inflammatory response. These reports have cen-
tered mostly on the activation of the inflammasome, a molecu-
lar platform required for a fully functional innate immune sys-
tem. In particular, several groups have looked at activation of
NLRP3 (NOD-like receptor, pyrin domain-containing 3), an
intracellular receptor that senses a wide range of damage sig-
nals, including microorganisms, endogenous danger signals
such as ATP and uric acid, and environmental irritants such as
silica and asbestos. Interestingly, many of the known activators

FIGURE 1. HIF-1� and mitochondrial oxidants. Shown is the potential role
of HIF-1� in regulating ROS levels under low oxygen conditions. Evidence
suggests that low oxygen levels actually increase the levels of mitochondrial
ROS. Once released, these oxidants appear to stabilize HIF-1� protein and
thereby increase HIF-1� activity. In turn, through a variety of mechanisms,
HIF-1� alters mitochondrial carbon metabolism by regulating such enzymes
as lactate dehydrogenase A and PDK1 and potentially alters mitochondrial
activity by augmenting cytochrome content. The end result of these HIF-1�-
regulated activities is a potential reduction of the increased ROS levels
induced by hypoxic stress.
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of the NLRP3 inflammasome are also known to generate intra-
cellular ROS (23). Once activated, NLRP3 associates with a
number of other protein partners to form a high molecular
weight intracellular complex that functions to regulate themat-
uration and secretion of proinflammatory cytokines such as
IL-1�. Prior to thesemost recent works, therewas already some
indication that ROS play a key role in the activation of the
inflammasome. For instance, it had been observed that known
activators of NLRP3 caused the redox-dependent dissociation
of thioredoxin-interacting protein from thioredoxin. Once free
from thioredoxin, thioredoxin-interacting protein bound to
NLRP3, and this binding appeared to be required for the sub-
sequent robust activation of the inflammasome (24).
Given the wide range of known activators of the inflam-

masome, it seemed likely that there might be a common medi-
ator for NLRP3 activation. As mentioned above, one candidate
appeared to be ROS. Preliminary evidence initially hinted that
cytoplasmic members of the NADPH oxidase family (e.g.
NOX1, NOX2, etc.) might be the enzymatic source. However,
recent definitive genetic experimentation argues against this
possibility (25, 26). In contrast, there appears to be a robust
correlation between mitochondrial oxidants and inflam-
masome activation. For instance, pharmacological agents that
block Complex I or III and result in the increased release of
mitochondrial ROS also produce an increase in secreted IL-1�,
a hallmark of NLRP3 activation (26). Indeed, following activa-
tion, the NLRP3 complex was observed to co-localize to the
mitochondria (26). Furthermore, antioxidants specifically tar-
geted to the mitochondria appeared to block inflammasome
activation and inflammation in general (25–27). These and
other data suggest a model wherein a wide range of danger
signals converge to cause the increased generation of mito-
chondrial ROS. A rise in mitochondrial oxidant production
could therefore represent the common currency of all of these
divergent stress signals with subsequent activation of the
NLRP3 inflammasome. Interestingly, mitochondrial oxidants
may play a similar role in the execution of the apoptotic
response and in the formation of the apoptosome. At present, it
is unclear if there are quantitative or qualitative differences in
the ROS generated during inflammatory or apoptotic condi-
tions. Unfortunately, the mechanisms through which inflam-
matory signals can regulate mitochondrial function and the
precise mechanism by which the release of ROS can trigger
NLRP3 activation are undefined. Finally, very recently, another
link between mitochondrial function and innate immunity was
established. In particular, it has been recently demonstrated
that, inmacrophages, stimulation of Toll-like receptors directly
recruits mitochondria to themacrophage phagosome (28). The
mitochondria that are recruited produce ROS in a fashion that
is similar to themore widely characterized phagocytic NADPH
oxidase. Indeed, this recent study suggests an interesting func-
tional overlap between these two ROS-generating systems in
host defense and innate immunity.

Autophagy, Mitophagy, and ROS

Another area in which mitochondrial oxidants have been
recently implicated is in the regulation of autophagy (29). The
process of autophagy was first characterized in yeast. Although

there are numerous types of autophagy, the majority of work
has involved the analysis of macroautophagy. In this process,
both proteins and organelles are engulfed by a double-mem-
brane vesicle known as the autophagosome.The contents of the
autophagosome are then delivered to the lysosome, where they
undergo degradation. The metabolic breakdown products of
this process are in turn used as substrates for new biosynthesis.
In the absence of an effective autophagy network, there is an
accumulation of damaged organelles, including dysfunctional
mitochondria. Indeed, mitochondria isolated from autophagy-
deficient tissues have impaired respiratory function (30). Simi-
larly, cells with impaired autophagy have high basal levels of
ROS, which appears to emanate from the mitochondria (31).
Autophagy occurs under all conditions and is essential for
housekeeping functions, including the removal of large protein
complexes and the recycling of damaged organelles. In addi-
tion, a number of cellular stresses can induce a higher rate of
autophagic flux. In this context, the classical stimulus for
autophagy is starvation. Under starved conditions, the increase
in autophagy is presumably a mechanism to increase biosyn-
thetic intermediates in a situation in which there are few exter-
nal nutrients.
Genetic analysis initially in simple organisms such as yeast

has defined a set of �30 specific genes that are essential for
autophagic flux. These genes (named ATG1, ATG2, etc.) are
involved in various processes, including formation and matu-
ration of the double-membrane autophagosome and coordi-
nating the eventual fusion of this structure with the lysosome.
Functional analysis has demonstrated that autophagic flux is
negatively regulated by the mTOR (mammalian target of rapa-
mycin) pathway and positively regulated byClass III PI3K activ-
ity. Asmentioned above, one classical stimulus for autophagy is
starvation. Recent evidence suggests that starvation of cells
triggers the induction of autophagy through an increase in
mitochondrial ROS levels. This rise in ROS levels was evident
within 15 min of starvation (32). Inhibition of the rise in ROS
through pharmacological means resulted in impaired activa-
tion of starvation-induced autophagy. Furthermore, a specific
cysteine residue on the essential autophagy gene ATG4 was
shown to be redox-sensitive. This led to a model wherein star-
vation increased mitochondrial oxidants and, in particular,
increased hydrogen peroxide levels. This mitochondrion-de-
rived hydrogen peroxide could in turn oxidize a critical cysteine
residue of the ATG4 gene product. Once oxidized, ATG4 was
shown to regulate positively the activity of another essential
autophagy gene, ATG8, which in turn increased overall
autophagosome formation. Although these results are instruc-
tive, it is likely that ATG4 is not the only redox-sensitive target
in the autophagic machinery, nor is this result likely to be the
only redox connection to the process of autophagy. For
instance, prolonged autophagy appears to be linked to cell
death. In this context, autophagy and apoptosis may both be
viewed as alternative forms of programmed cell death. Interest-
ingly, similar to cell death by apoptosis, autophagic cell death is
accompanied by high levels of ROS. The accumulation of ROS
under these conditions appears to be at least partially the result
of a selective autophagic degradation of the peroxide-scaveng-
ing enzyme catalase (33). These results, coupledwith the redox-
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dependent activation of ATG4, suggest that ROS levels are
important both in the induction of stress-induced autophagy
and in the execution of autophagic cell death.
The selective removal of mitochondria by the autophagic

machinery, a process termed mitophagy, has been recently
linked to a host of degenerative and metabolic disorders. One
area in which this link is particularly intriguing comes from the
study of two gene products linked to hereditary forms of Par-
kinson disease. Work from several laboratories has described a
pathway wherein the PINK1 kinase (PTEN-induced kinase 1) is
involved in recruiting the usually cytosolic protein parkin to the
mitochondria (34, 35). Mutations in both PINK1 and parkin
have been previously linked to early-onset forms of Parkinson
disease. Parkin is an E3 ubiquitin ligase, and its recruitment to
the mitochondria implies that it might ubiquinate specific
mitochondrial proteins that in turn act to stimulate the selec-
tive removal of the damaged organelle. One such protein target
may be the outer mitochondrial membrane protein VDAC1,
which appears to undergo parkin-dependent polyubiquitina-
tion (35). It is currently unclear what signals damaged mito-
chondria produce that allow for the selective recruitment of
molecules such as parkin. One hypothesis is that a reduction in
mitochondrial membrane potential, perhaps caused by
increased ROS levels, might be a precipitating factor. How such
a signal is perceived or transduced remains unknown at this
point. The intersection of disease-associated genes, mitochon-
drial function, autophagy, and oxidative stress appears to
extend to other genes implicated in Parkinson disease. For
instance, another gene product linked to hereditary Parkinson
disease is DJ-1. Cellular and animal models have demonstrated
that loss of this gene results in an increase in ROS levels, as well
as aberrant appearing mitochondria (36–38). Furthermore,
DJ-1 has a highly conserved and reactive cysteine residue (Cys-
106 in human DJ-1) that appears to be required for the protein
to function as a regulator of redox homeostasis (39, 40).
Together with the emerging data on PINK1 and parkin, these
observations suggest that many of the protein products of Par-
kinson disease susceptibility genes share a common function of
regulating mitochondrial dynamics and oxidative stress.

Energy Metabolism, Mitochondria, and Stem Cells

A final area in which the release of mitochondrial oxidants
appears to play an increasingly important role is in the biology
of stem cells. Much of this work grew out of the broader con-
nection between mitochondrial oxidants and aging. Since the
late 1950s whenDenhamHarman first articulated his “free rad-
ical theory of aging,” there has been significant interest in the
connection between mitochondrial oxidants and organismal
aging (41, 42). Many believe there is an inherent connection
between a decline in stem cell function and the aging process,
and as such, understanding the role of metabolism and oxida-
tive stress within stem cells seems a particularly fruitful area of
investigation. Progress in this area has been spurred by the anal-
ysis of various instructive mouse genetic models. Perhaps the
first indication that a rise in ROS might be particularly delete-
rious for stem cells came from the study of mice deficient for
the ATM (ataxia telangiectasia mutated) kinase. The ATM
kinase is involved in the response toDNAdamage, and patients

carrying defective ATM alleles suffer from a syndrome charac-
terized by neurological and immunological defects, cancer pre-
disposition, and an accelerated aging phenotype. Evidence from
mouse models and human patient samples suggests that ATM
deficiency results in an increase in basal ROS levels (43). The
precise source of these oxidants is unclear; however, this is a
growing connection between ATM and metabolic and mito-
chondrial function (44–46). Observations with atm�/� mice
demonstrated that hematopoietic stem cells (HSCs) lacking
ATM develop a profound impairment in stem cell self-renewal
(47). The process of self-renewal involves the capacity of HSCs
to divide and give rise to new daughter HSCs rather than to
mature progeny (i.e. red cells, white cells, platelets, etc.). In the
absence of a robust self-renewal capacity, stem cell numbers
rapidly deplete. This rapid depletion of stem cell number was
observed in the atm�/� mice, yet surprisingly, these animals
could be rescued by the simple administration of the antioxi-
dant N-acetylcysteine (47). Indeed, HSCs from atm�/� mice
exhibited high levels of basal ROS, and a follow-up study sug-
gested that the redox-dependent activation of p38 MAPK was
at least partially responsible for the decline inHSC self-renewal
capacity (48). Subsequent to these observations, other groups
workingwith the FoxO family of transcription factors furthered
strengthen the association between a rise in oxidant levels and a
decline in HSC self-renewal capacity (49). Again, as in the case
of HSCs deficient for ATM, HSCs deficient for FoxO family
members exhibited a redox-dependent impairment of stem cell
self-renewal.
The connection between mitochondrial oxidants and stem

cell function has been further expanded by several recent obser-
vations. For instance, the Polycomb repressor Bmi1 has been
shown to be essential for stem cell renewal, as Bmi1�/� mice
also show a rapid postnatal depletion of both hematopoietic
and neural stem cells. More recently, the absence of Bmi1 was
shown to result in a rise in mitochondrial oxidants (50). This
rise in mitochondrial oxidants was of sufficient magnitude to
result in oxidative damage to nuclearDNAand the activation of
the DNA damage response pathway. Genetic inhibition of the
DNA damage response could partially rescue the Bmi1 pheno-
type without altering the levels of ROS. These results, as well as
the above results with p38 MAPK activation, argue that stem
and progenitor dysfunction may result from the activation of
specific redox-sensitive pathways rather than the random
destructive effects of ROS.
This general theme has also been expanded by three recent

studies in which the tumor suppressor andmetabolic regulator
LKB1 was shown to regulate HSC quiescence (51–53). In the
absence of LKB1, stem cells appeared to proliferate initially,
giving rise to increased progenitor cell number. Over time, this
led to exhaustion of the HSC compartment, with eventual pan-
cytopenia in the LKB1-deficient mice. Although LKB1 can reg-
ulate a number of intracellular pathways, including the FoxO
family of transcription factors, the effects of conditional LKB1
ablation appeared to be independent of FoxO activity or ROS
levels. Several of the groups suggested, however, that a decrease
in the transcriptional coactivator peroxisome proliferator-acti-
vated receptor-� coactivator 1� (PGC-1�)may play a role in the
observed Lkb1 phenotype. PGC-1� is a master regulator of
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mitochondrial biogenesis and indeed, similar to the Bmi1-defi-
cient animals, LKB1-deficient HSCs had alterations in mito-
chondrial number and function. As such, stem cells might be
particularly sensitive to decreased mitochondrial function or
increased mitochondrial oxidants. These results might have
important implications connecting the age-dependent decline
in mitochondrial and stem cell function. This connection was
furthered underscored by observations that telomere dysfunc-
tion, a hallmark of aging, can also regulate mitochondrial func-
tion (54). Again, as with the data regarding LKB1, the connec-
tion appears to be through PGC-1�. In this example, however,
telomere shortening causes activation of the DNA damage
response pathway, leading to p53 activation. Interestingly, p53
appears to be a direct repressor of PGC-1� expression. The
absence of PGC-1� appears to cause a decline inmitochondrial
number and function and a rise in ROS levels. Finally, although
the role of inappropriate mitochondrial ROS production
appears to contribute to a pathological decline in stem cell
number and function, there is also evidence that oxidantsmight
play a physiological role as well. The best evidence comes from
analysis in Drosophila, where a rise in ROS appears to be
required for proper differentiation of the myeloid progenitor
cells (55). In this situation, oxidants appear to regulate the activ-
ity of many of the factors discussed above, including Polycomb
repressors, as well as FoxO transcription factors. It remains
unclear whether a similar physiological role for the regulated
release of mitochondrial oxidants also exists in the differentia-
tion of mammalian myeloid cells.

Conclusion

Thepreceding examples implicatemitochondrial oxidants as
regulators of a diverse range of biological activities. In most of
these examples, many unanswered questions remain. For
instance, very little is known regarding the regulation of mito-
chondrial oxidant production. For now, it would appear that
mitochondrial ROS increase both in the setting of increased
substrate supply and during starvation. Similarly, mitochon-
drial ROS have been shown to increase during both hyperoxia
and hypoxia. Clearer molecular insight regarding how such
seemingly paradoxical regulation is achieved would appear to
be crucial to further our understanding of such complex sys-
tems. In addition, the target(s) for mitochondrial oxidants are
often poorly characterized. For instance, although there is com-
pelling evidence that mitochondrial oxidants regulate the
inflammasome, there is little insight regarding what precisely
oxidants do in this or similar circumstances. Indeed, inmany of
the described examples, although genetic or pharmacological
evidence strongly implicates mitochondrial oxidants as playing
an important biological role, the precise molecular target for
mitochondrial ROS is often mysterious or poorly understood.
Finally, althoughperhaps too simplistic, itmay be convenient to
view the release of mitochondrial oxidants as a cellular early
warning system. It is not presumably strictly by chance that
many of the pathways in which mitochondrial ROS have been
implicated can be broadly viewed as lethal or sublethal stresses.
So, too, the specific cytosolic pathways implicated to date that
respond to a rise in mitochondrial ROS are often activated by
endogenous or exogenous stress.Given the ancient origin of the

present day eukaryotic mitochondria, it is tempting to specu-
late that the persistently observed release of mitochondrial oxi-
dants is not some evolutionary oversight. Rather, perhaps these
data are telling us that mitochondria should be viewed as more
than just autonomous factories that produce ATP. Much like
the canary in the mine, these organelles may also serve as a
constant sentry to warn us of impending trouble. In such a
scenario, multiple diverse stresses would converge on themito-
chondria, culminating in the release of ROS (Fig. 2). The release
of oxidants would be interpreted as a signal that a stress had
been encountered, with the intensity or duration of ROS release
a potential determining factor in the ultimate biological out-
come. Low intensity ROS productionmay be important inmet-
abolic adaptation such as seen with nutrient excess or under
conditions of low oxygen as discussed. Moderate ROS produc-
tion stimulated by endogenous or exogenous danger signals
might be involved in regulating inflammatory mediators.
Finally, high level ROSproductionmight signal the induction of
pathways such as apoptosis or autophagy capable of inducing
cell death. In each case, different redox-sensitive cytosolic path-
ways would be mobilized. Although many details remain to be
elucidated, the preceding examples suggest that our initial view
ofmitochondrial ROS as being produced in an unregulated and
unintentional fashion needs to reevaluated. The speed of recent
discoveries suggests that such reevaluation is already under
way.
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Understanding the structural organization of eukaryotic
chromatin and its control of gene expression represents one of
the most fundamental and open challenges in modern biology.
Recent experimental advances have revealed important charac-
teristics of chromatin in response to changes in external condi-
tions andhistone composition, such as the conformational com-
plexity of linker DNA and histone tail domains upon compact
folding of the fiber. In addition,modeling studies based onhigh-
resolution nucleosome models have helped explain the confor-
mational features of chromatin structural elements and their
interactions in terms of chromatin fiber models. This minire-
view discusses recent progress and evidence supporting struc-
tural heterogeneity in chromatin fibers, reconciling apparently
contradictory fiber models.

The 3 billion DNA base pairs of the human genome are
densely packed within eukaryotic chromatin, a nucleoprotein
complex in which the DNA is wrapped around nucleosomes
(see Fig. 1). Nucleosomes and higher order chromatin struc-
tures serve essential cellular functions, including condensation
ofmeters-long genomicDNAby several orders ofmagnitude to
enable its packaging into themicrometer-sized cell nucleus and
regulation of DNA-directed processes, such as transcription,
replication, recombination, and repair through local and
dynamic unfolding of chromatin.
Whether the higher order structure of nuclear chromatin is

organized into a hierarchy of folding states (1) or non-hierar-
chical fractal geometry (2), previous landmark studies estab-
lished the nucleosome as the repeating unit of chromatin (Figs.
1 and 2) (3). This basic unit consists of�200 bp of DNA, 147 bp
of which are wound around the outside of a spool composed of
core histones (two each of histones H2A, H2B, H3, and H4) to
form the nucleosome core; the remainder (linker DNA) joins
adjacent nucleosomes. At low salt, arrays of nucleosomes adopt
an extended “beads-on-a-string” conformation (Fig. 1). In vitro,

nucleosome arrays in solutions of physiological ionic strength
form a compact higher order structure called the 30-nm dia-
meter chromatin fiber. Determination of the detailed architec-
ture of the chromatin fiber has occupied experimental and the-
oretical scientists for decades (4–8).
In this minireview, we discuss recent progress in experimental

analysis of chromatin folding, as well as specific molecular inter-
actions and forces stabilizing compact chromatin. We include
recent modeling studies that, consistent with experimental data,
reveal a structural stability of internally heterogeneous chromatin
fibers. These collective experimental and modeling approaches
appear to reconcile contradictory chromatin fibermodels by relat-
ing variable chromatin organization to functional roles.

Experimental Foundations

Nucleosome Core Structure

The nucleosome core can be reconstituted from �147-bp
DNA fragments andhistone octamers. Such particles have been
crystallized and studied by x-ray diffraction (Fig. 3) (e.g. Refs.
9–14), revealing fine detail and differences from free DNA and
providing solid anchors for modeling studies.
Each histone contains a well ordered domain responsible for

the primary wrapping of DNA and tail regions, which make
important points of contact between the protein and the DNA
(see hypotheticalmodel in Fig. 2). Specifically, an underwinding
(10.2 versus �10. 5 bp/turn) of the nucleosome-bound DNA
superhelix lines up neighboring DNA grooves to form a chan-
nel through which the H3 and H2B N-terminal tail domains
pass. The tails likely play key roles in regulating biological pro-
cesses, such as transcription, that require a conformational
change in higher order chromatin structures. Unfortunately,
the tail domains are typically poorly ordered in crystal struc-
tures of nucleosome cores due to the high salt concentrations
required for crystallization. Because of this structural uncer-
tainty (15), for modeling purposes, these domains are typically
approximated as flexible polymers.
Solution studies revealed that the nucleosome core structure

is highly dynamic and undergoes spontaneous and reversible
unwrapping of DNA segments from the histone surface (16,
17); this flexibility provides accessibility and opportunity for
interactions with DNA-binding proteins. In addition, it should
be noted that inclusion of histone variants, e.g. centromeric
histone H3 variant CENP-A (centromere protein A) (18, 19),
may significantly alter both the extent and stability of nucleo-
some DNA wrapping.

Nucleosome Array Folding in Vitro: The 30-nm Fiber

Nucleosome arrays are characterized by variable linker DNA
lengths ranging from 10 to 90 bp. Thus, the nucleosome repeat
lengths (NRLs)2 vary from the shortest 155-bp NRL in fission
yeast (20) to the longest NRL in echinoderm sperm (�240 bp)
(21). As mentioned above, arrays are further compacted in* This work was supported, in whole or in part, by National Institutes of Health

Grants R01 GM055164 (to T. S.) and R01 GM52426 (to J. H.). This work was
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higher order chromosomal structures. In vitro, nucleosome
arrays form a compact 30-nm chromatin fiber, whose exact
structure (e.g. solenoid, zigzag, superbead, and others) has long

been debated (Figs. 4 and 5) (3). Part of this structural uncer-
tainty is due to variability in the native nucleosome arrays stud-
ied. A recent advance in understanding the internal organiza-
tion of the chromatin fiber occurred with the construction of
polynucleosome templates for precise positioning of histone
octamers, initially from repeats of 5 S ribosomal DNA (22) and
later from clone 601 DNA selected from random synthetic
DNA sequences (23). Note that the strong positional sequences
may create structural artifacts, so any generalizable conclusions
require independent confirmation with native chromatin.
Studies using 601 repeats have provided structural insights

for oligonucleosomes with relatively short NRLs (167 and 177
bp) folded in the presence of divalent cations. For example, in
cross-linking studies using arrays of 601nucleosomeswith 177-bp
repeats, Richmond and co-workers (24) produced compelling evi-
dence for a zigzagmodel in which nucleosome i is closest in space
to nucleosomes i�2 (see contact patterns in Fig. 5, A–C). Zigzag
foldingwas also evident in a subsequent crystallographic studyof a
tetranucleosome (25) with a 167-bp NRL.
However, Rhodes and co-workers (26, 27) produced strong

evidence for the earlier interdigitated solenoidmodel (28) using
electron microscopy of chromatin fibers reconstituted with
longer NRLs (�177 bp) and with linker histone (LH) and diva-
lent ions. More recently, cross-linking experiments combined
with modeling have demonstrated an internal heterogeneity of
compact 30-nm fibers (29). In particular, divalent ions appear
to promote some bending of the linker DNAs, so compact
structures for the chromatin fiber arise that combine mostly
straight-linker (zigzag-like) fibers with a small percentage of
bent linkers (Fig. 5C). Thus, bent-linker DNAs caused by diva-
lent ions lead to a heteromorphic fiber form that combines
features of both zigzag and solenoid models.

FIGURE 1. Schematic view of the many levels of DNA folding in the cell.
On length scales much smaller than the persistence length (pb), DNA can be
considered straight. In eukaryotic cells, DNA wraps around a core of histone
proteins to form the chromatin fiber. The fiber is shown in both the extended
view and a hypothetical compact zigzag view (the “30-nm fiber”) deduced
from a modeling study (29). Chromosomes are made up of a dense chromatin
fiber, shown here in the metaphase stage. For reference, we highlight in pink
in all the DNA/protein views the hierarchical organizational unit preceding it.
The length scale on the right indicates the level of compaction involved.

FIGURE 2. Detailed view of the heteromorphic chromatin model shown in
Fig. 1, with rendering of the core histone tails to show the complex inter-
and intranucleosome interactions. The first five nucleosomes are marked
to indicate the different interaction types. Histone tails are colored yellow
(H2A), red (H2B), blue (H3), and green (H4).

FIGURE 3. Examples of crystal structures for the tetranucleosome and
nucleosomes. Shown are the tetranucleosome complex (25), a nucleosome
core particle containing a poly(dA�dT) tract (red) (12), and a human centro-
meric nucleosome containing the centromere-specific histone H3 variant
CENP-A (18). In single nucleosome particles, the histone proteins are colored
by type (i.e. H3, purple; H4, silver; H2A, orange; H2B, blue). Arrows point to
residues present in CENP-A but not in the canonical H3 histone.
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The heterogeneous nature of the 30-nm fiber is consistent
with earlier electron microscopy (30) and atomic force micros-
copy (31) imaging. Other evidence for an irregular zigzag struc-
ture was provided by single-molecule experiments combined
with a low-resolution model to interpret force/extension
curves frompulling experiments by optical tweezers (32). How-
ever, recent single-molecule forcemicroscopy studies (33) sub-
jecting 25-nucleosome arrays with two linker lengths (NRLs of
167 and 197 bp) to forces up to 4 piconewtons suggested a
fundamental one-start solenoid organization for the longer
array. Clearly, many chromatin configurations are viable in
ambient conditions. In fact, this multiplicity of conformations
can be explained by the sensitivity of fiber architecture to a large
number of internal and external factors (LH, NRL, ionic condi-
tions, and variations in NRL from one core to the next; see next
section). Indeed, such a dependencemakes the chromatin fiber
infinitely interesting and suitable for performing a rich array of
functions in the cell.

Molecular Interactions and Factors Stabilizing Compact
Chromatin
LHsDefine the Path of LinkerDNA—LHsplay a crucial role in

compacting 30-nm fibers (34, 35) by shielding the negatively

charged linker DNA and thereby allowing close apposition of
these segments in the folded fiber. Typical LHs have a tripartite
structure, with extended positively charged C- and N-terminal
domains protruding from a central globular domain. Mapping
withmicrococcal nuclease (29) or hydroxyl radicals (36) provided
strong evidence for positioning of LH at the dyad axis with sym-
metric protection of �11 bp of each linker DNA. This symmetry
and the ability of the globular domain alone to bring two linker
DNA segments in close juxtaposition to form linker DNA stem
motifs are consistent with energy-minimizedmodels (37, 38).
Although the C- and N-terminal domains of LH are disor-

dered in solution, modeling suggests that folding of the C ter-
minus upon contacting the nucleosome contributes to the
linker stem formation. On the basis of a striking homology
between the C-terminal domain of LH and the HMG box fold
motif, Bharath et al. (39) predicted that the folded C-terminal
domain could induce formation of linker DNA stems by kink-
ing inward and then diverging at the C-terminal domain. More
recent analysis of experimental data andmodeling studies have
provided a nanoscale model of the LH-induced stem structure
(38). Condensation consistent with folding of the C-terminal
domain upon H1 binding to the nucleosome was recently con-

FIGURE 4. Representative studies of chromatin structure providing foundations for the mesoscopic model of the 30-nm fiber. The models were selected
among the many relevant works and are thus representative rather than complete. AFM, atomic force microscopy; SMFS, single-molecule force spectroscopy.
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firmed by FRET experiments (40). These results are consistent
with the LH C-terminal domain behaving as an intrinsically
disordered domain (41).

Thus, LH refines the path of linker DNAwithin the chroma-
tin fiber by forming rigid stems that reduce the separation angle
of entering/exiting DNA (35, 42). Additionally, LH shields the

FIGURE 5. Chromatin organization: ideal and deduced models for relaxed chromatin and stretched chromatin fibers. A–C, solenoid, zigzag, and heter-
omorphic models, respectively. A, ideal model (parallel and perpendicular views) for a 48-core 209-bp one-start solenoid fiber with six nucleosomes/turn in
which DNA linkers (DNA segments shown in red connecting nucleosomes) are bent and neighboring nucleosomes (i�1 interactions (int.)) are in the closest
contact. B, ideal two-start zigzag model (parallel and perpendicular views) for a 48-core 209-bp fiber in which DNA linkers are straight and i�2 nucleosomes are
in the closest contact. C, heteromorphic architecture predicted by modeling and Monte Carlo simulations of 48-core 209-bp arrays with LH at room temper-
ature (293 K), 0.15 M NaCl, and low concentration of magnesium ions and confirmed by cross-linking experiments (29). DNA linkers are shown in red, alternate
nucleosomes are shown in white and blue, and LHs are shown as turquoise spheres. The view parallel to the fiber axis (left) and two enlarged nucleosome triplets
are shown. Both straight and bent DNA linkers occur. In all views, connecting DNA linkers and DNA wrapped around the nucleosomes are colored in red; odd
and even nucleosomes are white and blue, respectively; and LHs are shown in turquoise. The close-ups of trinucleosomes show both intra- and internucleosome
interactions. The core histone tails are colored yellow (H2A), red (H2B), blue (H3), and green (H4). D, effect of NRL (173, 209, and 218 bp) and LH on the structure
of the chromatin fiber as predicted from Monte Carlo simulations of 48-core arrays at 0.15 M monovalent ions (72). The center images also show the individual
histone tail beads. Color coding is as described above. E, effect of various dynamic LH binding mechanisms on the chromatin unfolding mechanism for 24-core
209-bp fibers as revealed from stretching simulations mimicking single-molecule pulling experiments at monovalent salt conditions of 0.15 M (43). Panel 1,
resulting force extension curves for fibers with one LH rigidly fixed to each core (blue curve) versus LHs that bind/unbind dynamically (average concentration
of 0.8 LH/core; red curve) with added divalent cations. Dynamic LH binding/unbinding dramatically decreases the fiber stiffness and the forces needed for
unfolding with respect to fibers with fixed LH, improving the agreement with experiments (33) significantly. pN, piconewtons. Panel 2, images representing
unfolding intermediates at different forces along the dynamic LH curve in panel 1. Intermediates reveal “superbead-on-a-string” structures in which compact
clusters coexist with extended fiber regions. Panel 3, effect of fast and slow dynamic LH binding/unbinding during chromatin fiber unfolding without divalent
ions (43). The slow-rebinding LH molecules cause a more dramatic softening effect than a pool of fast-rebinding LH, whereas fast LH rebinding promotes
formation of superbead-on-a-string conformations with compact clusters. Together, fast- and slow-binding LH pools provide facile fiber unfolding through
heteromorphic superbead conformations.
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electrostatic repulsion of the linker DNAs and promotes linker
DNA bending. Still, recent single-molecule force studies (33)
suggested a stabilizing rather than structure-determining effect
of LH on higher order chromatin. This difference may reflect
the intrinsic ability of LH to rearrange under the applied force
and thus different organization of static and dynamic chroma-
tin (Fig. 5E) (43).
Histone Tails BridgeNucleosomes—TheN-terminal domains

of all core histones and the C-terminal domain of histone H2A
lack a defined secondary structurewhen free in solution and are
highly mobile when assembled into nucleosomes (15). These
histone tails are highly positively charged but make only mar-
ginal contributions to individual nucleosome structure. Still,
they are required for formation of higher order chromatin
structures (44, 45), probably due to mediation of internucleo-
some interactions. Apossiblemolecularmechanismof intrinsic
nucleosome core interactions emerged from an x-ray analysis
of nucleosome core crystals where the histone H4 N-terminal
tail from one nucleosome contacts an acidic patch formed by
histones H2A and H2B in a neighboring nucleosome (9). Evi-
dence for H4 tail-H2A interactions was provided by cross-link-
ing studies, suggesting both intra- and inter-array contacts (46,
47).
Recent cross-linking studies demonstrated that the same tail

domains of core histones can alternate between intra- and
inter-array interactions (47–49); we designate these as cis- and
trans-interactions, respectively (see hypothetical model in Fig.
2). The inclusion of core histone variants (50) or mutations
(51) altering the histone octamer surface can dispatch inter-
nucleosome interactions toward either cis-interactions and
intra-array folding or trans-interactions and inter-array
oligomerization.
Histone Post-translational Modifications Directly Alter

Nucleosome Interactions and Chromatin Folding—Post-trans-
lational modifications (PTMs) of histone proteins have
emerged as an important mechanism for modulating chroma-
tin structure and function (52, 53). Although many of the his-
tone PTMs affect chromatin structure and function by recruit-
ing additional chromatin-remodeling or architectural factors
consistent with the histone code hypothesis (54), histone acety-
lation and phosphorylation alter the protein charge and chem-
ical properties of the amino acid side group and may directly
affect internucleosome interaction and higher order folding.
For example, acetylation of Lys-16 in histone H4 was suffi-

cient to destabilize salt-dependent folding of a nucleosome
fiber (55). Surprisingly, charge alterations could not reproduce
the action of Lys-16 acetylation; this suggests a highly specific
interaction of the N-terminal domain with the histone octamer
surface (56), perhaps dependent on formation of �-helical sec-
ondary structure by the histone H4 N-terminal tail (57). The
other sites of histone N-terminal tail acetylation can also
directly alter the folding and compaction in chromatin (58) and
apparently act in a less specific manner in both cis- and trans-
interactions (49). These modifications are likely functionally
redundant as demonstrated by mutagenesis in vivo (59) and
histone tail swapping experiments (60). This non-specificity is
consistent with primarily electrostatic interactions of the
N-terminal tails with other histones and DNA (61).

Besides acetylation, residue substitution experiments in
which histone H4 was trimethylated at Lys-20 and probed by
array sedimentation showed increased compaction of nucleo-
some arrays (11). Although themechanism is unclear, the posi-
tion of Lys-20 in the histoneH4 tail (residues 16–20)may affect
the internucleosome interaction with a surface of histone H2A.
Moreover, ubiquitylation of histone H2B causes a notable dis-
ruption of a chromatin fiber structure through a mechanism
distinct from histone acetylation (62).
Although the above studies were conducted on nucleosome

arrays devoid of LH, other experiments have shown that his-
tone PTMs can also override LH-stabilized fiber compaction.
For example, citrullination of arginines in histone H3 and H4
N-terminal tails (63) and in vitro acetylation of chromatin fibers
(64) or acetylation mimics within the H4 tail domain (49) over-
ride the strong stimulation of condensation of nucleosome
arrays caused by LHs. Thus, histone acetylation may alter the
secondary structure of the core histone tail domains in a way
that does not simply abolish internucleosome interactions but
actively interferes with other stabilizing chromatin interactions
(65).
Effect of Nucleosome Positioning and NRL on Chromatin

Compaction—AlthoughNRL variationswere initially proposed
to alter chromatin fiber diameter proportionally to linker DNA
length (21), more recent ultrastructural studies suggest a step-
wise increase in the chromatin diameter from�33 nm for chro-
matin with 30–60-bp linkers to �42 nm for 70–90-bp linkers
(26). The observed structural transitionswere explained by top-
ological variations of linker folding from the helical ribbon con-
figuration to a crossed zigzag configuration (66), as well as by
polymorphic chromatin models where the nucleosome linkers
were tangentially oriented in the fiber and did not cross the
fiber axis (67). For shortNRLs typical of yeast andneuronal cells
(167 bp), a smaller diameter of �21 nmwith a zigzag morphol-
ogy (68) was obtained, consistent with nucleosome arrange-
ment in the tetranucleosome x-ray crystal structure (25).
Linker length variations were also predicted to have a strong

effect on the chromatin higher order structure via altered inter-
nucleosomeorientations (30, 31, 69, 70).However, experiments
on nucleosomes with NRLs varied in a fixed patternmimicking
natural variations (207 � 2) showed similar folding to uniform
arrays of the same length (29). Consistent with these findings,
modeling work has suggested that whereas short linkers are too
rigid and long linkers are too flexible, medium values (in the
range of 200–210 bp) can adopt variable conformations to opti-
mize overall fiber compaction (Figs. 2 and 5D) (71, 72).

Modeling Approaches

Challenges and Approaches—As discussed in a recent mod-
eling and simulation perspective (73), our computing power
and algorithms have improved markedly over the past decade,
rendering problems of greater scientific significance solvable
with enhanced confidence and accuracy. Although all-atom
simulations of nucleic acids have steadily increased in accuracy,
scope, and length (e.g. microsecond simulations of solvated
B-DNA dodecamer (73)), coarse-grained models are required
to simulate macromolecular chromatin systems that are too
large for atomic models and highly dynamic. Creation of such
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models is required to resolve key functional components of the
molecular system while approximating others. Ultimately,
modeling the various folded states of the chromatin fiber
requires multiscale methods to bridge the resolution among
different spatial and temporal scales.
As summarized in Fig. 4 (and in the indicated references),

several groups have developed different models with various
levels of complexity and involving different simulation tech-
niques. In most of these models, nucleosome geometries are
simplified by using a few key variables (e.g. nucleosome posi-
tions and charges and angular orientation between thewrapped
and existing/entering DNA), water is treated implicitly, and
configurations are generated by Monte Carlo sampling or via
analytic formulations that sample various parameter ranges.
Model validation is performed using available experimental
data, such as salt-induced compaction of oligonucleosomes to
reproduce experimental sedimentation coefficients and
nucleosome packing ratios, diffusion behavior of oligonucleo-
somes, salt-dependent extension of histone tails measured by
the tail-to-tail diameter of the core and radii of gyration for
mononucleosomes, LH orientations, and internucleosome
interaction patterns (see Ref. 61 for a summary of such model
validation details and available experiments). Overall, such
modeling is particularly useful for probing structural and ener-
getic effects as a function of certain parameters or conditions
like the ionic salt concentration, NRL, and the presence of LHs.
Simulations can also suggest specific configurations to help
interpret single-molecule pulling experiments by associating
specific force versus extension data points with fiber conforma-
tions, as shown in Fig. 5.
Effect of Ionic Conditions, NRL, and LH on Fiber Architec-

ture—As an example of these parameter dependences,Wong et
al. (67) showed the dependence of fiber width on the linker
DNA length and the orientation of LHs.Modeling of simplified
coarse-grained nucleosome models by Rippe and co-workers
(74) reinforced the large effect of the linker length and nucleo-
some twist angles on the extent of fiber compaction.Mesoscale
modeling combined with experimental cross-linking studies
that measured nucleosome interaction patters complemented
by EM visualization (29) revealed a compaction pattern as LH
and divalent ions are added: an open, disordered, zigzag orga-
nization for chromatin fibers without LH rearranges to form
compact zigzag forms with LHs under monovalent ion condi-
tions.With divalent ions, further compaction arises by bending
a small portion of the linker DNAs to form a heteromorphic
architecture (Fig. 5C).
In our model (61, 72), each nucleosome histone octamer

(without protruding tails and with the wound DNA) is treated
as an irregularly shaped electrostatic charged object with point
charges parameterized to reproduce the atomistic electric field.
Each flexible histone tail is modeled as a chain of spherical
beads representing five amino acids each, and LHs aremodeled
using three beads representing theC-terminal, N-terminal, and
globular domains (Fig. 5D). The linker DNA connecting the
nucleosomes is treated using the wormlike chain elastic
approximation for DNA. The total energy consists of bending,
stretching, torsion, excluded volume, and electrostatic contri-
butions (43, 61).

Studies investigating the folding of the chromatin fiber as a
function of NRL, with andwithout LH, suggested that short-to-
mediumNRL fibers (173–209 bp) with LH condense into irreg-
ular zigzag structures and that solenoid features are viable only
for longer NRLs (218–226 bp) (Fig. 5D) (71, 72). These studies
suggest that medium NRL favors chromatin compaction
throughout the cell cycle, unlike short and long NRL fibers:
shortNRL arrays fold into narrow fibers, whereas longNRLs do
not easily lead to high packing ratios due to possible linkerDNA
bending. Furthermore, the histone tails influence fibers with
mediumNRLmore easily. The small compaction effect of LH in
short linker fibers is consistent with experiments (33, 68).
Recent modeling studies that mimic chromatin stretching

experiments have proposed interesting roles for LH in fiber
compaction under various dynamic mechanisms. A wealth of
chromatin pulling experiments as summarized recently (75, 76)
has emphasized the need for furthermechanistic and structural
interpretation of the force versus extension curves. For exam-
ple, what factors stiffen the chromatin fiber, and what do the
force versus extension curves imply regarding chromatin struc-
ture? Our studies focused on analyzing the stretching response
of chromatin fibers as a function of the NRL and LH presence,
including various binding mechanisms for LH. Indeed, LHs are
known to be dynamic, with different binding ratios (77, 78).
Because fiber resistance to stretching decreases markedly with
dynamic compared with static LHs due to possible stem rear-
rangements in the former (Fig. 5E, panel 1), we have suggested
that dynamic LH binding may be an essential mechanism to
soften chromatin fibers and allow unfolding at typical forces
corresponding to natural molecular motors (Fig. 5E) (43).
Moreover, among the dynamic LHs, pools of fast- and slow-
binding LHs may cooperatively induce fiber unfolding at low
forces: lower binding affinity softens fibers due to stem desta-
bilization, whereas higher binding affinity promotes superbead
constructs that combine nucleosome clusters with stretched
fiber regions. The combination may offer both flexibility and
selective DNA exposure (Fig. 5E) (43). These results thus sug-
gest how modeling can help identify the factors that stiffen or
soften chromatin fibers, as well as propose conformations and
pathways linked to experimental force versus extension curves.
In particular, our conformations are consistent with an overall
zigzag fiber arrangement (Fig. 5E) rather than solenoid inter-
pretation (33).

Tertiary and Higher Order Structures, in Situ Structures,
and Functional Connections

Higher Order Structures beyond the Chromatin Fiber—Fold-
ing of the nucleosome array into the 30-nm fiber is far from
achieving the 5 orders of spatial compaction realized by the
chromosomes near the end of the cell cycle (Fig. 1). Various
looping, scaffolding, wrapping, and specific contacts with other
proteins and possibly RNA have been suggested for this higher
folding to occur.
In vitro, in the presence of divalent cations in excess of 2 mM,

aswell as in situ, in interphase eukaryotic cells, chromatin fibers
self-interact to form tertiary chromatin structures (1, 6, 45).
This type of chromatin compaction may account for the in situ
chromatin fibers that are partially interdigitated (79) and in
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vitro chromatin structures with diameters of �30 nm (80, 81).
In vitro, the formation of such structures is promoted by the
same factors as the secondary structure: divalent cations, inter-
actions between core histone N-terminal tails (46, 82), LHs
(83), and heterochromatin architectural factors such asMENT,
MeCP2, and Sir3 (84, 85). Modeling shows that longer nucleo-
some repeats typical of terminally differentiated cells promote
lateral self-association of the chromatin fibers and nucleosome
interdigitation (74).
Various ultrastructural studies, such as cryo-EM tomogra-

phy (79), cryo-EM (86), electron spectroscopic imaging (87),
and small-angle x-ray scattering (88, 89), have not yet provided
a uniform view of chromatin organization in the interphase
state. These techniques revealed 30-nm fibers in a number of
cells with condensed chromatin, such as Echinodermata sperm,
chicken erythrocytes, and mouse retina (79, 88, 90). However,
chromatin in proliferating cells showed thicker (100-nm diam-
eter) “chromonema fibers,” with none or few 30-nm structures
detected (91–93). Even in themost condensedheterochromatic
areas, no regular fibers of 30 nm in diameter were observed in
the nuclei for interphase cells (94), thus raising the possibility
that the 30-nm fiber is not a predominant structure in the inter-
phase nucleus.
Dynamics of Higher Order Chromatin Folding—Although

earlier structural models suggested a hierarchy of highly
ordered static structures for eukaryotic chromatin, recent stud-
ies have revealed chromatin organization to be highly dynamic.
This mobility includes the spontaneous reversible unfolding of
theDNA segments fromnucleosomes (16, 17) and oligonucleo-
some arrays (95), the transient association of chromatin archi-
tectural proteins like heterochromatin protein HP1 (96) with
chromatin, and the accessibility of condensed chromatin inside
metaphase chromosomes for extrachromosomal proteins (97).
In particular, as discussed above in connection with Fig. 5E, LH
is highly dynamic, binding to or unbinding from the nucleo-
somes rapidly (78, 98, 99), and LH binding dynamics have been
suggested to affect fiber compaction (100). Modeling has sug-
gested that fast- and slow-binding populations of LH (77)
merge optimally in heterogeneous forms of fibers tomake chro-
matin more amenable to molecular motors (Fig. 5E, panel 3)
(43).
The dynamic nature of chromatin necessitates developing

new structural and modeling approaches to capture transient
structural intermediates of chromatin folding in vitro and in
vivo and to relate them to existing nucleosome structures, ener-
getically favorable molecular models, and physical maps and
bioinformatic analyses of native chromatin structures. This
convergence of experiments and modeling will undoubtedly
help translate the linear organization of the nucleosomes and
their interaction in three-dimensional space to the hierarchy of
chromatin and DNA conformations associated with key regu-
latory processes via modulation of chromatin accessibility to
nuclear proteins and mediation of epigenetic interactions.
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Nitrogen monoxide (NO) markedly affects intracellular iron
metabolism, and recent studies have shown that molecules tra-
ditionally involved in drug resistance, namely GST and MRP1
(multidrug resistance-associated protein 1), are critical molec-
ular players in this process. This is mediated by interaction of
these proteins with dinitrosyl-dithiol-iron complexes (Watts,
R. N., Hawkins, C., Ponka, P., and Richardson, D. R. (2006) Proc.
Natl. Acad. Sci. U.S.A. 103, 7670–7675; Lok, H. C., Suryo Rah-
manto, Y., Hawkins, C. L., Kalinowski, D. S., Morrow, C. S.,
Townsend, A. J., Ponka, P., and Richardson, D. R. (2012) J. Biol.
Chem. 287, 607–618). These complexes are bioavailable, have a
markedly longer half-life compared with free NO, and form in
cells after an interaction between iron, NO, and glutathione.
The generation of dinitrosyl-dithiol-iron complexes acts as a
common currency for NO transport and storage by MRP1 and
GST P1-1, respectively. Understanding the biological traffick-
ing mechanisms involved in the metabolism of NO is vital for
elucidating its many roles in cellular signaling and cytotoxicity
and for development of new therapeutic targets.

Nitric Oxide Mediates Many of Its Effects by Binding to
Iron

Virtually all fields of biochemistry and physiology have been
influenced by the discovery of nitrogenmonoxide (NO) (1). NO
is a small, unstable, potentially toxic, diatomic molecule that is
produced bymanymammalian cells (2, 3). It is well known that
NO has a physiological role as a short-lived messenger and has
two major functions in cells: regulation and cytotoxicity (2, 3).
Some of the signaling roles of NO are mediated by its avid
binding to iron in the heme group of soluble guanylate cyclase

(sGC)2 (2, 3). In fact, the interaction of NO with iron forms a
well known branch of coordination chemistry (1).
The importance of iron in mediating the functions of NO is

also apparent when examining its cytotoxic effects. The cyto-
toxic functions of NO are observed when it is produced in large
amounts by activated macrophages (M�s) against pathogens
and tumor cells (2, 4). These effects are mediated by the reac-
tivity of NO with iron and can be explained, at least in part, by
its binding to [Fe-S] clusters and heme centers in themitochon-
drial electron transport chain, e.g. cytochrome c oxidase (5, 6).
The high affinity of NO for Fe2� results in the removal of iron
from [Fe-S] centers and the formation of dinitrosyl-iron species
within [Fe-S] proteins (7). Co-cultivation of tumor cells with
activated M�s results in the inhibition of target cell DNA syn-
thesis and a loss of 64% of cellular iron in 24 h (4). All of these
effects of NO severely impair ATP and DNA synthesis (4, 7).
NO is generated from L-arginine andO2 by theNOS family of

proteins (1). The activity of this group of enzymes can be inhib-
ited by L-arginine analogs, e.g. NG-monomethyl-L-arginine,
which provides a very useful experimental tool (8). Inducible
NOS (iNOS) can be induced with LPS and cytokines (e.g.
IFN-�) (9) in murine M�s and mediates high NO output. The
role of cytokine-inducible NO-generating activity in humans
has also been described (10). Neuronal NOS and endothelial
NOS (eNOS) are constitutively expressed and are generally
thought to generate NO at lower levels.

Iron, an Obligate Requirement for Life

To understand the interaction of NO with iron, a brief over-
view of the basic mechanisms involved is important. Iron is
crucial for the activity ofmany enzymes (2, 3). Extracellular iron
is transported by transferrin (Tf) and is internalized after bind-
ing to Tf receptor 1 (TfR1) by receptor-mediated endocytosis
(Fig. 1A) (2, 3). Ferric iron is released from Tf within the endo-
some after its acidification and is then reduced by an endosomal
ferrireductase, e.g. STEAP3 (six-transmembrane epithelial
antigen of the prostate 3) (11–13). This is then followed by
transport of Fe2� across the endosomal membrane by DMT1
(divalent metal transporter 1) (3). This nascent cytosolic iron
then becomes part of the labile iron pool (LIP) that is utilized for
metabolism or stored in ferritin (Fig. 1A) (2, 3). The nature of
the LIP remains unclear and was thought to be composed of
low-Mr complexes (14). However, work using reticulocytes
demonstrated that this low-Mr iron was not an intermediate
but instead had kinetic characteristics of an end product (15).
These studies suggest that iron exiting the endosome may be
bound to chaperone proteins and/or is transported by direct
interactions between organelles (15). Other studies suggested a
specific iron-delivering interaction of the Tf-containing endo-* This work was supported by Discovery Grant DP1092734 from the Austra-
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some with the mitochondrion (16). More recent investigations
have demonstrated a chaperone role for human PCBP1
(poly(rC)-binding protein 1) and PCBP2 in the transport of iron
to ferritin (17) and also to hypoxia-inducible factor-1� prolyl
hydroxylases (18).
Cellular iron metabolism is controlled, at least in part, by

IRP1 (iron regulatory protein 1) and IRP2 (2, 12). The iron reg-
ulatory proteins are RNA-binding factors that regulate iron
homeostasis by controlling TfR1 and ferritin expression. They
also regulate other molecules involved in iron metabolism,
including Fpn1 (ferroportin 1), which functions in iron mobili-
zation from cells (Fig. 1A) (19–21). For a more in-depth
description of iron metabolism, the reader is directed to com-
prehensive reviews (11–13).

Effect of NO on Cellular Iron Metabolism

Because of its high affinity for iron and rich coordination
chemistry, NO has been shown to form complexes with a vari-

ety of important iron-containing proteins such as ribonucle-
otide reductase (22), [Fe-S]-containing proteins such as ferro-
chelatase (23), heme-containing proteins (24, 25), and ferritin
(26). In fact, ferritin has been suggested to act as a store of NO
(26).
NO strongly activates the RNA-binding activity of IRP1 and

IRP2 and has a marked effect on iron metabolism (2, 3, 27, 28).
In fact, the effect of NO on IRP1 RNA-binding activity occurs
via two possible mechanisms: 1) a direct effect on the [4Fe-4S]
cluster of the aconitase form of IRP1, leading to its disassembly,
and/or 2) ironmobilization from cells, leading to iron depletion
(27–30). The effect of NO on iron regulatory protein RNA-
binding activity increasesTfR1 expression and results in a slight
increase in iron uptake from Tf (27). The discordance between
the ability ofNO tomarkedly increase TfR1 expression but only
slightly increase iron uptake from Tf could be related to the
ability of NO to reduce ATP synthesis, which is vital for iron
uptake (31, 32).
The importance of cellular iron depletion byNOhas recently

been confirmed by Hickok et al. (33), who showed that NO
suppresses tumor cell migration via up-regulation of the iron-
regulated metastasis suppressor molecule, NDRG1 (N-Myc
downstream regulated gene-1). NDRG1 is a cytosolic protein
(34, 35) that is strongly up-regulated by cellular iron depletion
via hypoxia-inducible factor-1�-dependent and -independent
pathways (34–36). The effect of NO on the up-regulation of
NDRG1 probably occurs through its ability to deplete the LIP
with the subsequent mobilization of iron (28, 37–39). The
importance of this iron pool in NO activity has been confirmed
by studies showing that it provides iron for dinitrosyl-dithiol-
iron complex (DNIC) generation (40).

Nitric Oxide-Iron Interactions: A Possible Mechanism by
Which Activated M�s Inhibit Tumor Target Cell
Proliferation

The nonspecific effector component mediating resistance to
tumor cells is activated M�s (41). M� activation occurs after
infection with mycobacteria and stimuli such as LPS and cyto-
kines (42), which result in the synthesis of tumor necrosis fac-
tor-� (43) and NO (8).
Many of the effects ofNO result from its tenacious binding to

iron (3, 27, 28). Intracellular iron release via NO generated by
M�s mediates, at least in part, their cytotoxic effector activity
against tumor cells (4). NO induces a loss of aconitase activity,
complexes I and II in M�s and co-cultured tumor target cells,
and the formation of DNICs in both cell types (44). These spe-
cies can be readily detected by EPR spectroscopywith a signal of
g � 2.04 (45). Vanin (46) showed that they have the formula
Fe(RS)2(NO)2, i.e. a DNIC. Physiologically relevant examples of
DNICs include the dinitrosyl-diglutathionyl-iron complex
(DNDGIC) and the dinitrosyl-dicysteinyl-iron complex (DND-
CIC) (Fig. 1B). However, thesemononuclearDNICsmay not be
the only species present and responsible for physiological/path-
ological reactions. In fact, a recent report showed that NO
reacts with [2Fe-2S] clusters, forming dinuclear complexes
(47).
Identification ofDNIC formation in tumor cells linksM�-in-

duced inhibition of iron-containing enzymes with NO biosyn-

FIGURE 1. A, schematic showing the basic processes of cellular iron metabo-
lism. Iron is transported in the blood bound to Tf. Tf binds to TfR1 on the cell
surface and is internalized by receptor-mediated endocytosis. Iron is released
from Tf by a decrease in pH and transported across the endosomal membrane
by DMT1. Once in the cytosol, iron becomes part of the poorly characterized
intracellular iron pool, which has been suggested to be bound by low-Mr
ligands, e.g. citrate or chaperone molecules such as PCBP1 and PCBP2. Iron
can be stored within the protein ferritin. In the absence of NO, iron can be
released from cells by the trans-plasma membrane protein Fpn1. B, line draw-
ings of the structures of physiologically relevant DNICs. These include DND-
GIC and DNDCIC. Coordinating water molecules have been omitted for clarity
in each case.
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thesis. As NO mediates tumor killing via its interaction with
iron (2–4), it is important to reveal the nature of these
interactions.

DNICs Are the Major Cellular Form of NO

DNICs are formed rapidly in cells upon exposure to NO,
which binds iron from the intracellular LIP (40, 48). Later dur-
ing this process, NOmobilizes iron fromother sources, and this
coincides with increasing cytotoxicity (48). It has been shown
that DNICs are the largest NO-derived adduct in cells, greatly
exceeding the production of S-nitrosothiols (48), which are
another NO-stabilizing and signaling species (1).
The similarity of EPR spectra obtained at 77K and at ambient

temperature indicates thatmost cellular DNICs have a highMr,
suggesting that they are bound to macromolecules (38, 40, 49).
Nevertheless, low-Mr DNICs such as DNDGICs andDNDCICs
are likely to exist in cells in equilibrium with protein-bound
complexes. In fact, low-Mr DNICs could be amobileNO-trans-
porting component between proteins (50, 51). The role of
DNICs in the storage and transport of NO is discussed below.

Role of DNICs in Cytotoxicity

Although the cytotoxic effects ofNOarewell known, the role
of DNICs in this process is unclear. DNICs induce apoptosis in
Jurkat cells even when the anti-apoptotic molecule Bcl-2 is
overexpressed (52). However, recent studies by Vanin and co-
workers (53) demonstrated that DNICs (derived from GSH or
cysteine) did not show any apoptotic activity in HeLa cells, in
contrast to the pro-apoptotic effects of S-nitrosoglutathione
(GSNO). These authors concluded that DNICs were bound to
membrane proteins, as protein-bound DNICs had been shown
to limit the reaction of NO with superoxide and the formation
of toxic peroxynitrite (54).
Other studies also do not agree regarding the toxicity of

DNICs, where the pro-apoptotic effect of NO onM�s could be
eliminated via its incorporation into DNICs (55). To add to the
controversy, Pedersen et al. (56) showed that GSTs sequester
toxic DNICs in cells. This property is important, as DNICsmay
cause irreversible inhibition of glutathione reductase (57, 58)
and other biomolecules.
Collectively, it can be suggested that, at lower concentra-

tions, DNICs may function as NO carriers and release it (59,
60), which can occur by spontaneous decomposition of DNICs
in vitro (61), to acceptors with higher affinity for NO (e.g. the
heme center of sGC). In fact, for DNICs to be a storage form of
NO would imply that NO is liberated and/or transferred at
some point (49, 60, 62). Although yet to be directly demon-
strated, this could assist NO-dependent signaling in vivo. How-
ever, the cytotoxic effects of DNICs may occur at higher con-
centrations, as may be expected under conditions of chronic
inflammation, where the mechanisms involved in their storage
(e.g. GSTs) could potentially be overwhelmed.

Model of D-Glucose-dependent NO-mediated Iron
Mobilization

A number of studies have examined the effect of NO on cel-
lular iron mobilization (3, 32, 38, 39, 63). From these investiga-
tions, a model of D-glucose-dependent NO-mediated iron

mobilization from cells was proposed (Fig. 2A) (3). These
experiments demonstrated that D-glucose must be transported
into cells and then metabolized to enable NO-mediated iron
mobilization (39). In fact, only metabolizable sugars, and not
those that cannot be metabolized or transported across the cell
membrane, could promote iron mobilization (39).
These investigations indicated that the metabolism of glu-

cose to generate NADPH via the pentose phosphate pathway
was required to generate GSH (L-�-glutamyl-L-cysteinylgly-
cine), which was critical for NO-mediated iron release (Fig. 2A)
(3, 32, 38, 39, 63). GSH is a major antioxidant in cells (64) and
exists in reduced (GSH) and oxidized (GSSG) forms (65).

FIGURE 2. A, hypothetical model of D-glucose-dependent NO-mediated iron
mobilization from cells. Studies using a variety of metabolizable and non-
metabolizable sugars demonstrated that NO-mediated iron mobilization
from cells is dependent on the transport of D-glucose into cells and its metab-
olism (39). Glucose is used by the tricarboxylic acid cycle for the production of
ATP and by the pentose phosphate pathway (PPP) for the generation of
NADPH, which is involved in the synthesis of GSH (39). NO either diffuses or is
transported into cells by protein-disulfide isomerase (PDI) (100). Once within
cells, NO intercepts and binds iron bound to proteins or iron that is en route to
ferritin. The high affinity of NO for iron results in the formation of DNICs (rep-
resented here as GS-Fe-NO). GSH may either be involved as a reductant to
remove iron from endogenous ligands and/or complete the iron coordina-
tion shell along with NO in the DNIC. This complex as an intact entity or its
separate components can be released from the cell by an active process
requiring MRP1. This model has been modified from Ref. 3. G-6-P, glucose
6-phosphate. B, schematic illustrating the respective roles of GST P1-1 and
MRP1 in NO storage and transport. NO can diffuse through the membrane or
may be actively transported into cells by protein-disulfide isomerase (100).
Because of the ability of NO to act as a ligand, it can bind iron transported into
cells and released from Tf. GSH completes the coordination sphere of the
NO-iron complex to form a DNIC. DNICs can be bound by GST P1-1 or effluxed
out of cells via MRP1 (37, 38).
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Interestingly, a specific inhibitor of GSH synthesis, L-buthio-
nine (SR)-sulfoximine (BSO) (66), prevented NO-mediated
iron release, an effect reversed by reconstitution of GSH (39).
Moreover, the process of NO-mediated iron mobilization was
shown to be dependent on ATP generation (39). However, the
dependence on GSH for NO-mediated iron release was not
observed when assessing the mobilization of iron via synthetic
chelators (39). Hence, these two processes may be mediated by
different mechanisms.
Considering these results in the context of the form of iron

released by NO, it is known that NO enters cells, where it inter-
acts with protein-bound iron or iron en route to ferritin (Fig.
2A) (3, 39). The high affinity of NO for iron results in aNO-iron
complex, and GSH could act as a ligand to complete the coor-
dination shell, forming a DNIC (Fig. 2A) (3). Studies were initi-
ated to examine the mechanism responsible (38).

Ubiquitous GSH Transporter MRP1 Mediates NO-
mediated Iron and GSH Release

Considering that NO-mediated iron efflux from cells
requires GSH (39), it was hypothesized that a DNIC composed
of iron, GSH, and NO was released (3, 63). An active process
was indicated due to the requirement for glucose metabolism,
ATP,GSH, and an intact cellmembrane (39, 63). Previous stud-
ies have described the role of MRP1 (multidrug resistance-as-
sociated protein 1; ABCC1) in the transport of GSH conjugates
(67) and particularly complexes of antimony and arsenic (67,
68). Considering this together with the fact that MRP1 is ubiq-
uitously expressed (69) and requires ATP (70), this transporter
was a candidate for exporting DNDGICs.
MRP1 is a member of the ATP-binding cassette transporter

superfamily (71, 72). It uses ATP hydrolysis to efflux various
anticancer drugs and other organic anions, often as conjugates
of GSH (67, 73).
Initial studies (38) examining the role of MRP1 in NO-medi-

ated iron release from cells investigated the MRP1-hyperex-
pressing human breast cancer cell line MCF7-VP and its rele-
vant parental counterpart, MCF7-WT, which expresses only
very low levels of MRP1 (74). The MCF7-VP cell line demon-
strated a 3–4-fold increase in NO-mediated 59Fe and GSH
efflux compared with WT cells. Furthermore, the NO-medi-
ated 59Fe and GSH efflux was prevented by the GSH-depleting
agent BSO, which inhibits GSH synthesis (66). Classical MRP1
inhibitors such asMK571, probenecid, and difloxacin inhibited
NO-mediated 59Fe release (38). Moreover, EPR spectroscopy
demonstrated that MRP1 inhibitors increased the DNIC signal
in cells after NO treatment, indicating inhibition of release of
the complex from the cell via MRP1 (38). More recent studies
have shown that NO generated by several different sources,
including transfection with iNOS or exposure to two exoge-
nous NO generators (i.e. GSNO or spermine NONOate), leads
to iron release from wild-type murine embryonic fibroblasts,
but not frommurine embryonic fibroblasts fromMRP1 knock-
out mice (37).
Considering the NO-mediated release of both iron and GSH

from cells (38, 39), it is notable that GSH efflux is a key signal
mediating apoptosis (75), and it is well known that iron efflux
from cells using chelators results in antitumor activity (76).

Hence, the dual action of NO resulting in iron and GSH mobi-
lization could play a role in M�-mediated cytotoxicity against
tumor cells.
It is notable that MRP1 is responsible only for NO-mediated

iron mobilization and does not play a role in iron release in the
absence ofNO.Thiswas shownby studies in control cells (incu-
bated without NO) in which BSO had nomarked effect on iron
mobilization (39, 77). In fact, in the absence of NO, Fpn1medi-
ates iron mobilization (19–21).

Potential Intermediary or Storage Role of DNICs by GST
Enzymes

The GST enzymes form an integrated detoxification mecha-
nism with MRP1 that eliminates toxic exogenous (e.g. antican-
cer drugs) and endogenous agents as GSH conjugates (78).
These enzymes catalyze the attack of GSH on compounds to
form GSH conjugates. Human cytosolic GSTs are sorted into
seven classes (�, �, �, �, �, �, and 	) (78).

Considering the coordinated role of GSTs and MRP1 in
detoxification (79–81) and that MRP1 transports iron and
GSH in a form consistent with DNICs (37, 38), it is of interest
that the most abundant GST isoenzymes, � (GST A1-1), �
(GST M1-1), and � (GST P1-1), bind DNDGICs with high
affinity (Kd � 10�9 to 10�10 M) (82, 83). A crystal structure of
the DNDGIC-GST P1-1 complex revealed that Tyr-7 in the
active site of the enzyme coordinates via its phenolate group to
iron, displacing one GSH ligand (82). Using EPR and bacterial
cells, it was shown that binding of DNDGIC to human GST
P1-1 was reversible, with the loss of the EPR signal occurring
within 1 h (82). In tissue homogenates, the half-life (t1⁄2) of the
complex wasmarkedly longer: 4.5 h for � and � class GSTs and
8 h for GST � (84).

Most studies examining DNIC-GST complexes have been
performed on purified proteins or these proteins heterolo-
gously expressed in bacterial cells. In hepatocytes, DNDGIC
binds to GST � (56), and it was hypothesized that NO removes
iron from ferritin and Tf to form DNICs (56). However, NO
does not directly remove Fe3� from Tf (31) or ferritin (63), and
other sites of iron acquisition are likely (31, 63).
The interaction of DNDGICs with GSTs raises the question

of their function and if there could be an interactionwithMRP1
considering the strongly associated role of these proteins in
detoxification (79–81, 85). Of importance, studies in vitro
showed that DNDGICs lead to inactivation of glutathione
reductase (56). Thus, GSTs may act as a protective mechanism
against high levels of DNICs. Alternatively or in combination
with this latter function, GSTs may act as a NO store and reg-
ulate the release of DNICs via MRP1.
Recent studies (37) have focused on the more abundant GST

classes and have examined MCF7-VP cells (hyperexpressing
MRP1) andMCF7-WT cells (expressing very lowMRP1 levels)
stably transfected with vector alone or with GSTA1 (encoding
GST A1-1), GSTM1 (encoding GST M1-1), or GSTP1 (encod-
ing GST P1-1). MCF7-VP or MCF7-WT cells transfected with
the empty vector alone (without a GST insert) do not highly
express GST A1-1, GST M1-1, or GST P1-1. In contrast, cells
transfectedwithGSTA1,GSTM1, andGSTP1 express very high
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levels of these proteins and thus provide appropriatemodels for
experimentation (37).

Only GST P1-1 Inhibits Cellular Iron Release from Cells
Hyperexpressing MRP1

The GST-transfected cells and their relative vector-trans-
fected controls described above were examined in terms of cel-
lular 59Fe mobilization in the presence and absence of NO (37).
Intracellular iron pools were labeled by incubation with the
physiological iron donor radiolabeled diferric Tf (viz. [59Fe2]Tf)
(Fig. 1A). Reincubation of labeled cells with control medium
alone did not result in any alteration in iron release when cells
transfectedwithGSTA1-1, GSTM1-1, orGSTP1-1were com-
pared with cells transfected with the vector alone (37). Reincu-
bation of cells with GSNO led to a marked increase in iron
release relative to those incubated with control medium.
Importantly, only the GST P1-1-transfected cells showed a sig-
nificant decrease in NO-mediated 59Fe efflux relative to cells
transfected with the empty vector control. A similar ability of
GST P1-1 to reduce iron release was also observed in cells that
were transfected with iNOS. Hence, NO provided extracellu-
larly (e.g. as spermine NONOate) or intracellularly from iNOS
led to similar results, with cells expressingGSTP1-1 decreasing
the release of cellular iron via MRP1 (37).
Assessment of the form of intracellular iron in NO-treated

GST-transfected cell types using native (nondenaturing) fast
pressure liquid chromatography demonstrated that an accu-
mulation of iron occurred in fractions containing GST P1-1,
but not GSTA1-1 orGSTM1-1 (37). Further studies using EPR
spectroscopy demonstrated that, in cells expressing GST P1-1,
but not GST A1-1 or GST M1-1, the DNIC signal was signifi-
cantlymore pronounced andwas a different shape than in their
vector-transfected counterparts (37). These observations are
consistent with x-ray crystallography data demonstrating the
different coordination sphere of the DNIC once bound to GST
P1-1 (82). Thus, GST P1-1, but neither GST A1-1 nor GST
M1-1, decreases iron release by MRP1 by binding DNICs and
preventing their release from cells (Fig. 2B).
These latter results do not agree with those obtained by

Pedersen et al. (56) using rat hepatocytes and liver homoge-
nates, which suggested that DNICs bind to � class GSTs. The
difference in results may be explained by the metabolic dispar-
ities between rat and human cells and/or the cell types studied
(37, 56). It is notable that MCF7 cells naturally express low
levels of GST P1-1, but not GST A1-1 or M1-1 (86). Thus, the
biochemistry needed for the interaction between GST P1-1,
MRP1, and DNICs may exist in these cells, whereas that for
GST A1-1 or GST M1-1 may be absent.
Considering that the affinity of GST � for DNICs is very high

and that it is present in hepatocytes at considerable concentra-
tions (0.3 mM) (56), it could be that different cell types have
different GST isoenzymes to protect against NO cytotoxicity.
Hence, their roles in DNIC metabolism and interaction with
MRP1 are important to investigate.
It is intriguing that althoughGSTP1-1 is found in the cytosol,

nucleus, and mitochondrion (87), it was recently identified to
be associated with the intracellular surface of the plasmamem-
brane (88). If this is validated, it could enable the DNIC bound

toGST P1-1 to be brought into proximity toMRP1, allowing its
efficient transport out of the cell.

Implications of MRP1-GST P1-1 Interaction in
Understanding NO Biology

MRP1 is involved in theNO-mediated efflux of iron andGSH
from cells in a form consistent with DNICs (Fig. 2B) (37, 38).
Furthermore, GSTP1-1 that bindsDNICs could act as an inter-
mediate form of NO for regulating biological processes, e.g.
vascular tone (82). Considering this, it is of interest that GST
polymorphisms correlate with preeclampsia, i.e. high blood
pressure during pregnancy (89).
In addition to the significant role of diffusion, the ability of

the cell to actively transport, store, and trafficNOaugments the
random process of diffusion-mediated NO delivery that is inef-
ficient and non-targeted. Because GST enzymes and MRP1
form a well integrated system for removing a variety of toxic
agents (79–81), these molecules could coordinately regulate
NO levels by binding and transportingDNICs (Fig. 2B) (37, 38).
This has important consequences for NO signaling, NO-medi-
ated apoptosis, and M�-mediated cytotoxicity that is due, in
part, to iron release from tumor targets.
Vital to the role of GST P1-1 andMRP1 inNOmetabolism is

the concept of DNICs as a useful currency for NO storage and
transport. This is crucial due to the greater t1⁄2 of NO when
found complexed as a DNIC (33, 84, 90, 91). DNICs have been
identified in tissues, sera, M�s, and many cell types (44–46,
92). In addition, DNICs bind with GSTs to stabilize NO for
hours (t1⁄2 � 4.5–8 h) (84), which exceeds the t1⁄2 of “freeNO,” i.e.
2 ms to 2 s (93). Moreover, DNICs appear to be transported
across membranes to donate iron to cellular pools (91) and can
nitrosylate targets (94, 95), illustrating their bioavailability.
Additional studies are needed to elucidate the regulation of

three steps involved inNOmetabolism andDNIC formation: 1)
NO generation and the formation of DNICs (via iNOS), 2) NO
storage and regulation (via GST P1-1), and 3) NO transport as
DNICs (via MRP1). As increased intracellular iron reduces
iNOS expression (96), we postulate a model of NO generation,
storage, and transport that may be regulated by DNIC levels,
and this requires validation.
Apart from DNICs, which form a bioavailable currency for

NO, it is well known that S-nitrosylation also mediates stabili-
zation and transport of NO. There is evidence that DNICs and
S-nitrosylated molecules act to mediate the effects of NO and
may coexist in equilibrium. In fact, it has been suggested that
cellular DNICs also serve as a NO reservoir for protein S-nitro-
sothiol formation (97).

Possible Physiological Roles of DNICs and New
Questions

The interaction between proteins that transport and store
NO leads to crucial questions. For example, given DNICs are
involved in the storage and transport ofNO (37, 38), it would be
worthy to investigate if other protein ligands bind DNICs.
Moreover, it is relevant to discuss the potential biological func-
tions of protein-boundDNICs. Indeed, although the role of NO
in vasodilation is well established (98), there is evidence that
DNICs also have an effect on blood pressure. Initially, the for-
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mation and release of DNICs were observed in endothelial cells
in which eNOS was induced, implicating their role in endothe-
lium-dependent relaxation (99). Indeed, by incubating aortic
segments with DNICs, Mülsch et al. (90) reported relaxation of
pre-contracted femoral artery segments. Similar observations
were also made by Alencar et al. (59).

The generation of NO by eNOS and the formation of DNICs
must now be assessed in endothelial cells, with emphasis on the
role of GSTs and MRP1 in NO storage and transport. This
could have implications for understanding the response of
smooth muscle cells to NO via its interaction with sGC (Fig.
3A). Similarly, it remains to be examined how the cooperative
mechanism of DNIC metabolism by GSTs and MRP1 is
involved in the cytotoxic effector mechanism of M�s against
tumor cells (Fig. 3B).
Apart from DNICs, it is currently unclear if complexes of

iron, NO, and amino acids containing oxygen donors (e.g. glu-

tamic or aspartic acid) form in cells or if they are substrates of
MRP1. Although the formation of such complexes is theoreti-
cally possible, their existence and physiological relevance will
require experimental validation.

Conclusions

NO is generally thought to be freely diffusible in cells. How-
ever, NOS, GST P1-1, and MRP1 have been shown to be three
crucial players in NO metabolism. Elucidating their interac-
tions is essential in formulating an integrated model of NO
metabolism and its link to the metabolism of iron. This is vital
in understanding NO and its effector functions.

REFERENCES
1. Stamler, J. S., Singel, D. J., and Loscalzo, J. (1992) Biochemistry of nitric

oxide and its redox-activated forms. Science 258, 1898–1902
2. Richardson, D. R., and Ponka, P. (1997) The molecular mechanisms of

the metabolism and transport of iron in normal and neoplastic cells.
Biochim. Biophys. Acta 1331, 1–40

3. Watts, R. N., Ponka, P., and Richardson, D. R. (2003) Effects of nitrogen
monoxide and carbon monoxide on molecular and cellular iron metab-
olism: mirror-image effector molecules that target iron. Biochem. J. 369,
429–440

4. Hibbs, J. B., Jr., Taintor, R. R., and Vavrin, Z. (1984) Iron depletion:
possible cause of tumor cell cytotoxicity induced by activated macro-
phages. Biochem. Biophys. Res. Commun. 123, 716–723

5. Henry, Y., Ducrocq, C., Drapier, J. C., Servent, D., Pellat, C., andGuissani,
A. (1991) Nitric oxide, a biological effector. Electron paramagnetic reso-
nance detection of nitrosyl-iron-protein complexes in whole cells. Eur.
Biophys. J. 20, 1–15

6. Cleeter, M. W., Cooper, J. M., Darley-Usmar, V. M., Moncada, S., and
Schapira, A. H. (1994) Reversible inhibition of cytochrome c oxidase, the
terminal enzyme of the mitochondrial respiratory chain, by nitric oxide.
Implications for neurodegenerative diseases. FEBS Lett. 345, 50–54

7. Drapier, J. C., and Hibbs, J. B., Jr. (1986) Murine cytotoxic activated
macrophages inhibit aconitase in tumor cells. Inhibition involves the
iron-sulfur prosthetic group and is reversible. J. Clin. Invest. 78, 790–797

8. Hibbs, J. B., Jr., Taintor, R. R., and Vavrin, Z. (1987) Macrophage cyto-
toxicity: role for L-arginine deiminase and imino nitrogen oxidation to
nitrite. Science 235, 473–476

9. Nathan, C., and Xie, Q. W. (1994) Regulation of biosynthesis of nitric
oxide. J. Biol. Chem. 269, 13725–13728

10. Hibbs, J. B., Jr., Westenfelder, C., Taintor, R., Vavrin, Z., Kablitz, C.,
Baranowski, R. L., Ward, J. H., Menlove, R. L., McMurry, M. P., and
Kushner, J. P. (1992) Evidence for cytokine-inducible nitric oxide synthe-
sis from L-arginine in patients receiving interleukin-2 therapy. J. Clin.
Invest. 89, 867–877

11. Dunn, L. L., Suryo Rahmanto, Y., and Richardson, D. R. (2007) Iron
uptake and metabolism in the new millennium. Trends Cell Biol. 17,
93–100

12. Hentze,M.W.,Muckenthaler, M. U., and Andrews, N. C. (2004) Balanc-
ing acts: molecular control of mammalian iron metabolism. Cell 117,
285–297

13. Wang, J., and Pantopoulos, K. (2011) Regulation of cellular iron metab-
olism. Biochem. J. 434, 365–381

14. Jacobs, A. (1977) Lowmolecular weight intracellular iron transport com-
pounds. Blood 50, 433–439

15. Richardson, D. R., Ponka, P., and Vyoral, D. (1996) Distribution of iron in
reticulocytes after inhibition of heme synthesis with succinylacetone:
examination of the intermediates involved in ironmetabolism. Blood 87,
3477–3488

16. Sheftel, A.D., Zhang, A. S., Brown,C., Shirihai, O. S., and Ponka, P. (2007)
Direct interorganellar transfer of iron from endosome tomitochondrion.
Blood 110, 125–132

17. Shi, H., Bencze, K. Z., Stemmler, T. L., and Philpott, C. C. (2008) A
cytosolic iron chaperone that delivers iron to ferritin. Science 320,

FIGURE 3. Schematic illustration of the interdependence of iron, NO, GSH,
and MRP1 and the hypothetical consequences of DNIC efflux. A, endothe-
lial cells. The efficient efflux of DNICs (represented here as GS-Fe-NO) by active
transport by MRP1 may be crucial where NO is produced in small quantities,
e.g. in blood vessels, in which eNOS generates NO to effect smooth muscle
relaxation. B, activated macrophages targeting tumor cells. When NO is gen-
erated in large amounts, e.g. by iNOS of M�s, it could lead to substantial iron
and GSH efflux from tumor cells as DNICs and induce cytotoxicity. The
schemes have been modified from Ref. 38.

MINIREVIEW: Iron, GST P1-1, and Dinitrosyl-Iron Complexes

MARCH 2, 2012 • VOLUME 287 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6965



1207–1210
18. Nandal, A., Ruiz, J. C., Subramanian, P., Ghimire-Rijal, S., Sinnamon,

R. A., Stemmler, T. L., Bruick, R. K., and Philpott, C. C. (2011) Activation
of the HIF prolyl hydroxylase by the iron chaperones PCBP1 and PCBP2.
Cell Metab. 14, 647–657

19. Abboud, S., and Haile, D. J. (2000) A novel mammalian iron-regulated
protein involved in intracellular iron metabolism. J. Biol. Chem. 275,
19906–19912

20. Donovan, A., Brownlie, A., Zhou, Y., Shepard, J., Pratt, S. J., Moynihan, J.,
Paw, B. H., Drejer, A., Barut, B., Zapata, A., Law, T. C., Brugnara, C., Lux,
S. E., Pinkus, G. S., Pinkus, J. L., Kingsley, P. D., Palis, J., Fleming, M. D.,
Andrews, N. C., and Zon, L. I. (2000) Positional cloning of zebrafish
ferroportin 1 identifies a conserved vertebrate iron exporter.Nature 403,
776–781

21. McKie, A. T., Marciani, P., Rolfs, A., Brennan, K., Wehr, K., Barrow, D.,
Miret, S., Bomford, A., Peters, T. J., Farzaneh, F., Hediger, M. A., Hentze,
M.W., and Simpson, R. J. (2000) A novel duodenal iron-regulated trans-
porter, IREG1, implicated in the basolateral transfer of iron to the circu-
lation.Mol. Cell 5, 299–309

22. Lepoivre, M., Fieschi, F., Coves, J., Thelander, L., and Fontecave, M.
(1991) Inactivation of ribonucleotide reductase by nitric oxide. Biochem.
Biophys. Res. Commun. 179, 442–448

23. Kim, Y. M., Bergonia, H. A., Müller, C., Pitt, B. R., Watkins, W. D., and
Lancaster, J. R., Jr. (1995) Loss and degradation of enzyme-bound heme
induced by cellular nitric oxide synthesis. J. Biol. Chem. 270, 5710–5713

24. Ignarro, L. J. (1991) Heme-dependent activation of guanylate cyclase by
nitric oxide: a novel signal transduction mechanism. Blood Vessels 28,
67–73

25. Khatsenko, O. G., Gross, S. S., Rifkind, A. B., and Vane, J. R. (1993) Nitric
oxide is a mediator of the decrease in cytochrome P450-dependent me-
tabolism caused by immunostimulants. Proc. Natl. Acad. Sci. U.S.A. 90,
11147–11151

26. Lee,M., Arosio, P., Cozzi, A., andChasteen, N. D. (1994) Identification of
the EPR-active iron-nitrosyl complexes in mammalian ferritins. Bio-
chemistry 33, 3679–3687

27. Richardson, D. R., Neumannova, V., Nagy, E., and Ponka, P. (1995) The
effect of redox-related species of nitrogen monoxide on transferrin and
iron uptake and cellular proliferation of erythroleukemia (K562) cells.
Blood 86, 3211–3219

28. Wardrop, S. L., Watts, R. N., and Richardson, D. R. (2000) Nitrogen
monoxide activates iron regulatory protein 1 RNA-binding activity by
two possible mechanisms: effect on the [4Fe-4S] cluster and iron mobi-
lization from cells. Biochemistry 39, 2748–2758

29. Drapier, J. C., Hirling, H.,Wietzerbin, J., Kaldy, P., and Kühn, L. C. (1993)
Biosynthesis of nitric oxide activates iron regulatory factor in macro-
phages. EMBO J. 12, 3643–3649

30. Weiss, G., Goossen, B., Doppler,W., Fuchs, D., Pantopoulos, K.,Werner-
Felmayer, G., Wachter, H., and Hentze, M. W. (1993) Translational reg-
ulation via iron-responsive elements by the nitric oxide/NO synthase
pathway. EMBO J. 12, 3651–3657

31. Watts, R. N., and Richardson, D. R. (2000) Examination of the mecha-
nism of action of nitrogen monoxide on iron uptake from transferrin.
J. Lab. Clin. Med. 136, 149–156

32. Watts, R. N., and Richardson, D. R. (2004) Differential effects on cellular
iron metabolism of the physiologically relevant diatomic effector mole-
cules, NO and CO, that bind iron. Biochim. Biophys. Acta 1692, 1–15

33. Hickok, J. R., Sahni, S., Mikhed, Y., Bonini, M. G., and Thomas, D. D.
(2011) Nitric oxide suppresses tumor cell migration through N-Myc
downstream regulated gene-1 (NDRG1) expression: role of chelatable
iron. J. Biol. Chem. 286, 41413–41424

34. Kovacevic, Z., and Richardson, D. R. (2006) The metastasis suppressor,
Ndrg-1: a new ally in the fight against cancer. Carcinogenesis 27,
2355–2366

35. Le, N. T., and Richardson, D. R. (2004) Iron chelators with high antipro-
liferative activity up-regulate the expression of a growth inhibitory and
metastasis suppressor gene: a link between iron metabolism and prolif-
eration. Blood 104, 2967–2975

36. Ellen, T. P., Ke, Q., Zhang, P., and Costa, M. (2008) NDRG1, a growth-

and cancer-related gene: regulation of gene expression and function in
normal and disease states. Carcinogenesis 29, 2–8

37. Lok, H. C., Suryo Rahmanto, Y., Hawkins, C. L., Kalinowski, D. S., Mor-
row, C. S., Townsend, A. J., Ponka, P., and Richardson, D. R. (2012) Nitric
oxide storage and transport in cells are mediated by glutathione S-trans-
ferase P1-1 and multidrug resistance protein 1 via dinitrosyl-iron com-
plexes. J. Biol. Chem. 287, 607–618

38. Watts, R. N., Hawkins, C., Ponka, P., and Richardson, D. R. (2006) Nitro-
gen monoxide (NO)-mediated iron release from cells is linked to NO-
induced glutathione efflux via multidrug resistance-associated protein 1.
Proc. Natl. Acad. Sci. U.S.A. 103, 7670–7675

39. Watts, R. N., and Richardson, D. R. (2001) Nitrogenmonoxide (NO) and
glucose: unexpected links between energy metabolism and NO-medi-
ated iron mobilization from cells. J. Biol. Chem. 276, 4724–4732

40. Toledo, J. C., Jr., Bosworth, C. A., Hennon, S. W., Mahtani, H. A., Bergo-
nia, H. A., and Lancaster, J. R., Jr. (2008) Nitric oxide-induced conversion
of cellular chelatable iron into macromolecule-bound paramagnetic
dinitrosyl-iron complexes. J. Biol. Chem. 283, 28926–28933

41. Hibbs, J. B., Jr., Taintor, R. R., Chapman, H. A., Jr., and Weinberg, J. B.
(1977) Macrophage tumor killing: influence of the local environment.
Science 197, 279–282

42. Klimp, A. H., de Vries, E. G., Scherphof, G. L., and Daemen, T. (2002) A
potential role of macrophage activation in the treatment of cancer. Crit.
Rev. Oncol. Hematol. 44, 143–161

43. Gifford, G. E., and Lohmann-Matthes,M. L. (1987) �-Interferon priming
of mouse and human macrophages for induction of tumor necrosis fac-
tor production by bacterial lipopolysaccharide. J. Natl. Cancer Inst. 78,
121–124

44. Lancaster, J. R., Jr., and Hibbs, J. B., Jr. (1990) EPR demonstration of
iron-nitrosyl complex formation by cytotoxic activated macrophages.
Proc. Natl. Acad. Sci. U.S.A. 87, 1223–1227

45. Pellat, C., Henry, Y., and Drapier, J. C. (1990) IFN-�-activated macro-
phages: detection by electron paramagnetic resonance of complexes be-
tween L-arginine-derived nitric oxide and non-heme iron proteins.
Biochem. Biophys. Res. Commun. 166, 119–125

46. Vanin, A. F. (1991) Endothelium-derived relaxing factor is a nitrosyl-iron
complex with thiol ligands. FEBS Lett. 289, 1–3

47. Tinberg, C. E., Tonzetich, Z. J., Wang, H., Do, L. H., Yoda, Y., Cramer,
S. P., and Lippard, S. J. (2010) Characterization of iron-dinitrosyl species
formed in the reaction of nitric oxide with a biological Rieske center.
J. Am. Chem. Soc. 132, 18168–18176

48. Hickok, J. R., Sahni, S., Shen, H., Arvind, A., Antoniou, C., Fung, L. W.,
and Thomas, D. D. (2011) Dinitrosyl-iron complexes are the most abun-
dant nitric oxide-derived cellular adduct: biological parameters of assem-
bly and disappearance. Free Radic. Biol. Med. 51, 1558–1566

49. Vanin, A. F. (2009) Dinitrosyl-iron complexes with thiolate ligands:
physicochemistry, biochemistry, and physiology. Nitric Oxide 21, 1–13

50. Ueno, T., and Yoshimura, T. (2000) The physiological activity and in vivo
distribution of dinitrosyl-dithiolato-iron complex. Jpn. J. Pharmacol. 82,
95–101

51. Vanin, A. F. (1998) Dinitrosyl-iron complexes and S-nitrosothiols are
two possible forms for stabilization and transport of nitric oxide in bio-
logical systems. Biochemistry 63, 782–793

52. Kleschyov, A. L., Strand, S., Schmitt, S., Gottfried, D., Skatchkov, M.,
Sjakste, N., Daiber, A., Umansky, V., and Munzel, T. (2006) Dinitrosyl-
iron triggers apoptosis in Jurkat cells despite overexpression of Bcl-2.
Free Radic. Biol. Med. 40, 1340–1348

53. Giliano, N. Y., Konevega, L. V., Noskin, L. A., Serezhenkov, V. A., Pol-
torakov, A. P., and Vanin, A. F. (2011) Dinitrosyl-iron complexes with
thiol-containing ligands and apoptosis: studies with HeLa cell cultures.
Nitric Oxide 24, 151–159

54. Shumaev, K. B., Gubkin, A. A., Serezhenkov, V. A., Lobysheva, I. I., Kos-
machevskaya, O. V., Ruuge, E. K., Lankin, V. Z., Topunov, A. F., and
Vanin, A. F. (2008) Interaction of reactive oxygen and nitrogen species
with albumin- and methemoglobin-bound dinitrosyl-iron complexes.
Nitric Oxide 18, 37–46

55. Kim, Y.M., Chung,H. T., Simmons, R. L., andBilliar, T. R. (2000)Cellular
non-heme iron content is a determinant of nitric oxide-mediated apo-

MINIREVIEW: Iron, GST P1-1, and Dinitrosyl-Iron Complexes

6966 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 10 • MARCH 2, 2012



ptosis, necrosis, and caspase inhibition. J. Biol. Chem. 275, 10954–10961
56. Pedersen, J. Z., De Maria, F., Turella, P., Federici, G., Mattei, M., Fabrini,

R., Dawood, K. F., Massimi, M., Caccuri, A. M., and Ricci, G. (2007)
Glutathione transferases sequester toxic dinitrosyl-iron complexes in
cells. A protection mechanism against excess nitric oxide. J. Biol. Chem.
282, 6364–6371

57. Boese, M., Keese, M. A., Becker, K., Busse, R., and Mülsch, A. (1997)
Inhibition of glutathione reductase by dinitrosyl-iron-dithiolate com-
plex. J. Biol. Chem. 272, 21767–21773

58. Becker, K., Savvides, S. N., Keese, M., Schirmer, R. H., and Karplus, P. A.
(1998) Enzyme inactivation through sulfhydryl oxidation by physiologic
NO carriers. Nat. Struct. Biol. 5, 267–271

59. Alencar, J. L., Chalupsky, K., Sarr, M., Schini-Kerth, V., Vanin, A. F.,
Stoclet, J. C., and Muller, B. (2003) Inhibition of arterial contraction by
dinitrosyl-iron complexes: critical role of the thiol ligand in determining
rate of nitric oxide (NO) release and formation of releasableNO stores by
S-nitrosation. Biochem. Pharmacol. 66, 2365–2374

60. Chen, Y. J., Ku, W. C., Feng, L. T., Tsai, M. L., Hsieh, C. H., Hsu, W. H.,
Liaw,W. F., and Hung, C. H. (2008) Nitric oxide physiological responses
and delivery mechanisms probed by water-soluble Roussin’s red ester
and (Fe(NO)2)10 DNIC. J. Am. Chem. Soc. 130, 10929–10938

61. Severina, I. S., Bussygina, O. G., Pyatakova, N. V., Malenkova, I. V., and
Vanin, A. F. (2003) Activation of soluble guanylate cyclase by NO
donors–S-nitrosothiols, and dinitrosyl-iron complexes with thiol-con-
taining ligands. Nitric Oxide 8, 155–163

62. Remizova, M. I., Kochetygov, N. I., Gerbout, K. A., Lakomkin, V. L.,
Timoshin, A. A., Burgova, E. N., and Vanin, A. F. (2011) Effect of dini-
trosyl-iron complexes with glutathione on hemorrhagic shock followed
by saline treatment. Eur. J. Pharmacol. 662, 40–46

63. Watts, R. N., and Richardson, D. R. (2002) The mechanism of nitrogen
monoxide (NO)-mediated iron mobilization from cells. NO intercepts
iron before incorporation into ferritin and indirectly mobilizes iron from
ferritin in a glutathione-dependent manner. Eur. J. Biochem. 269,
3383–3392

64. Meister, A. (1988) Glutathione metabolism and its selective modifica-
tion. J. Biol. Chem. 263, 17205–17208

65. Lomonosova, E. E., Kirsch, M., and de Groot, H. (1998) Calcium- versus
iron-mediated processes in hydrogen peroxide toxicity to L929 cells:
effects of glucose. Free Radic. Biol. Med. 25, 493–503

66. Griffith, O. W., and Meister, A. (1979) Potent and specific inhibition of
glutathione synthesis by buthionine sulfoximine (S-n-butyl homocys-
teine sulfoximine). J. Biol. Chem. 254, 7558–7560

67. Ballatori, N., Hammond, C. L., Cunningham, J. B., Krance, S. M., and
Marchan, R. (2005)Molecularmechanisms of reduced glutathione trans-
port: role of the MRP/CFTR/ABCC and OATP/SLC21A families of
membrane proteins. Toxicol. Appl. Pharmacol. 204, 238–255

68. Leslie, E. M., Haimeur, A., and Waalkes, M. P. (2004) Arsenic transport
by the human multidrug resistance protein 1 (MRP1/ABCC1). Evidence
that a tri-glutathione conjugate is required. J. Biol. Chem. 279,
32700–32708

69. Flens, M. J., Zaman, G. J., van der Valk, P., Izquierdo, M. A., Schroeijers,
A. B., Scheffer, G. L., van der Groep, P., de Haas, M., Meijer, C. J., and
Scheper, R. J. (1996) Tissue distribution of the multidrug resistance pro-
tein. Am. J. Pathol. 148, 1237–1247

70. Hou, Y. X., Cui, L., Riordan, J. R., and Chang, X. B. (2002) ATP binding to
the first nucleotide-binding domain of multidrug resistance protein
MRP1 increases binding and hydrolysis of ATP and trapping of ADP at
the second domain. J. Biol. Chem. 277, 5110–5119

71. Cole, S. P., Bhardwaj, G., Gerlach, J. H., Mackie, J. E., Grant, C. E.,
Almquist, K. C., Stewart, A. J., Kurz, E. U., Duncan, A. M., and Deeley,
R. G. (1992) Overexpression of a transporter gene in a multidrug-resist-
ant human lung cancer cell line. Science 258, 1650–1654

72. Mirski, S. E., Gerlach, J. H., and Cole, S. P. (1987)Multidrug resistance in
a human small cell lung cancer cell line selected in adriamycin. Cancer
Res. 47, 2594–2598

73. Chang, X. B. (2010) Molecular mechanism of ATP-dependent solute
transport by multidrug resistance-associated protein 1. Methods Mol.
Biol. 596, 223–249

74. Richardson, D. R. (2007) in Radicals for Life: The Various Forms of Nitric
Oxide (van Faasen, E., and Vanin, A. F. eds) pp. 97–118, Elsevier,
Amsterdam

75. He, Y. Y., Huang, J. L., Ramirez, D. C., and Chignell, C. F. (2003) Role of
reduced glutathione efflux in apoptosis of immortalized human kerati-
nocytes induced by UVA. J. Biol. Chem. 278, 8058–8064

76. Richardson, D. R., Tran, E. H., and Ponka, P. (1995) The potential of iron
chelators of the pyridoxal isonicotinoyl hydrazone class as effective an-
tiproliferative agents. Blood 86, 4295–4306

77. Schneider, E., Horton, J. K., Yang, C. H., Nakagawa,M., andCowan, K. H.
(1994)Multidrug resistance-associated protein gene overexpression and
reduced drug sensitivity of topoisomerase II in a human breast carci-
noma MCF7 cell line selected for etoposide resistance. Cancer Res. 54,
152–158

78. Hayes, J. D., Flanagan, J. U., and Jowsey, I. R. (2005) Glutathione trans-
ferases. Annu. Rev. Pharmacol. Toxicol. 45, 51–88

79. Morrow, C. S., Diah, S., Smitherman, P. K., Schneider, E., and Townsend,
A. J. (1998) Multidrug resistance protein and glutathione S-transferase
P1-1 act in synergy to confer protection from 4-nitroquinoline 1-oxide
toxicity. Carcinogenesis 19, 109–115

80. Morrow, C. S., Smitherman, P. K., Diah, S. K., Schneider, E., and
Townsend, A. J. (1998) Coordinated action of glutathione S-transferases
(GSTs) and multidrug resistance protein 1 (MRP1) in antineoplastic
drug detoxification. Mechanism of GST A1-1- and MRP1-associated
resistance to chlorambucil inMCF7 breast carcinoma cells. J. Biol. Chem.
273, 20114–20120

81. Morrow, C. S., Smitherman, P. K., and Townsend, A. J. (1998) Combined
expression of multidrug resistance protein (MRP) and glutathione S-
transferase P1-1 (GSTP1-1) in MCF7 cells and high-level resistance to
the cytotoxicities of ethacrynic acid but not oxazaphosphorines or cis-
platin. Biochem. Pharmacol. 56, 1013–1021

82. Cesareo, E., Parker, L. J., Pedersen, J. Z., Nuccetelli, M., Mazzetti, A. P.,
Pastore, A., Federici, G., Caccuri, A. M., Ricci, G., Adams, J. J., Parker,
M.W., andLoBello,M. (2005)Nitrosylation of human glutathione trans-
ferase P1-1 with dinitrosyl-diglutathionyl-iron complex in vitro and in
vivo. J. Biol. Chem. 280, 42172–42180

83. De Maria, F., Pedersen, J. Z., Caccuri, A. M., Antonini, G., Turella, P.,
Stella, L., Lo Bello, M., Federici, G., and Ricci, G. (2003) The specific
interaction of dinitrosyl-diglutathionyl-iron complex, a natural NO car-
rier, with the glutathione transferase superfamily. Suggestion for an ev-
olutionary pressure in the direction of the storage of nitric oxide. J. Biol.
Chem. 278, 42283–42293

84. Turella, P., Pedersen, J. Z., Caccuri, A.M., DeMaria, F.,Mastroberardino,
P., Lo Bello, M., Federici, G., and Ricci, G. (2003) Glutathione transferase
superfamily behaves like storage proteins for dinitrosyl-diglutathionyl-
iron complex in heterogeneous systems. J. Biol. Chem. 278,
42294–42299

85. Peklak-Scott, C., Townsend, A. J., andMorrow, C. S. (2005) Dynamics of
glutathione conjugation and conjugate efflux in detoxification of the car-
cinogen, 4-nitroquinoline 1-oxide: contributions of glutathione, gluta-
thione S-transferase, and MRP1. Biochemistry 44, 4426–4433

86. de Luca, A., Moroni, N., Serafino, A., Primavera, A., Pastore, A., Peder-
sen, J. Z., Petruzzelli, R., Farrace, M. G., Pierimarchi, P., Moroni, G.,
Federici, G., Sinibaldi Vallebona, P., and LoBello,M. (2011)Treatment of
doxorubicin-resistant MCF7/Dx cells with nitric oxide causes histone
glutathionylation and reversal of drug resistance. Biochem. J. 440,
175–183

87. Kawakatsu, M., Goto, S., Yoshida, T., Urata, Y., and Li, T. S. (2011) Nu-
clear translocation of glutathione S-transferase Pi is mediated by a non-
classical localization signal. Biochem. Biophys. Res. Commun. 411,
745–750

88. Qazi, S. S., Osoria Pérez, A., Sam,M., and Leslie, E.M. (2011)Glutathione
transferase P1 interacts strongly with the inner leaflet of the plasma
membrane. Drug Metab. Dispos. 39, 1122–1126

89. Canto, P., Canto-Cetina, T., Juárez-Velázquez, R., Rosas-Vargas,H., Ran-
gel-Villalobos, H., Canizales-Quinteros, S., Velázquez-Wong, A. C., Vil-
larreal-Molina, M. T., Fernández, G., and Coral-Vázquez, R. (2008)
Methylenetetrahydrofolate reductase C677T and glutathione S-trans-

MINIREVIEW: Iron, GST P1-1, and Dinitrosyl-Iron Complexes

MARCH 2, 2012 • VOLUME 287 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6967



ferase P1 A313G are associated with a reduced risk of preeclampsia in
Maya-Mestizo women. Hypertens. Res. 31, 1015–1019

90. Mülsch, A., Mordvintcev, P., Vanin, A. F., and Busse, R. (1991) The po-
tent vasodilating and guanylyl cyclase-activating dinitrosyl-iron(II) com-
plex is stored in a protein-bound form in vascular tissue and is released by
thiols. FEBS Lett. 294, 252–256

91. Ueno, T., Suzuki, Y., Fujii, S., Vanin, A. F., and Yoshimura, T. (1999) In
vivo distribution and behavior of paramagnetic dinitrosyl dithiolato-iron
complex in the abdomen of mouse. Free Radic. Res. 31, 525–534

92. Drapier, J. C., Pellat, C., and Henry, Y. (1991) Generation of EPR-detect-
able nitrosyl-iron complexes in tumor target cells co-cultured with acti-
vated macrophages. J. Biol. Chem. 266, 10162–10167

93. Thomas, D. D., Liu, X., Kantrow, S. P., and Lancaster, J. R., Jr. (2001) The
biological lifetime of nitric oxide: implications for the perivascular dy-
namics of NO and O2. Proc. Natl. Acad. Sci. U.S.A. 98, 355–360

94. Boese, M., Mordvintcev, P. I., Vanin, A. F., Busse, R., and Mülsch, A.
(1995) S-Nitrosation of serum albumin by dinitrosyl-iron complex.
J. Biol. Chem. 270, 29244–29249

95. Vanin, A. F., Malenkova, I. V., and Serezhenkov, V. A. (1997) Iron cata-
lyzes both decomposition and synthesis of S-nitrosothiols: optical and
electron paramagnetic resonance studies. Nitric Oxide 1, 191–203

96. Weiss, G.,Werner-Felmayer, G.,Werner, E. R., Grünewald, K.,Wachter,
H., and Hentze, M. W. (1994) Iron regulates nitric-oxide synthase activ-
ity by controlling nuclear transcription. J. Exp. Med. 180, 969–976

97. Bosworth, C. A., Toledo, J. C., Jr., Zmijewski, J. W., Li, Q., and Lancaster,
J. R., Jr. (2009)Dinitrosyliron complexes and themechanism(s) of cellular
protein nitrosothiol formation from nitric oxide. Proc. Natl. Acad. Sci.
U.S.A. 106, 4671–4676

98. Ignarro, L. J. (1989) Endothelium-derived nitric oxide: actions and prop-
erties. FASEB J. 3, 31–36

99. Mülsch, A., Mordvintcev, P. I., Vanin, A. F., and Busse, R. (1993) Forma-
tion and release of dinitrosyl-iron complexes by endothelial cells.
Biochem. Biophys. Res. Commun. 196, 1303–1308

100. Zai, A., Rudd, M. A., Scribner, A.W., and Loscalzo, J. (1999) Cell-surface
protein-disulfide isomerase catalyzes transnitrosation and regulates in-
tracellular transfer of nitric oxide. J. Clin. Invest. 103, 393–399

MINIREVIEW: Iron, GST P1-1, and Dinitrosyl-Iron Complexes

6968 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 10 • MARCH 2, 2012



A Detour for Yeast Oxysterol
Binding Proteins*
Published, JBC Papers in Press, February 14, 2012, DOI 10.1074/jbc.R111.338400

Christopher T. Beh‡1, Christopher R. McMaster§2,
Keith G. Kozminski¶3, and Anant K. Menon�4

From the ‡Department of Molecular Biology and Biochemistry, Simon
Fraser University, Burnaby, British Columbia V5A 1S6, Canada, the
§Departments of Pediatrics and Biochemistry & Molecular Biology, Atlantic
Research Centre, Dalhousie University, Halifax, Nova Scotia B3H 4H7,
Canada, the ¶Departments of Biology and Cell Biology, University of
Virginia, Charlottesville, Virginia 22904, and the �Department of
Biochemistry, Weill Cornell Medical College, New York, New York 10065

Oxysterol binding protein-related proteins, including the
yeast proteins encoded by the OSH gene family (OSH1–OSH7),
are implicated in the non-vesicular transfer of sterols between
intracellular membranes and the plasma membrane. In light of
recent studies, we revisited the proposal that Osh proteins are
sterol transfer proteins and present newmodels consistent with
knownOsh protein functions. Thesemodels focus on the role of
Osh proteins as sterol-dependent regulators of phosphoinosit-
ide and sphingolipid pathways. In contrast to their posited role
as non-vesicular sterol transfer proteins, we propose that Osh
proteins coordinate lipid signaling and membrane reorganiza-
tion with the assembly of tethering complexes to promote
molecular exchanges at membrane contact sites.

Sterols, including cholesterol in mammalian cells and ergos-
terol in fungi, constitute�30–40%of plasmamembrane (PM)5
lipids and play a critical role in the nanoscale organization of
the PMbilayer (1). Sterol-enrichedmembrane domains serve as
platforms to cluster and concentrate specific lipid-modified
and integral membrane proteins that function in cell signaling,
secretory transport, and cytoskeletal organization (1). Sterols
are synthesized in the endoplasmic reticulum (ER) and rapidly
transported to the PM by a non-vesicular mechanism that is
unaffected by drugs or genetic mutations that block vesicle-
mediated protein secretion (2, 3). As sterols are largely water-
insoluble, their non-vesicular transport between membranes is
predicted to require sterol transfer proteins (STPs), which

extract a sterol fromadonormembrane and, after enclosing the
bound sterol in a shielded pocket, transfer the sterol to an
acceptormembrane. To exchange sterols betweenmembranes,
sterol-loaded STPs might diffuse through the cytoplasm or
transfer sterols at membrane contact sites (MCSs), where two
membranes are closely apposed (Fig. 1).
One consequence of a rapid non-vesicular transport mecha-

nism is that the membranes involved must be close to equilib-
rium with respect to sterol levels. To account for the fact that
sterols are more concentrated in the PM than elsewhere in the
cell, it has been proposed that the lipid environment of the PM
sequesters sterols (3–5). In the PM, sphingolipids as well as
phospholipids with saturated acyl chains partner with sterols,
lowering their chemical activity (or effective concentration) to a
level similar to that in the ER (Fig. 1). Thus, even though the
anterograde and retrograde flux of sterols between the ER and
PMmight be equivalent, the PM is enriched in sterols relative to
the ER (4, 5).
The identity of yeast STPs is a mystery (6–9). As soluble

sterol binding proteins that associate with organelle mem-
branes, oxysterol binding protein (OSBP)-related proteins
(ORPs) are potential candidates. Initial reports supported the
idea that ORPs are directly involved in sterol transport. How-
ever, it is difficult to differentiate between sterol binding pro-
teins that transfer sterols and those that regulate transport
without being carriers themselves. Indeed, recent studies focus-
ing on yeast ORPs (see below) suggest that the principal role of
ORPs in vivo is to coordinatemembrane lipid organizationwith
the assembly of membrane-tethering complexes.

Osh Proteins: Non-vesicular STPs?

OSBP, the canonical mammalian ORP, was originally identi-
fied as a cytosolic protein that binds oxysterols (10, 11), which
are oxygenated derivatives of cholesterol and are important
regulators of cholesterol metabolism (12). OSBP is representa-
tive of the larger ORP superfamily that is conserved from yeast
to man (13–16), and as discussed below, these proteins bind a
variety of sterols. Asmight be expected of a STP, OSBP shuttles
between cellular compartments in response to sterol binding
(17–19).
The budding yeast genome encodes seven ORPs (OSH1–

OSH7) (Table 1) that can be divided into “short” and “long”
classes (Fig. 2). Long ORPs contain N-terminal extensions that
can include a phosphoinositide (PIP)-binding pleckstrin
homology (PH) domain, a Golgi dynamics domain, ankyrin
repeats, and/or FFAT (FF (phenylalanines) in an acidic tract)
motifs that bind vesicle-associated membrane protein-associ-
ated protein (VAP) homologs (20). All ORPs share homology
through a region broadly defined as the ORP-related domain
(ORD) motif (21), although the ORDmotif is almost the entire
length of short ORPs. Yeast Osh proteins can diffuse through
the cytoplasm as can most other ORPs (except mammalian
ORP5 and ORP8, which contain predicted transmembrane
domains) (22), but a variety of different domains (e.g. PH
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domains in long Osh proteins) confer membrane targeting to
all Osh proteins.
The structure of the most abundant yeast ORP homolog,

Osh4/Kes1p (hereafter referred to as Osh4p), was determined
in complexes with oxysterols, cholesterol, and ergosterol, sug-
gesting that all ORPs bind a wide range of sterol ligands (23).
Given the modest differences in Osh4p affinities for oxysterols
versus non-oxygenated sterols and the relative abundance of
ergosterol (cholesterol in mammalian cells) in cellular mem-
branes, ergosterol and cholesterol appear to be the primary ste-
rols bound by ORPs in vivo (23).

The modular architecture of Osh4p is consistent with the
presumed structural requisites needed for sterol transfer
between membranes (Fig. 2). Osh4p is a �-barrel protein in
which the bound sterol is contained head down inside a “beer
mug” sealed by a small lid (23). Sterol capture may simply
involve placing the Osh4p mug “mouth down” on top of the
membrane surface, enabling the sterol to be ensconced in the
binding cavity. Within the cavity, the sterol makes van der
Waals contacts with Osh4p residues near the mug rim, and the
sterol 3-OHheadgroup interacts through hydrogen bonds with
a number ofwatermolecules inside theOsh4pmug (23). In fact,
the Osh4p mug contains 15 water molecules, which provide a
surprisingly “watery” environment for containing a hydropho-
bic lipid. A direct hydrogen bond between Osh4p Gln-96 and
the sterol head also contributes to ligand binding (23). The ste-

rol is ultimately enclosed withinOsh4p by the flexible N-termi-
nal lid, which might retain the captured sterol (Fig. 2).
The precise function of the lid in sterol binding is unclear. A

“lidless” version of Osh4p has essentially the same affinity for
cholesterol as wild-type Osh4p (Kd � 0.3 �M) (23), indicating
that the lid is not required for sterol retention. However, the lid
might have other functions. The Osh4p lid sequence was iden-
tified as an ArfGAP1 lipid-packing sensor (ALPS)-like motif,
which is an amphipathic helix that preferentially interacts with
curved membranes (24). As it is unclear whether other Osh
proteins contain bona fide ALPS helices, the broader relevance
of the ALPSmotif to the Osh protein family is uncertain. Alter-
natively, Osh4p might use its lid as a “bulldozer” to penetrate
the bilayer and capture its sterol ligand. TheA10/T4helix of the
phosphatidylinositol (PI)/phosphatidylcholine (PC) transfer
protein Sec14p similarly acts like a bulldozer to penetrate the
bilayer to the depth of the phospholipid acyl chains embedded
in the outer leaflet to help scoop the lipid out of the membrane
and into the Sec14p-binding cavity (25). Despite the ambigui-
ties surrounding the role of the Osh4p lid, the structural attri-
butes of Osh4p are generally consistent with the proposed role
of ORPs as STPs.
In addition to a sterol, Osh4p can also bind PI4P (26). The

crystal structure of Osh4p in a complex with PI4P shows that
sterol and PI4P binding is mutually exclusive because the two
binding sites overlap (Fig. 2). Indeed, when Osh4p is incubated
with vesicles containing both sterols and PI4P, the two lipids
compete for extraction by the protein (26). Moreover, the
Osh4p-PI4P structure shows that specific but conserved resi-
dues bind PI4P, suggesting that all ORPs bind PI4P (26). The
binary switch between lipid-boundOsh4p conformers presents
new mechanistic possibilities for Osh proteins and ORPs.

Revisiting the Case for Osh Proteins as STPs

In budding yeast, none of the sevenOSH genes is required for
cell growth, but the deletion of all seven OSH genes results in
cell lethality (13). Expressing any single OSH gene alone averts
this lethality (13), indicating that each OSH gene is capable of
providing the essential function(s) of the entireOSH gene fam-
ily. When osh� osh4-1ts cells (osh� refers to the deletion of all
OSH genes; osh4-1ts is a temperature-sensitiveOSH4mutation)
are grown at elevated temperatures, the last remaining protein
encoded by osh4-1ts is inactivated, and free sterols accumulate
in internal membranes (27). In addition, the rate of retrograde
transfer of exogenously added cholesterol from the PM to the
ER and lipid droplets is slowed by �3-fold (28, 29). However, it
is disconcerting that, in these assays, the elimination of Osh4p
alone has no effect on sterol transport, despite the fact that
Osh4p is �10-fold more abundant than any of the other Osh
proteins (28). Although these results suggest a role for Osh
proteins in retrograde sterol transport in vivo, the sterol-traf-
ficking defects in osh� osh4-1ts cells might be indirect.
Osh4p was shown to increase the rate of cholesterol

exchange between vesicle populations in vitro (28). When cho-
lesterol-containing donor vesicles were prepared with specific
PIPs to stimulate transfer, each Osh4p molecule transferred
�20 cholesterol molecules/h to acceptor vesicles that were
present in 10-fold excess (28). PI(4,5)P2 and phosphatidylserine

FIGURE 1. Non-vesicular sterol transport. Sterols are largely insoluble in
water (�100 nM) (69), and their non-vesicular transport between the ER and
PM is proposed to require STPs that either mediate sterol transfer while
attached to membranes at MCSs (A) or carry sterols through the cytoplasm
(B). Although sterols represent �30 – 40 mol % of all lipids at the PM (70) but
only �5% of ER lipids (71), the two membranes are at equilibrium with
respect to sterol content, i.e. the chemical activity (a) of sterols is similar in
both membranes. Chemical activity coefficients (�) for sterols (where a � ��c,
and c � sterol concentration) in the PM are lower than in the ER due to
interactions between sterols and lipids with saturated acyl chains, which are
more abundant in the PM (72). The probability that a STP abstracts a sterol
from a membrane is proportional to �. Each membrane is shown as having
two pools of sterols characterized by high (open sterols) and low (filled sterols)
� values. The majority of sterol in the PM has low �. This figure was adapted
from Ref. 4. The ergosterol transport rate needed for cell growth is calculated
as follows (55). A yeast cell has 108 ergosterol molecules, of which �60% are in
the PM. A pulse of [3H]ergosterol in the ER equilibrates with the entire PM
ergosterol pool with t1⁄2 � 4 min (29). This value corresponds to an exchange
rate constant (k) � 0.003 s�1 and a rate of ergosterol transport into and out of
the PM of �6.5 � 108 molecules/cell/h. There are 40,990 Osh proteins/cell
(33), and if all ergosterol transport is due to Osh proteins, then the transport
rate is �16,000 ergosterol molecules transferred per Osh protein/h. The
ergosterol transport rate needed for one yeast cell doubling is the equivalent
of one new PM (6 � 107 ergosterol molecules) per 90 min, which is �104 s�1.
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that bind the surface of Osh4p (Fig. 2) were also transferred,
albeit at a lower rate (28). Recent in vitro studies with improved
temporal resolution showed thatOsh4p exchanges sterols from
donor vesicles to a 10-fold excess of PI4P-containing acceptor
vesicles with an initial transport rate of�2000 sterols/Osh4p/h
(26). Because PI4P and sterol binding by Osh4p is mutually
exclusive, it was proposed that Osh4p acquires PI4P at the PM
and exchanges it for a sterol at the ER (26). This vectorial
exchange would be driven by PI4P hydrolysis catalyzed by the
ER-localized Sac1p PI4P phosphatase (30, 31). However, in
vivo, the exchange of sterol between the ER and PM is an equi-
librium rather than vectorial (Fig. 1) (3, 4, 29). The fact that an

Osh4pmutation that impairs sterol binding does not inactivate
the protein, as predicted for a STP, also challenges this model
(32).
The in vivo rate of sterol transfer between the ER and PM is

�16,000 ergosterol molecules/Osh protein/h (Fig. 1), an order
of magnitude greater than the measured in vitro rate. In com-
parison, in vitro, themammalian lipid transfer protein STARD4
exchanges dehydroergosterol (DHE) between vesicles at a rate
of �420 molecules/STARD4/h (9), which is comparable with
Osh4p-mediated sterol transport. Because even nonspecific
sterol-binding compounds like methyl �-cyclodextrin (MCD)
redistribute sterols between liposomes, the relevance of the in

TABLE 1
Osh proteins and their regulators and effectors

Protein(s) Protein/activity Cellular localization

Bgl2 Endo-�-1,3-glucanase Periplasm/sites of polarized growth, exocytic vesicles
Cdc42 Rho family small GTPase PM/sites of polarized growth
Drs2 P-type ATPase and aminophospholipid translocase Golgi
Inp51/Sjl1 PI (4,5)P2 5-phosphatase with Sac1p-like domain; synaptojanin homolog Cytoplasm, PM/cortical actin
Inp52/Sjl2, Inp53/Sjl3 PIP phosphatases with Sac1p-like domains; synaptojanin homologs Cytoplasm, PM/cortical actin
Osh1/Swh1 OSBP homolog ER/NVJ, Golgi
Osh2 OSBP homolog Cytoplasm, PM/sites of polarized growth, ER
Osh3 OSBP homolog Cytoplasm, ER
Osh4/Kes1 OSBP homolog Cytoplasm, Golgi, exocytic vesicles, endosomes
Osh5/Hes1 OSBP homolog Cytoplasm, ER (?), Golgi (?)
Osh6 OSBP homolog Cytoplasm, ER, PM
Osh7 OSBP homolog Cytoplasm, ER
Pik1 PI 4-kinase Golgi, nucleus
Rho1 Rho family small GTPase PM/sites of polarized growth
Rho3 Rho family small GTPase PM/sites of polarized growth
Sac1 PI4P phosphatase ER, Golgi
Scs2 VAP homolog ER
Sec4 Rab family small GTPase PM/sites of polarized growth, Golgi, exocytic vesicles
Sec14 PI/PC transfer protein Cytoplasm, Golgi
Stt4 PI 4-kinase PM
Ymr1 PI3P phosphatase Cytoplasm
Ypt31, Ypt32 Rab family small GTPases Golgi, vesicles, endosomes

FIGURE 2. Yeast Osh protein domains and structure of Osh4p. Upper, domains of the canonical mammalian OSBP compared with all seven yeast Osh
proteins. ORPs are defined by the ORD (highlighted in yellow), within which is the SEQVSHHPP signature motif found in all ORPs. The ORP superfamily can be
divided into short and long subgroups. The latter contains protein-binding domains including a FFAT motif, ankyrin repeats (ANK), or a Golgi dynamics (GOLD)
domain. Long Osh proteins also contain a PH domain that binds PIPs. In Osh4p (green), a conserved region (orange) corresponds to the surface region that
associates with anionic lipids, such as PI(4,5)P2. The corresponding sterol-bound (red) and PI4P-bound (purple) structures of Osh4p show the relative positions
of these domains on the folded protein (lower).
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vitro liposome assay requires confirmation in vivo. In the case of
STARD4, microinjection of MCD into STARD4-silenced cells
restores sterol transfer to the ER, indicating that the in vitro
assays are relevant to STARD4 activity in vivo (9). Unfortu-
nately for the study of Osh proteins, such experiments are not
technically feasible in yeast.
Reservations about rates of Osh4p-mediated sterol transfer

in vitro and the weak in vivo dependence of retrograde sterol
transport on Osh proteins prompted new studies that revisited
the case for Osh proteins as STPs. Using a variety of new assays
to monitor retrograde and anterograde transport, sterol trans-
fer between the ER and PM was shown to be essentially unal-
tered in Osh-deficient cells (29). In a live-cell assay tracking the
retrograde transport of DHE, a natural fluorescent sterol, sterol
transport was visualized in budding yeast for the first time (29).
In hypoxically grown cells, DHE enters the PM, and during an
aerobic chase period, it moves to the ER and then to lipid drop-
lets. In Osh-deficient cells, this retrograde transfer is slowed by
�3-fold. Based on these findings, it is clear that mechanisms
other than those involving Osh proteins are required for sterol
transport within cells.
Because the bulk of newly synthesized ergosterol is trans-

ported from the ER to the PM, another assay tested if Osh pro-
teins affect sterol transfer in the anterograde direction (29).
Following de novo synthesis in the ER, pulse-chase-labeled
ergosterol was tracked by subcellular fractionation in wild-type
and osh� osh4-1ts cells. No matter whether Osh proteins were
inactivated or not, at the endof the chase, the ergosterol profiles
were nearly identical, with most labeled ergosterol concen-
trated in PM fractions in proportion to the pool of endogenous
ergosterol. Other experiments showed that MCD extracts
accessible sterols from the outer leaflet of the PM �25-fold
more efficiently in Osh-deficient cells relative to wild-type cells
(29). Instead of a direct role in sterol transfer, these results sug-
gest that Osh proteins affect the organization and sorting of
sterols between bilayer leaflets and/or in membrane domains.
Consistent with this reasoning, genetic studies indicate a func-
tional interaction between OSH4 and DRS2, which encodes an
ATP-dependent phospholipid flippase (34). This interaction
might reflect a wider role of Osh proteins as regulators of
enzymes and proteins that control the composition and orga-
nization of membrane bilayers.
It is a straightforward prediction that a STP would be non-

functional if stripped of its capacity to bind and thereby trans-
port sterols. As confirmed in vitro, mutations that abolish sterol
interactions were designed based on the Osh4p crystal struc-
ture (23). Unlikemutations that affect the general association of
Osh4p with membranes, the Y97F substitution specifically dis-
rupts water-mediated hydrogen bonding required for Osh4p
binding to sterols (23). When tested in vivo, however, elimina-
tion of sterol binding by the Osh4p Y97F substitution did not
inactivate the protein. Rather, this allele is a gain-of-function
mutation that causes lethality whenOsh4pY97F is expressed at
levels comparablewithwild-typeOsh4p (32). A possiblemolec-
ular explanation for the OSH4Y97F gain-of-function phenotype
is provided by the fact that sites for sterol and PI4P binding
within Osh4p are mutually exclusive (Fig. 2). If Osh4p function
is normally induced by PI4P and repressed by sterols, then pre-

venting sterol binding by Osh4p would end the competition
between the lipid ligands for internal binding sites, and PI4P
would be predicted to be constitutively bound. Consistent with
thismodel,OSH4 gain-of-function lethality, whether caused by
OSH4Y97F orOSH4 overexpression, is suppressed bymutations
affecting PI4P metabolism (i.e. sac1�) (32). These genetic
results suggest that sterols are inhibitory ligands of Osh4p
activity, not transported cargo.

Osh Proteins at Organelle MCSs

The simple model that Osh proteins are STPs does not
appear to be consistent with all the in vivo evidence. However,
these proteinsmight play an indirect role in the intermembrane
exchange of sterols and other lipids by regulating the assembly
of contact sites between organelle membranes where sterol
transfer might occur (Fig. 1). The best example of such a site is
the nucleus-vacuole junction (NVJ), which is where Osh1p is
localized (35, 36). The NVJ is a MCS involved in piecemeal
microautophagy of the nucleus, in which portions of the yeast
nucleus are directly transferred into the vacuolar lumen for
degradation (37). Inactivation of all OSH genes inhibits piece-
meal microautophagy of the nucleus (36), suggesting that NVJ
assembly is a shared function among all Osh proteins. Of rele-
vance to sterol transfer is the possibility that PM/ER MCSs
might mediate molecular exchanges. Osh2p and Osh3p each
contain a FFAT motif and a PIP-binding PH domain (Fig. 2).
The FFAT motif is recognized by the ER membrane protein
Scs2p (38). Binding to both Scs2p and PIPsmight enableOsh2p
and Osh3p to promote and/or stabilize contacts between the
ER and PM. Consistent with this idea, the deletion of SCS2
disrupts the association of the cortical ER with the PM (39).
Although Osh2p and Osh3p are found in the cytoplasm, a sig-
nificant fraction of Osh3p can be detected on the cortical ER
closest to the PM, and SCS2 overexpression drives evenmore of
these proteins to the cortical ER (38–42).Osh6p andOsh7p are
also implicated in PM/ER MCS formation (40, 41), but neither
protein contains a FFAT motif required for Scs2p-mediated
recruitment to the cortical ER, and other results suggest that
these short Osh proteins are associated with endosomal mem-
branes (43). Despite the localization of certain Osh proteins to
MCSs, there is no direct evidence to support the idea that they
promote lipid exchange at those sites.

Osh Proteins Promote Vesicle/PM Tethering

Osh proteins share an overlapping role in promoting mem-
brane contact between exocytic vesicles and the PM (Fig. 3).
During polarized exocytosis in yeast, vesicles are targeted to the
PM, where localized membrane expansion occurs to support
formation of the bud. At the PM, the docking of exocytic vesi-
cles involves the association of vesicle- and PM-localized sub-
units of the exocyst complex (44), which effectively form a
MCS. The assembly of the exocyst complex is regulated in part
by the Rab GTPase Sec4p and the Rho family GTPases Cdc42p,
Rho1p, and Rho3p (45). After the exocyst complex attaches a
vesicle to the PM,membrane fusion ensues. In the absence of all
OSH gene function, undocked vesicles accumulate within buds,
as observed either by electronmicroscopy (27) or when vesicles
marked with GFP-Sec4p are tracked in vivo (32, 46). An in vivo
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assay of polarized exocytosis, using�-1,3-glucanase (Bgl2p) as a
marker of vesicular transport (47), affirmed that major defects
in polarized exocytosis result after Osh protein inactivation
(46). More specifically, genetic and physical interactions
directly implicate Osh proteins in the regulation of exocyst
complex assembly (32, 46). ManyOSH genes are allele-specific
suppressors of cdc42 polarized cell growth defects, and OSH
genes interact with other genes encoding exocyst complex sub-
units. In addition, Osh4p co-precipitates with the assembled
exocyst complex isolated fromyeast cell extracts, and the polar-
ized localization of Cdc42p and Rho1p is lost as a result of Osh
protein inactivation (32, 46). Of the eight exocyst complex sub-
units and themany ancillary regulatory proteins, it has yet to be
determined which component makes specific contact with
Osh4p, although SEC6 mutations inhibit Osh4p binding to
Rho1p and block Osh4p association with vesicles (32). It is not
known if vesicle tethering to the PM represents a unique Osh
protein activity or is indicative of a wider involvement of ORPs
in MCS formation.

Osh Proteins as Regulators of PIP and Sphingolipid
Metabolism

Osh1p, Osh2p, andOsh3p contain bona fide PIP-binding PH
domains contained within their extra N-terminal extensions,
which are not found in the other short Osh proteins (Fig. 1) (13,
48, 49). Despite the absence of a canonical PH domain,
Osh4p interacts with a variety of PIPs (50–52) and specifi-
cally binds PI4P as discussed above (26). In addition, a PIP-
binding domain was mapped to a surface region originally
described as an atypical PH domain (50), but from the Osh4p

structure, it corresponds to a surface region that binds ani-
onic lipids (Fig. 2). Point mutations in this PIP-binding
region inhibit the association of Osh4p with membranes in
vitro and in vivo (50, 52). Because this region is conserved, it
suggests that all ORPs, long or short, have a general capacity
to associate with PIPs.
Although Osh4p is the focus of most studies analyzing ORP

regulation of PIPs, Osh4p has a unique role in PIP metabolism
distinct from that of other Osh proteins. Osh4p is observed in
the cytoplasm, on endosomes, in post-Golgi vesicles, and on the
Golgi, where it is involved in regulating PI4P metabolism (32,
41, 50, 52, 53). Inactivation of the Golgi-specific PI 4-kinase
Pik1p blocks PI4P synthesis and decreases Osh4p association
with the Golgi, suggesting that PI4P is required in vivo for
Osh4p membrane association (50). The deletion of OSH4 also
suppresses mutations in PI4P kinase PIK1 and SEC14 (which
encodes a PI/PC transfer protein), both of which affect PI4P
synthesis and vesicle biogenesis in the Golgi (50, 53). Like the
elimination of Sac1p (the ER/Golgi-localized PI4P phospha-
tase), the deletion of OSH4 restores PI4P levels in cells with
conditional PIK1 or SEC14mutations (50, 53). Indeed all OSH
genes share an overlapping function in activating Sac1p
because, in Osh-deficient cells, there is an �20-fold increase in
PI4P levels, well beyond that observed when just OSH4 is
deleted (41).
Osh4p and Sac1p play dual roles during vesicle biogenesis at

the Golgi by decreasing PI4P but also by increasing PI levels
(Fig. 3) (50, 53). Lower PI4P levels inhibit Sec14p-dependent
production of diacylglycerol, which is required for vesicle bud-
ding from the Golgi (54). In addition, Osh4p and Sac1p pro-
mote PI4P dephosphorylation, and the resulting pool of PI is
used for complex sphingolipid synthesis in the Golgi. Consist-
ent with the notion that Osh4p activates Sac1p to produce this
PI pool, complex sphingolipid levels are decreased in osh4�
cells.6 By antagonizing Sec14p, Osh4p might delay vesicle for-
mation long enough for PI produced from Sac1p PI4P dephos-
phorylation to be incorporated into complex sphingolipids.
Because sterols and sphingolipids are enriched in polarized
exocytic vesicles (56), this mechanism might coordinate lipid
biosynthesis with the sorting of sterol/sphingolipid membrane
domains into nascent vesicles. Indeed, in osh4� cells, some pro-
teins that partition into sterol/sphingolipid domains are mis-
sorted and not properly delivered from the Golgi to the PM
(57).6 If sterol binding causes Osh4p inhibition, which is allevi-
ated by the activated Y97F mutation that abolishes Osh4p ste-
rol binding, then sterol-enriched membrane domains might
favor Osh4p inactivation. In a negative feedback model, the
generation of sterol/sphingolipid domains induces Osh4p
exchange of PI4P for a sterol, and sterol-bound Osh4p cannot
stimulate Sac1p-dependent PI4P turnover. As a result, PI4P
levels increase, and Sec14p-dependent vesicle budding
proceeds.

6 M. A. LeBlanc, G. D. Fairn, S. E. Brice, L. A. Cowart, and C. R. McMaster, sub-
mitted for publication.

FIGURE 3. Roles of Osh proteins in membrane trafficking. A, at PM/ER
MCSs, Osh3p is proposed to activate Sac1p-dependent dephosphorylation of
PI4P (purple) to coordinate PIP signaling in both membranes (41). B, in the
Golgi, Sec14p-PC and Sec14p-PI act on separate pathways to increase diacyl-
glycerol (DAG) levels for secretory vesicle biogenesis (54). Opposing this pos-
itive regulatory control of vesicle biogenesis, Osh4p stimulates PI4P dephos-
phorylation by Sac1p, and the resulting PI is consumed in the production of
complex sphingolipids (inositol phosphoceramide/mannosylinositol phos-
phoceramide (IPC/MIPC) and mannosyldiinositol phosphoceramide
(M(IP)2C)) at the expense of diacylglycerol synthesis (see Footnote 6). Sterols
(red) are enriched with complex sphingolipids in membrane domains that are
sorted into nascent vesicles (56). The binding and inactivation of Osh4p by
sterols enriched in sterol/sphingolipid membrane domains might lead to
Sac1p feedback inhibition. C, as newly formed exocytic vesicles move to the
PM, PI4P levels in their membranes decrease, triggering an exchange of Rab
GTPases that bind Sec2p wherein Ypt32p is swapped for Sec4p (58). As the
GEF for Sec4p, Sec2p activates Sec4p, and vesicle-bound exocyst complex
subunits are recruited for later docking with their counterparts on the PM. To
reduce PI4P levels on vesicles, Osh proteins might sequester PI4P or activate
a PI4P phosphatase for PI4P turnover and Ypt32p/Sec4p exchange.
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Sac1p and PI4P Are Effectors of Osh Proteins for
Membrane Tethering

New functional assays and genetic analyses also support a
model for Osh proteins as a novel class of sterol-dependent
regulators of PIP4 signaling and metabolism. In this model, the
Sac1p PI4P phosphatase appears to be particularly important as
a presumptive effector for several Osh proteins. For example,
the deletion of SAC1 suppresses both the lethality of the Osh4p
Y97F gain-of-function mutation and most growth defects of
cells in which Osh4p is overexpressed (32). This result suggests
that Osh4p is an upstream regulator of Sac1p signaling. Indeed,
much of the functional diversity of Osh proteins can be
explained if their primary activity is to sequester and present
PI4P to cognate signaling proteins and enzymes, such as Sac1p.
The overlapping shared role of all Osh proteins in exocyst

complex-mediated vesicle docking is likely to involve, in part,
PI4P regulation (Fig. 3). En route to the PM, PI4P levels
decrease in exocytic vesicles, thereby triggering the release of
the Ypt32p GTPase from Sec2p. Once released, Sec2p acts as a
guanine nucleotide exchange factor (GEF), directly activating
Sec4p to initiate the first steps in exocyst complex formation
(58). By promoting Sac1p-dependent PI4P hydrolysis or by
directly sequestering PI4P themselves, Osh proteinsmight pro-
mote this Ypt32p/Sec4p GTPase swap. Indeed, OSH4 (KES1)
was originally identified as a suppressor of kre11-1, a mutation
affecting the Kre11/Trs65p subunit of the TRAPP (transport
protein particle) II complex, which acts as a GEF for Ypt32p
activation (59, 60). Thus, Osh4p and potentially other Osh pro-
teins are functionally linked to the TRAPP II complex and
Ypt32p.
The role of Osh proteins at PM/ERMCSs is also proposed to

involve Sac1p regulation (Fig. 3). Localization of Osh3p to
PM/ERMCSs depends on PI4P levels, and many Osh proteins,
including Osh3p, induce Sac1p PI4P phosphatase activity (41).
Osh3p andOsh7p physically interact with Sac1p, albeit weakly,
as complexes are detectable only after incubating isolated
membrane fractionswith chemical cross-linkers andby fusing a
lengthy 13-Myc epitope onto Sac1p to boost antibody binding
(41). However, in vivo, the interaction might involve a larger
complex that includes Scs2p, a scaffolding protein that is
required for full Sac1p phosphatase activity (41). InDrosophila
melanogaster, Sac1 interacts with VAP-33-1 (a fly member of
the VAP/Scs2 protein family), which in turn interacts with an
ORP homolog (61). However, the inferred role for Sac1p in
PM/ERMCS formation has not been established. For that mat-
ter, it is still to be determined whether Osh3p, with or without
other Osh proteins, is required for PM/ER MCS formation.
Although important, Sac1p cannot be the only effector of

Osh protein regulation because the cellular effects of SAC1 and
OSH mutations are not the same (32). These findings indicate
that other downstream effectors of Osh proteins must exist.
The physical interaction of Osh4p with the exocyst complex
suggests that one of these effectors might be an exocyst com-
plex subunit (32). Other potential Osh protein effectors include
other Sac1-domain phosphatases, such as Inp51/Sjl1p, Inp52/
Sjl2p, and Inp53/Sjl3p. Consistent with this idea,OSH7 overex-

pression suppresses the growth defects of a ymr1ts inp52/sjl2�
inp53/sjl3� triple phosphatase mutant (62).

Do Osh Proteins Provide a Valid Model for ORP
Functions in Other Organisms?

Osh4p is the best understood yeast Osh protein and arguably
the best studied ORP in general. However, as it actually repre-
sents a fungus-specific clade of the ORP superfamily (20), it is
valid to question whether yeast Osh proteins (Osh4p in partic-
ular) truly represent the activities of ORPs in other organisms.
Not only do the 12 human ORP genes share sequence homol-
ogy with yeast OSH genes, but several can functionally replace
them. When expressed in yeast, human ORP1S rescues the
inviability of Osh-deficient cells (63). In addition, expression of
human ORP1S or ORP9S in yeast complements osh4� pheno-
types with respect to the suppression of SEC14 mutations (51,
63, 64). These results suggest that ORPs share common func-
tions even between species. Apart from any role as STPs, cer-
tainly yeast and metazoan ORPs have been implicated in many
different signaling pathways, as reviewed previously (63, 65).
It remains to be seen if the proposed role of Osh4p and other

Osh proteins in coordinating lipid signaling and biosynthesis
with secretory trafficking applies tomammalianORPs. Like the
long Osh proteins, many ORPs interact with PIPs through PH
domains. Also like Osh4p, the canonical mammalian OSBP
coordinates sterol and sphingolipid synthesis between com-
partments in a PI4P-dependent manner (66, 67). The cellular
compartmentalization of lipid biosynthesis is sometimes differ-
ent in yeast compared with mammalian cells, which is the case
for complex sphingolipids. Nevertheless, OSBP couples sterol
binding with the regulation of PI 4-kinase IIa and the PI4P-de-
pendent recruitment of CERT (ceramide transport protein) to
the Golgi (67). Unlike yeast cells that lack CERT, CERT-medi-
ated transfer of ceramide to the Golgi is critical for the metab-
olismof complex sphingolipids inmammalian cells. Despite the
differences between yeast and mammalian cells, the general
paradigm of ORPs as sterol- and PI4P-dependent regulators of
lipid metabolism and signaling appears to be applicable.
Understanding the functional roles of ORPs has taken on a

new imperative with the recent discovery that humanORPs are
specific targets of ORPphilins, a diverse group of nanomolar
inhibitors that prevent cancer cell growth (68). In some cases,
these compounds vaguely resemble a sterol fused to a PIP,
implying that they confer inhibition by simultaneously occupy-
ing both sterol- and PI4P-binding sites. How these drugs affect
ORP activities is still unknown, but studies of yeast Osh pro-
teins suggest that Sac1p and PI4P regulation might be the ulti-
mate targets.
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G-protein-coupled receptors (GPCRs) are a large family of
remarkably versatile membrane proteins that are attractive
therapeutic targets because of their involvement in a vast range
of normal physiological processes and pathological diseases.
Upon activation, intracellular domains of GPCRs mediate sig-
naling toG-proteins, but thesedomainshave yet to be effectively
exploited as drug targets. Cell-penetrating lipidated peptides
called pepducins target specific intracellular loops of GPCRs and
have recently emerged as effective allosteric modulators of GPCR
activity.The lipidmoiety facilitates translocationacross theplasma
membrane, where pepducins then specifically modulate signaling
of their cognate receptor. To date, pepducins and related lipopep-
tides have been shown to specifically modulate the activity of
diverseGPCRs and othermembrane proteins, including protease-
activated receptors (PAR1, PAR2, and PAR4), chemokine recep-
tors (CXCR1, CXCR2, and CXCR4), sphingosine 1-phosphate
receptor-3 (S1P3), the melanocortin-4 receptor, the Smooth-
ened receptor, formyl peptide receptor-2 (FPR2), the relaxin
receptor (LGR7), G-proteins (G�q/11/o/13), muscarinic acetyl-
choline receptor and vanilloid (TRPV1) channels, and theGPIIb
integrin. Thisminireview describes recent advancesmade using
pepducin technology in targeting diverse GPCRs and the use of
pepducins in identifying potential novel drug targets.

G-protein-coupled Receptor Protein Families and Their
Intracellular Domains

G-protein-coupled receptors (GPCRs)2 represent a large
family of cell-surface receptors that are activated by an array of
ligands, including odors, hormones, peptides, and large pro-
teins (Fig. 1). Despite significant sequence and functional diver-
sity between members of the GPCR family, all GPCRs have a

conserved molecular architecture of seven transmembrane
domains. The GPCR superfamily, with an estimated number of
�1000 members (1, 2), is divided into six main subfamilies
(Classes A–F) based on signature conserved residues and ligand
interactions (Fig. 1A) (3, 4). The Class A subfamily represents the
largest group, and many Class A receptors are major drug targets
(5). Class A receptors are further divided into subgroups on the
basis of ligand specificity, such as the protease-activated receptors
(PARs). To date, four PARs have been identified: PAR1, PAR2,
PAR3, andPAR4. PARs are activatedwhen cleavedbyproteases at
the N-terminal extracellular domain (6). Proteolytic cleavage
exposes a newN terminus that binds to the bodyof the receptor in
an intramolecular mode that activates G-protein signaling.
Aside from a number of conserved motifs, there is modest

sequence homology across family classes, especially in the
extracellular and intracellular loops. Functionally important
conserved residues in transmembrane regions within each
receptor class have been identified (7, 8). In Class A recep-
tors, the conserved (D/E)RY motif, located at the interface
between TM3 and intracellular loop 2, is involved in forma-
tion of salt bridges that maintain the receptor in the inactive
conformation. In rhodopsin, this salt bridge formation, also
referred to as an “ionic lock,” occurs between Arg-135 in
TM3 and Glu-247 in TM6. Another essential motif is the
NPXXY sequence in TM7, which connects ligand binding
with the intracellular eighth helix and G-protein activation.
A specific cholesterol-binding site was observed in proxim-
ity to a conserved tryptophan residue from TM4 present in a
large number of Class A members, suggesting a potential
functional role in receptor binding and thermal stability (9).
Another important conserved motif in many Class A recep-
tors is an intramolecular disulfide bond between extracellu-
lar cysteines in the first and second extracellular loops. The
cytoplasmic surface of rhodopsin is shown in Fig. 1B and
identifies three cytoplasmic loops (C1, C2, and C3) and a
C-terminal tail (C4). Within the C-terminal domain is the
highly conserved eighth helix (H8) previously identified in
rhodopsin (9) and other Class A receptors, including PAR1
and PAR2 (10). H8 is anchored to the membrane by palmitoyla-
tion of C-terminal cysteine residues. Swift et al. (10) identified
important interactions betweenTM7,H8, and the first intracellu-
lar loopandshowedthat these interactions transfer thesignal from
PAR1 to G-protein in a coordinated manner and may be con-
served in other Class A family members.
In recent years, elucidation of the crystal structures of rhodop-

sin (9), opsin both alone and in combination with the C-terminal
peptide from theG� protein transducin (11, 12),�2- and�1-adre-
nergic receptors (13, 14), the A2A adenosine receptor (15, 16), the
dopamine D3 receptor (17), and the chemokine CXCR4 (18) has
provided new insights into the common features of the overall
structures, but significant differences in extracellular/transmem-
brane ligandbindingmakeeachreceptorunique.The lengthof the
individual intracellular loops of GPCRs has a relatively narrow
variance among family members. In general, C1 is the shortest in
length, with relatively conserved length between familymembers,
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whereas thehighestdegreeofvariability is found inC3andC4(Fig.
1B) (19, 20). Althoughmutagenesis studies demonstrated that the
C3 loopofGPCRs largelymediates coupling between the receptor
and G-protein (21), pepducins targeting all three intracellular
loops and the C-terminal tail have shown in vitro and/or in vivo
efficacy, suggesting that all intracellular domains may be impor-
tant for intracellular signal transduction.
The four intracellular loops of GPCRs all directly interact with

heterotrimeric G-proteins that are composed of �, �, and � sub-
units (22).AnumberofG� subunits exist andaredivided intoG�i,
G�12/13, G�q, and G�s subtypes (23). Ligand binding to GPCRs

mediates a large conformational change inTM3andTM6, leading
to disruption of the ionic lock and alterations in the cytoplasmic
loops, most notably C2 and C3, which in turn promote activation
ofG-proteinsbyexchangeofGDPforGTPontheG� subunit (24).
Receptor-G� contact sites have been studied in several inactive
and active receptors, suggesting that the receptor-G� protein
complex is preformed prior to receptor activation (25).

Pepducin Technology
Pepducin technology, as first described in a report byCovic et

al. (26), is an entirely novel approach to modulate GPCR activ-
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FIGURE 1. Schematic representation of Classes A–F of GPCRs. A, six main families (Class A, rhodopsin-like; Class B, secretin-like; and Classes C–F, which
include the Frizzled and Smoothened receptors) and their ligands are schematically shown for each class. The conserved residues within each class of family are
marked within the seven transmembrane domains. These drawings have been modified from the original source (4). GnRH, gonadotropin-releasing hormone;
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receptors out of a total of 270 (modified from Ref. 19).
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ity that exploits interaction of GPCRs with G-proteins at the
cytosolic plasmamembrane interface. Pepducins are composed
of a lipid moiety, such as palmitate, myristate, or lithocholic
acid, attached to a peptide that corresponds to an amino acid
segment from one of the cytoplasmic loops (C1, C2, or C3) or
the C-terminal tail (C4) of the target GPCR. Depending on the
peptide sequence, pepducins have been shown to act as ago-

nists, antagonists, ormodulators ofGPCRactivity (Tables 1 and
2). As evidenced by recent studies, libraries of pepducins can be
rapidly designed to a GPCR of interest and readily tested for
agonist or antagonist activity by high-throughput screening
(27, 28). Pepducin agonists provide a means to identify the
functional activity of orphan receptors or GPCRs that previ-
ously proved refractory to examination, whereas highly specific

TABLE 1
Pepducin and other agonist activity
pal, palmitoyl.
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pepducin antagonists have been used to discriminate the activ-
ity of closely related receptors (29). Furthermore, pepducins
have favorable biological properties and are effective modula-
tors of GPCR activity in vivo in many animal models (29–32),
including non-human primates (28).
Biochemical and pharmacologic studies indicated that the

lipid moiety of pepducins facilitates translocation across the
lipid bilayer and serves to anchor the pepducin in the cytosolic
face of the plasmamembrane in the vicinity of the target recep-
tor, thereby increasing the effective molarity (33). Unequivocal
confirmation that palmitoylated peptides traverse across the
lipid bilayer of platelets was provided by Wielders et al. (34),
who used a FRET-based assay with fluorescently NBD-labeled
phosphatidylserine (NBD-PS) as a donor molecule and rhod-
amine-labeled PAR1-targeted pepducin (Rho-P1pal-12) as an
acceptor (supplemental Fig. 1, A and B). Rho-P1pal-12
quenched NBD-PS fluorescence, indicating that P1pal-12
translocates across the plasma membrane to come into close
proximity with PS localized on the inner leaflet of the plasma
membrane. More recently, it was shown by confocal micros-
copy that fluorescently labeled pepducin antagonists targeted
to the Smoothened receptor concentrate on the plasma
membrane and subsequently intracellular membranes (35).
Together, these data demonstrate that lipidation mediates
delivery of peptide across the plasma membrane and anchors
pepducins in intracellular membranes.
Pharmacokinetic and pharmacodynamic studies revealed

the favorable drug-like properties of pepducins. To examine the
pharmacokinetics of PAR1 pepducins, Cisowski et al. (36)
injected theC3 loop antagonist pepducin P1pal-7 intravenously
and subcutaneously in CF-1mice and collected blood at regular
intervals for up to 16 h. Mass spectrometry analysis indicated
that the plasma levels of P1pal-7 reached �10 �M shortly after
intravenous injection of 3 mg/kg P1pal-7 and decayed to 0.06
�M by 16 h (supplemental Fig. 1C). After subcutaneous injec-
tion of 10 mg/kg P1pal-7, peak pepducin plasma levels reached
1.1�M at 1 h, which persisted for 4 h, followed by elimination to
0.2 �M by 6 h. Residual P1pal-7 levels were 10 nM at 16 h after
injection. Interestingly, the N-terminal C3 loop pepducin of
PAR1, P1pal-10S, had a much shorter half-life compared with
P1pal-7, whereas the C1 loop-targeted pepducin P1pal-i1-11
exhibited sustained plasma levels of �1 �M for up to 16 h.
Therefore, proteolysis by peptidases and rate of elimination
may be a function of amino acid sequence composition andmay
be altered by introducing non-cleavable residues. These studies
demonstrate that pepducins can be administered intravenously
and subcutaneously, with distinct pharmacokinetic profiles
depending on route of administration and pepducin sequence.
We also previously found that parenterally delivered pep-

ducins become widely distributed throughout animal tissues
(37). Intravenous and subcutaneous injections of low-dose
radioactively labeled P4pal-10 pepducin resulted in pepducin
detected in liver, kidneys, lungs, and spleen, whereas a high
dose resulted in an appearance in kidneys, lungs, liver, and
spleen, with lower levels detected in heart, blood, muscle, and
fat, but not in brain. This pattern is consistent with a biodistri-
bution to highly vascularized tissues. Consistent with previous

reports with other peptides, pepducins do not appear to readily
penetrate the blood-brain barrier.

Targeting Intracellular Domains of GPCRs Using
Pepducin Technology: Agonist Approach

Classically, GPCRs are activated by extracellular ligands.
Intracellular pepducin agonists have been generated against
more than a dozen Class A receptors, including PAR1 (26),
PAR2 (26, 38), melanocortin-4 (MC4) (26), CXCR4 (28), S1P3
(39), and FPR2 (formyl peptide receptor-2) (40), and against the
GPIIb integrin (41) as shown in Fig. 2A and Table 1. These
pepducins were derived from all three intracellular loops (C1,
C2, and C3) and could activate receptors that couple to all four
G-protein subfamilies, including G�i, G�q, G�12/13, and G�s.
The PAR1 C3 loop-targeted pepducin P1pal-19 mediated

calciummobilization and platelet aggregation and also acted as
a full agonist of the homologous PAR2 receptor. An N-termi-
nally truncated analog of 19-mer P1pal-19 pepducin, P1pal-13
(13-mer), retained almost complete PAR1 agonist activity but
did not cross-activate PAR2, demonstrating that selectivity for
the intended target GPCR can be obtained by modification of
the parent pepducin. P2pal-21, a pepducin targeted to the full-
length wild-type C3 loop of PAR2, had a partial PAR2 agonist
activity of 18% by inositol triphosphate production in COS-7
cells compared with the exogenous PAR2 ligand SLIGKV.
Mutation of the C-terminal positively charged lysine residue of
P2pal-21 to phenylalanine, generating P2pal-21F, converted
the pepducin to a full agonist (26). P2pal-21F had full PAR2
agonist activity in human colorectal carcinoma cells exoge-
nously expressing PAR2 as determined by calcium flux,
whereas P2pal-21 gave a weaker agonist signal (38). These data
suggest that mutations in the peptide sequence can generate
more selective and efficacious pepducin agonists.
To confirm that pepducin technology can be applied to

diverse GPCRs, pepducins were synthesized for the G�s-cou-
pled MC4 obesity receptor. MC4pal-14 pepducin acted as a
potent agonist of MC4 as measured by cAMP production (26).
Pepducins were also recently employed to target CXCR4, a
member of the chemokine receptor family. Under normal phys-
iological conditions, CXCR4 and its natural ligand, SDF-1, reg-
ulate hematopoiesis and homing and retention of hematopoi-
etic stem and progenitor cells in bone marrow. Tchernychev et
al. (28) generated a CXCR4-targeted pepducin library to iden-
tify lipopeptide compounds with agonist activity. The most
potent of these compounds, ATI-2341, mediated calcium
mobilization, inhibited cAMP production and induced recep-
tor internalization in a dose-dependent manner (Fig. 2B), sim-
ilar to SDF-1. Furthermore, intravenous administration ofATI-
2341 to mice and non-human primates elicited release of
hematopoietic stem/progenitor cells from bone marrow, sug-
gesting that these agents may be efficacious for stem cell
mobilization.
Agonist pepducins were also generated for S1P3, a receptor

involved in pro-angiogenic signaling. The pepducin KRX-725,
derived from the C2 loop of S1P3, mimics the activity of the
natural ligand sphingosine 1-phosphate. KRX-725 induced
internalization of S1P3 and activated ERK1/2 signaling. Fur-
thermore, KRX-725 alone mediated neovascularization in ex
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vivo and in vivo angiogenesis assays and also acted in synergy
with pro-angiogenic factors (39). Agonist pepducins to FPR2
activated chemotaxis and calcium release of humanmonocytes
(40). Together, these data demonstrate that GPCR-specific
pepducin agonists can be rapidly engineered and validated and
may be therapeutically relevant for a multitude of applications
in which activation of GPCR activity is indicated, including
stem cell mobilization and induction of angiogenesis in patho-
logical conditions, such as peripheral arterial disease and car-
diac ischemia. It remains to be determined whether long-term

use of agonist pepducins may potentially desensitize their cog-
nate receptor and act as functional inhibitors.

Pepducin Antagonist Activity

After the initial development of agonist pepducins, antago-
nist pepducins were subsequently described for the thrombin
receptors PAR1 and PAR4 and most recently for the tryptase/
trypsin PAR2 receptor (Table 2). Early work on the PAR1 C3
looppepducin antagonist P1pal-12 demonstrated high specific-
ity of this pepducin for PAR1 (30). Treatment of human plate-

FIGURE 2. Pepducin agonist activity. A, schematic representation of GPCRs (PAR1, PAR2, FPR2, MC4, CXCR4, and S1P3) with agonist pepducin activity. The
composition of membrane-tethered pepducins is shown next to each receptor. �-MSH, �-melanocyte-stimulating hormone; S1P, sphingosine 1-phosphate. B,
ATI-2341 induces internalization of CXCR4. HEK-293 cells transiently transfected with a CXCR4-enhanced GFP fusion construct were stimulated with the
indicated concentrations of ATI-2341 for 30 min at 37 °C. Enhanced GFP fluorescence was visualized directly using a Zeiss Axiovert inverted microscope
(modified from Ref. 28).
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TABLE 2
Pepducin antagonist and other target activity
pal, palmitoyl; LCA, lithocholic acid; LN, norleucine.

MINIREVIEW: New Insights into GPCRs Using Pepducin Approach

12792 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 16 • APRIL 13, 2012



lets with P1pal-12 decreased aggregation by up to 95% in
response to the exogenous PAR1 peptide ligand SFLLRN but
had no effect on aggregation in response to agonists for the
PAR4, thromboxane, ADP, collagen, and GPIb/IX/V receptors
(30). Similarly, a PAR4 C3 loop-based antagonist pepducin,
P4pal-10, completely blocked AYPGKF (PAR4 agonist)-in-
duced aggregation and partially blocked PAR1 activation at
higher concentrations but did not affect the ADP, thrombox-
ane, and GPIb/IX/V receptors (30). Furthermore, P4pal-10
completely abrogated human neutrophil migration to throm-
bin while having no effect on migration to IP-10, SDF-1, and
sphingosine 1-phosphate, and this pepducin, but not the
reverse-sequence pepducin rev-P4pal-10, inhibited human
platelet aggregation to PAR4 agonists (42). In vivo, P4pal-10
delayed thrombin generation and platelet accumulation at the
site of injury in carotid artery (34) and protected against sys-
temic thrombus formation in response to AYPGKF plus epi-
nephrine (30). P4pal-10 was also used to elucidate the func-
tional roles of PAR4 in joint inflammation, irritable bowel
syndrome, and ulcerative colitis (43–45). P4pal-10 ameliorated
the clinical and physiological signs of acute joint inflammation
and pain in a mouse model of rheumatoid arthritis, indicating
that PAR4 activation leads to proinflammatory changes (43).
Dabek et al. (44) employed P4pal-10 to demonstrate that
increased colonic epithelial permeability induced in response
to ulcerative colitis fecal supernatants can be blocked by PAR4
inhibition.
To distinguish between the activities of the thrombin recep-

tors PAR1 and PAR4, which can form a heterodimer on human
platelets, Leger et al. (29) generated a specific PAR4 C1 loop
pepducin, P4pal-i1, which has no antagonist activity for PAR1.
This study demonstrated that PAR1 and PAR4 can independ-
ently mediate platelet aggregation and that combined antago-
nism of these receptors is more effective in preventing acute
arterial thrombosis in guinea pig models.
PAR1 plays a well documented role in the invasive and met-

astatic processes of breast, ovarian, and lung cancers. To exam-
ine the integral role of PAR1 in breast cancer progression, Boire
et al. (46) inoculated PAR1-expressing human breast cancer
cells into mammary fat pads of nude mice and treated the ani-
mals with the PAR1 C3 loop antagonist pepducin P1pal-7.
P1pal-7 decreased tumor volume by �60% compared with
vehicle-treated mice. In a subsequent study, P1pal-7 in combi-
nation with Taxotere chemotherapy decreased the size of
breast tumor xenografts by 95% and significantly attenuated
metastasis of breast cancer cells to the lungs of mice (47). Fur-
thermore, P1pal-7 inhibited migration of primary human lung
carcinoma cells in vitro and reduced tumor growth by 75% in
mouse lung cancer xenograft models (36). This effect on tumor
growth was comparable with that of Avastin, the clinically used
VEGF inhibitor, suggesting that targeting PAR1 may be as
effective as targeting VEGF in certain cancers. P1pal-7 has also
been successfully used to study the involvement of PAR1 in
angiogenesis in mouse models of ovarian cancer, in which
P1pal-7 treatment almost completely abrogated angiogenesis
of peritoneal ovarian cancer (48).
PAR2 has proven largely recalcitrant to inhibition by small-

molecule approaches, and specific and effective pharmacologic

blockade has not been demonstrated until recently. Sevigny et
al. (38) used molecular modeling of a PAR2 homodimer and
mutational analysis of the third intracellular loop to identify key
residues that control constitutive activity. This structurally
guided approach led to the generation of the P2pal-18S pepdu-
cin, which completely suppressed PAR2-mediated signaling in
vitro and effectively blocked PAR2-dependent inflammatory
responses in mouse models.
Using the PAR1 agonist pepducin P1pal-13 and the antago-

nist pepducin P1pal-12S, Kaneider et al. (32) made the discov-
ery that PAR1 switches from having a vascular-disruptive to
vascular-protective function in sepsis in animals. This was evi-
denced by the observation that treatment of septic mice with
P1pal-12S at early time points, but not at late time points,
improved survival and prevented disseminated intravascular
coagulation (DIC), a common complication in sepsis. However,
treatment with the agonist pepducin P1pal-13 at late time
points also improved survival and prevented DIC by inhibiting
endothelial barrier permeability by activating the PAR1-PAR2
heterodimer (32). These protective effects were completely lost
in PAR1- and PAR2-deficient mice.
Treatment of septicmicewith CXCR1/2 pepducins (Table 2)

designed against the C1 and C3 loops of CXCR1 and CXCR2
(x1/2pal-i3 and x1/2LCA-i1, respectively) blocked IL-8-depen-
dent neutrophil activity, improved survival, and reversed organ
failure and DIC (31). These CXCR1/2 pepducins also blocked
IL-8-driven angiogenesis in ovarian cancer (31, 49). Similarly,
CXCR4 C1 and C3 loop antagonist pepducins x4pal-i1 (PZ-
218) and x4pal-i3 (PZ-210) blocked SDF-1-dependent neutro-
phil chemotaxis and caused leukocytosis, consistent with the
role of CXCR4 in neutrophil homeostasis (28, 31). CXCR4 pep-
ducins prolonged survival in combination with the anti-CD20
antibody rituximab in a mouse model of disseminated lym-
phoma (50).
Remsberg et al. (51) generated a series of lipidated peptides

corresponding to N- and C-terminal truncations of the three
intracellular loops of Smoothened and identified potent inhib-
itors of breast (MCF-7) andmelanoma (SK-MEL-2) cell growth
derived from the second intracellular loop. Synthesis of meta-
bolically stable retro-inverso derivatives using all D-amino acids
improved potency by �10-fold over the parent compound.
Shpakov et al. (52) synthesized the C-terminal portion of the
third cytoplasmic loop of the type 1 relaxin receptor (LGR7)
linked to palmitate, which resulted in activation of adenylyl
cyclase activity and effectively inhibited relaxin-mediated
adenylyl cyclase activity.

Non-GPCR Lipidated Peptides

Although thisminireview has focused on the development of
pepducin modulators of GPCRs, lipidated peptide agonists and
antagonists of other classes of cell-surface receptors have also
been developed. Edwards et al. (27) employed a bioinformatic/
high-throughput screening technique to identify lipidated pep-
tide modulators of platelet function targeted to putative signal-
ing-rich juxtamembrane regions of receptors. Palmitoylated
peptides derived from the insulin-like growth factor-1 receptor
juxtamembrane region were highly specific inhibitors of insu-
lin-like growth factor-1-mediated Akt activation and breast
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cancer cell growth (35). Robbins et al. (53) targeted G-proteins
rather than GPCRs and synthesized palmitoylated peptides
corresponding to the C terminus of Gq/11 to inhibit the musca-
rinic acetylcholine receptor. They demonstrated selectivity
between Gq/11- and Go-targeted palmitoylated peptides. Gong
et al. (54) used a myristoylated C-terminal peptide fragment of
G13 (55) to inhibit signaling from the platelet receptor GPIIb
(�IIb�3) to associated G13. Valente et al. (56) demonstrated that
cell-penetrating lipidated peptides are selective antagonists of
the TRPV1 channel by targeting the intracellular C-terminal
transient receptor domain that is predicted to interact with the
highly conserved receptor internal gate. These studies show
that lipidated peptide antagonists represent a promising
approach to target a diverse range of cell-surface receptors,
including adhesion and tyrosine kinase receptors and ion chan-
nels, and can be designed using bioinformatic approaches or
rational design.

Mechanism of Action

Although several studies have demonstrated that transloca-
tion across the lipid bilayer and pepducin activity are depend-
ent on the anchoring lipid moiety, the mechanism of action by
which pepducins modulate GPCR signaling is not completely
understood. Soluble peptides corresponding to the C-terminal
part of the third cytoplasmic loop of the�2-adrenergic receptor
have been shown to activate Gs protein under cell-free condi-
tions (57), suggesting the possibility that the peptide sequence
of pepducins may activate G-proteins in a similar manner.
However, this does not account for the specificity of pepducins
for their respective cognate receptor or for antagonist activity.
In this regard, it was shown that PAR1 and CXCR4 agonist
pepducins require expression of a functional receptor to medi-
ate activity, suggesting that pepducins targeting GPCRs do not
have the ability to directly modify G-proteins (26, 28). In vivo
experiments employing PAR1 (32) and PAR2 (38) knock-out
mice confirmed that pepducin activity is dependent on receptor
expression. As specificity is a function of the sequences and
structures of the target versus off-target receptors, certain
intracellular loop sequences may have off-target effects, espe-
cially among close familymembers. For instance, there is nearly
100% identity between the intracellular loops of CXCR1 and
CXCR2, and these pepducins completely inhibit both receptors
(31).
It is well recognized that GPCRs assume heterogeneous con-

formations from resting state to full activation and that the
ionic lock between TM3 and TM6 is destabilized to selectively
activate G-protein. The crystal structure of opsin (11, 12), the
first example of an activated GPCR, indicates that the cytoplas-
mic loopsmove upon receptor activation. Therefore, it is highly
possible that pepducins may stabilize the GPCR-G-protein
complex in specific on- or off-conformation, possibly by mim-
icking a receptor dimer (38). The mechanism of pepducin-me-
diatedGPCR activation is of great interest because activation of
diverse GPCRs can be triggered by pepducins corresponding to
any of the intracellular loops of target GPCRs, including the
shortest C1 loop. Biochemical and pharmacologic approaches
suggest that the site of interaction between C3 pepducin ago-
nists for PAR1 and C3 pepducin antagonists for PAR2 appears

to be the H8 (helix 8) region located in the cytoplasmic tails of
PAR1 and PAR2 (26, 38). Direct binding between an allosteric
agonist pepducin and its target receptor CXCR4 has also been
recently demonstrated by cross-linking studies (58).
Many GPCRs likely exist as homo- or heterodimers and pos-

sibly as larger oligomeric complexes, which may have differing
specificity and affinity for ligand andG-protein binding, adding
to the complexity of physiological signaling. One possible
mechanism of action of pepducins may involve modulation of
GPCR signaling by mimicking the associations between intra-
cellular loops of GPCRs that normally participate in homo- or
heterodimer interactions. For example, Leger et al. (29, 59)
demonstrated that PAR1 and PAR4 form stable heterodimers
in human platelets and act in synergy to mediate thrombosis.
Interestingly, the C3-derived pepducin of PAR4 could cross-
inhibit PAR1 only when the receptors were coexpressed,
whereas the C1-derived pepducin of PAR1 could not (29, 30).
This suggests that targeting distinct loops of the GPCRs can
inhibit either one receptor or both within the heterodimer.
New studies have identified pepducins that exhibit biased

agonism or antagonism of discrete signaling pathways within a
cell, which holds great promise for drug development. Cisowski
et al. (36) delineated divergent signaling pathways dependent
on the C1 versusC3 loops of PAR1 in lung adenocarcinoma cell
lines. Pepducins targeting the PAR1 C3 loop completely inhib-
ited cell motility, calciummobilization, and ERK1/2 activation.
In contrast, the PAR1 C1 loop pepducin inhibited cell motility
but had no effect on ERK1/2 activation and only partially inhib-
ited calcium mobilization.

Conclusion and Perspectives: Pepducins as Therapeutics

Thisminireview outlines the development of the new class of
cell-penetrating pepducin agonists and antagonists of GPCRs
and other cell-surface proteins. Studies indicate that these lipo-
peptides can be rapidly designed and engineered to specifically
target their cognate GPCRs, which have otherwise proved
refractory to small-molecule approaches. Further knowledge of
the three-dimensional structure of GPCRs and interactions
with pepducins and G-proteins will undoubtedly facilitate the
development of even more potent pepducin allosteric modula-
tors. Modification of the lipid moiety, amino acid side chains,
and polarity of the peptide sequence may not only increase
potency but could also affect the biodistribution, tissue target-
ing, and biological half-life of pepducins. In conclusion, pep-
ducins represent a promising new class of compounds for the
study of GPCRs and their pharmacology andmay be developed
as potential therapeutics in a variety of diseases.
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Metals are present in about one-half of the protein structures
available and also have critical roles in nucleic acid biochemis-
try. This prologue introduces the fourth of the Thematic Mini-
review Series onMetals in Biology, which deals with several top-
ics involving iron,manganese, copper, and othermetals. The six
minireviews discuss metal transport and intracellular homeo-
stasis, including chaperones and siderophores, maturation of
the diiron active sites in hydrogenases, the balance between
manganese and iron, and copper homeostasis relevant to
pathogens.

The study of biochemistry is incomplete without consider-
ation of metals. Metals behave as superacids, alter the electro-
philicity or nucleophilicity of reacting species, and promote
heterolytic reactions (1). They are able to form ionic and both�
and � covalent bonds. Surveys of protein crystal structures of
enzymes have led to estimates that 47% require metals and 41%
contain metals in their catalytic centers (1, 2). Metals in pro-
teins function as redox centers, transport oxygen, and utilize
their ligand-binding abilities in acting as molecular sensors
(“switches”) in signal transduction. Metals have critical roles in
nucleic acid biochemistry as well as with proteins, e.g. binding
to nucleoside triphosphates in polymerase activity. Our knowl-
edge ofmetal biochemistry continues to grow but is still incom-
plete. In a comprehensive effort to characterize the “metallo-
proteome” of an archebacterial hyperthermophile, Pyrococcus
furiosus, 154 of 343 chromatographic metal-containing frac-
tions did not match any known metalloproteins (3). Tungsten-
containing enzymes are known in this organism, and a number
of unusual metals were found to be assimilated. Although some
of these may be extraneous or even toxic, this work shows the
opportunities still available in bioinorganic chemistry.
This is the fourth Thematic Minireview Series on Metals in

Biology. The first two dealt with a variety of metals, including
iron, copper, selenium, nickel, vanadium, and arsenic (4, 5), and
the third (6) was focused on iron homeostasis. We continue
here with a series of six minireviews dealing with various topics
that can be collectively considered under the theme of metal
homeostasis. Because of the critical roles of metals in biochem-
istry and the toxicity of excesses of most metals (7), metal
homeostasis is generally highly regulated throughout biology.
The current thematic series includes several aspects of these
processes.
The firstminireview, by JoséM.Argüello et al., deals with the

topic of transport of metal across membranes in biological sys-
tems. This article reviews major modes of transport, including

PIB-ATPases, RND (resistance-nodulation-cell division) metal
transporters, Ctr copper transporters, and cation diffusion
facilitators. Interestingly, structures of these transmembrane
transporters have recently become available.
The second minireview, by Caroline C. Philpott, deals with

eukaryotic iron chaperones and intracellular iron delivery. In
both yeast andmammalian cells, a cytosolic system involves the
glutaredoxin- and poly(rC)-binding proteins, which bind iron-
sensing iron-sulfur clusters and free iron, respectively. In yeast,
the glutaredoxins are needed for formation of heme and func-
tional two- and four-iron-sulfur clusters, and the poly(rC) pro-
teins act as iron chaperones.
The third minireview, by Colin Correnti and Roland K.

Strong, deals with mammalian siderophores and lipocalins.
Siderophores are low molecular mass compounds with
extremely high affinity for iron, long known in bacteria. Sidero-
calin, a siderophore-binding lipocalin, is a mammalian sidero-
phore-binding protein and has an antibacterial function
because it sequesters iron complexes. Searches for mammalian
siderophores are discussed.
The fourth minireview in this series, by Yvain Nicolet and

Juan C. Fontecilla-Camps, also deals with iron. In this article,
the formation of the iron-sulfur cluster of a diiron hydrogenase
is considered, particularly the assembly and nature of the small
dithiolate species. The structural hydrogenase gene can be
expressed in Escherichia coli if fortified with three maturase
genes, but active hydrogenases appear to be produced in some
organisms devoid of the mature genes (e.g. protozoa).
The focus shifts to interactions of ironwithmanganese in the

fifth minireview, coauthored by Dafhne Aguirre and Valeria C.
Culotta. Superoxide dismutase (SOD)2 has long been known to
be effective in protecting organisms from oxidative damage.
One group of SODs usesmanganese, although these SODs have
similarity to iron-based SODs.However, insertion of iron into a
manganese SOD inactivates it, and bacterial and yeast systems
have mechanisms for dealing with the iron problem.
The sixth and last minireview in this series, by Victoria

Hodgkinson and Michael J. Petris, addresses issues involving
the homeostasis of another transition metal, copper. As men-
tioned above, most essential metals are also toxic, and copper is
an excellent example. The macrophage phagosome accumu-
lates copper during bacterial infection, whichmay constitute an
important mechanism of killing (i.e. generating local oxidative
stress). Bacteria have their own mechanisms for coping with
this problem, and the homeostasis of copper can be important
in determining the outcome of host-pathogen interactions.
Overall, the minireviews in this thematic series deal with a

series of metals (primarily, the transition metals iron, copper,
1 To whom correspondence should be addressed. E-mail: f.guengerich@

vanderbilt.edu. 2 The abbreviation used is: SOD, superoxide dismutase.
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and manganese) in a variety of organisms. Aspects are impor-
tant in the basic biology of prokaryotes and human medicine.
We (the authors of these minireviews and I) hope that you will
learn at least something new and more greatly appreciate the
role of metals in biology. Even in four thematic series to date
(4–6), we have covered only a small fraction of the topics in this
area, and additionalminireviewswill deal with other interesting
aspects of metals in biological systems.
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Transition metals are essential components of important
biomolecules, and their homeostasis is central to many life pro-
cesses. Transmembrane transporters are key elements control-
ling the distribution of metals in various compartments. How-
ever, due to their chemical properties, transition elements
require transporters with different structural-functional char-
acteristics from those of alkali and alkali earth ions. Emerging
structural information and functional studies have revealed dis-
tinctive features of metal transport. Among these are the rele-
vance of multifaceted events involving metal transfer among
participating proteins, the importance of coordination geome-
try at transmembrane transport sites, and the presence of the
largely irreversible steps associated with vectorial transport.
Here, we discuss how these characteristics shape novel transi-
tion metal ion transport models.

Micronutrient transition metals (manganese, iron, cobalt,
nickel, copper, zinc,molybdenum, and tungsten) serve catalytic
and structural functions as prosthetic groups in metallopro-
teins. In these roles, they are required for a number of diverse
physiological processes, ranging fromgene transcription to res-
piration (1). However, despite their essential roles and ubiqui-
tous presence, metals can cause deleterious effects by catalyz-
ing the production of free radicals or by simply impairing
metalloenzyme functions by substituting for the optimal metal
cofactors. Consequently, organisms strive to maintain a tightly
controlled homeostasis of these elements through the coordi-
nated action of transmembrane transporters; chaperone,
sequestering, and storage molecules; and metal-responsive
transcriptional regulators (2–4). These components distribute
the ions to appropriate targets and maintain adequate metal
quotas, keeping the cellular compartments essentially free of
unsequestered metals (3, 5, 6).

This minireview focuses on the structural and functional
aspects of transmembrane transporters that participate in the
homeostasis of transitionmetals. The current understanding of
ion transmembrane transport is rooted in 6 decades of research
characterizing alkali (H�, Na�, and K�) and alkali earth (Mg2�

and Ca2�) channels, carriers, and pumps. These ions are free
(hydrated) and abundant in biological systems. Therefore, their
transport mechanisms are shaped by electrochemical gradients
and governed by their reversible interaction with transmem-
brane transport sites constituted by polar amino acid side
chains (7). Consideration of the physicochemical differences
between alkali/alkali earth and transition metal ions quickly
reveals that the existing models describing ion transmembrane
translocation cannot explain the mechanism of transport of
transition metals. In this context, emerging paradigms for the
transport of uncomplexedmetal ions are discussed here. Trans-
porters ofmetal complexes (siderophore-metal, heme, etc.) will
not be considered because their selectivity and mechanism
might not be determined by the bound metal, but rather by the
coordinating molecules (8–10).

General Characteristics of Transition Metal Transport

A number of families of carriers and pumps responsible for
metal influx and efflux from various subcellular compartments
have been identified: ATP-binding cassette-type ATPases, PIB-
type ATPases, ZIP (Zrt/Irt-like protein), Ctr (copper uptake),
Nramp (natural resistance-associated macrophage protein),
RND (resistance-nodulation-cell division), and cation diffusion
facilitator (CDF)2 transporters, among others (6, 11–13). These
are polytopic membrane proteins that show diverse structural
arrangements of transmembrane segments (TM), combined in
some cases with regulatory and catalytic hydrophilic domains.
High-resolution structures of model members of some of these
families have been reported (Fig. 1) (14, 15). Although the pres-
ence of an ion path across the membrane is a logical feature of
these transporters, additional distinctive characteristics are
surfacing, e.g. the presence of putative docking regions where
chaperone proteins and/or chelating molecules might deliver
the metal substrate to the transporter or, alternatively, receive
the metal subsequently after its translocation (see below) (14,
16–19). However, although this docking will contribute to the
in vivo substrate selectivity of transporters, themetal coordina-
tion during transport is the defining feature that determines the
functional capabilities of these proteins (20, 21).
Biologically relevant transition metals (manganese, iron,

cobalt, copper, and zinc) are located in the d-block of the peri-
odic table (with most in period 4, groups 7–12), i.e. their elec-
tronic d-shell is incomplete (except for zinc). These elements
are considered soft Lewis acids (22). They present high binding
stability constants in aqueous media (fM�1 range) when coor-
dinated by soft Lewis base ligands such as thiolate (sulfur) and
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imidazolium (nitrogen). These differ from alkali/alkali earth
metals that behave as hard Lewis acids. These rather prefer
coordination by smaller hard Lewis bases such as carboxylate
(oxygen), forming ionic adducts that have lower binding stabil-
ity constants (1). Consequently, it is expected that transition
metal-binding sites involved in the transient association during
translocation across the membrane would be mostly consti-
tuted by fitting intermediate (N) or soft (S) bases (1). Further-
more, the outer shell electronic configurations would favor
particular coordination geometries for the various metal sub-
strates. Well known metal coordination architectures are
largely based on the characterization of organometallic com-

plexes and of metal sites within soluble metalloproteins, where
the static prosthetic group remains bound for the life of the
protein. In contrast, although binding the metal with very high
affinities, transmembrane transport sites only transiently inter-
act with the substrate during transport. Moreover, these sites
must present the flexibility to allow the vectorial ion release (i.e.
across the permeability barrier) upon minimal coordination
shifts (17, 20, 23). Consequently, novel ligands and metal coor-
dination architectures might be expected at the transmem-
brane transport/binding sites (transmembrane metal-binding
sites (TM-MBS)) of transition metal transporters. An example
of these features is the coordination of Cu� by PIB-ATPases or

FIGURE 1. Structures and metal-binding sites of metal transporters. A, structure of the Cu�-ATPase CopA (Protein Data Bank code 3RFU), with amino acids
forming the two transmembrane Cu�-binding sites indicated in red. B, CusABC model assembled with Swiss-PDBViewer using the CusAB (code 3NE5) and CusC
(code 3PIK) structures. The magnified section indicates the Cu�-binding sites (red) in a CusA monomer. C, side and apical views of modeled Ctr transporters
(provided by Dr. Vincent Unger, Northwestern University). Extracytoplasmic and transmembrane Met-rich Cu�-binding sites are indicated in red. Darker helices
correspond to those involved in transmembrane metal binding. D, structure of the CDF transporter YiiP (code 2QFI). Red amino acids indicate Zn2�-binding
sites. Dotted areas indicate the three metal-binding sites in each YiiP monomer.
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Ctr proteins. Although this metal has a tetragonal (e.g. super-
oxide dismutase) or tetrahedral (e.g.plastocyanin) coordination
inmetalloproteins and a linear coordination in regulatory cyto-
solic metal-binding domains (e.g. N-terminal metal-binding
domain (N-MBD) Cu�-ATPases), it has a trigonal planar coor-
dination during transport (17, 24, 25). Moreover, the unex-
pected coordination by one or more oxygen-containing side
chains is observed in these sites. Consequently, we hypothesize
that a specific metal coordination in the TM-MBSs is required
for transport and that evolution has selected some coordination
states over others. An additional outcome of a selectivity based
on acid-base Lewis chemistry and coordination geometry is the
capability of these transporters to bind and, in some cases,
translocate non-physiological ligands at a greater extent than
alkali/alkali earth transporters. Cu� transporters can translo-
cate Ag� and probably Au�; Pb2� and Cd2� function as sub-
strates of Zn2�-ATPases, and these can also bind non-trans-
ported metals (Cu2�, Co2�, and Ni2�) with similar affinity
(26–30).
The tight metal binding to the transport sites has an imme-

diate consequence, which is the observed slow transmembrane
transport rates. Alkali/alkali earth ion transport rates range
from 109-107 ions/s for the classical Na� or K� channels (31) to
�200 ions/s for ion pumps (32). In contrast, estimated turnover
rates for Cu�-ATPases, Zn2�-transporting CDFs, or the Cu�

carrier CTR1 are �10 ions/s (26, 28, 33).3 Available functional
determinations suggest that these low transport rates are asso-
ciated with the slow release of metal by the transporter. How-
ever, it might be argued that, in some cases, the reported metal
transport rates are underestimated because metal transport
assays are frequently performed in the absence of a post-trans-
port “receiving” molecule, i.e. an accepting metal-sequestering
molecule preventing release of free metal. Although this might
be the case, it appears unlikely that the presence of accepting
molecules in the reaction would substantially increase the
transport rates (�10-fold) to levels comparable with those of
alkali/alkali earth transporters.
Toward explaining the slow transport, it can be speculated

that the minimal cellular requirements for transition metals
have not represented a significant selective pressure for the
evolution of faster metal transporters. Alternatively, alkali/al-
kali earthmetals participate in dynamic events requiring signif-
icant mass/charge redistribution (signal transduction and
osmotic and electrical balance). This has probably driven the
selection of fast transporting molecules. Moreover, the neces-
sary absence of freemetals in cellular compartments constrains
the overall transport rate to the availability of chaperone/se-
questering molecules. These characteristics of metal homeo-
stasis explain the absence of transitionmetal “channels,” where
the ions travel at rates close to that of diffusion.
These common features of metal transport (substrate trans-

fer through protein/protein interaction, specificity of substrate,
and relatively slow transport rates) are best illustrated by dis-
cussing recent developments in the structural analysis of some
of these transporters. Although, in most instances, the struc-

tures have been obtained from bacterial transporters, it is
expected that their characteristic features are also shared with
eukaryotic transporters, albeit with minor changes. Similarly,
most of the information considered in this minireview refers to
Cu� transporters because most of the structural/mechanistic
work has been done in Cu�-transporting systems.

Metal Transport by PIB-ATPases

PIB-ATPases are polytopic membrane proteins (Fig. 1A).
Sharing a common core structure and catalytic mechanism,
they belong to the superfamily of P-ATPases (21). They are
present in all life kingdoms, andmost sequenced genomes con-
tain several members of the PIB family with different substrate
specificities or distinct functional roles (18, 21, 34). In eukary-
otic cells, PIB-ATPases are present in almost all organelles (vac-
uole, trans-Golgi network, chloroplast, and plasma membrane,
among others) (35–37), where they assist in metal detoxifica-
tion and metalloprotein synthesis (37, 38), as also occur in bac-
teria (34). Early studies based on bioinformatic, genetic, and
biochemical analyses suggested the following distinct metal
specificities: Cu� (PIB-1), Zn2� (PIB-2), Cu2� (PIB-3), and Co2�

(PIB-4) (18, 21, 39). These are determined by highly conserved
amino acids present in three TMs constituting the TM-MBSs.
The involved TMs flank the catalytic cytosolic loop where ATP
binding and hydrolysis occur (21, 39), providing a structural
link for cytosolic metal export coupled to ATP hydrolysis and
enzyme phosphorylation as described for well characterized
members of the P-ATPase superfamily (21, 40, 41).
The metal selectivity of PIB-ATPases is the outcome of hier-

archicalmultifaceted events. Ultimately, these yield the binding
of the correct substrate to the TM-MBS (Fig. 2). Functional and
structural studies of the Archaeoglobus fulgidus Cu�-ATPase
CopA indicated that, in a first step, substrate specificity is deter-
mined in vivoby the interaction between a solublemetal-loaded
chaperone and themetal-accepting ATPase (17). In vitro assays
using purified proteins showed that the Cu��chaperone com-
plex (Cu��A. fulgidus CopZ (AfCopZ)) was responsible for
metal transfer to the ATPase TM-MBSs. In A. fulgidus, the3 J. H. Kaplan, personal communication.

FIGURE 2. Catalytic cycle of a Cu�-ATPase. Cu� binding to two TM-MBSs is
required for catalytic phosphorylation by ATP (E1�P�Cu2

�). Note the irrevers-
ibility of Cu� transfer from the chaperone (CopZ) to the transport site and that
full occupancy is reached only in the presence of ATP. Metal is released after a
conformational change (to E2�P) leading TM-MBSs to open to the vesicular/
extracellular medium. E23 E1 transition is accelerated by ATP (or ADP) acting
in a modulatory mode (low affinity). See Ref. 46 for more details.
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chaperone cannot be substituted in this role by the homologous
N-MBDs usually present in Cu�-ATPases, although it seems to
be possible in yeast (42). The interaction between the Cu�-
delivering protein and the ATPase is likely determined by a
specific geometry in both interfaces that assists the positioning
of the metal in the proximity of the ATPase metal-accepting
sites. The atomic resolution structure of Legionella pneumo-
phila CopA supports this model (14). In this structure, the first
and second TMs form a platform on which the chaperone
would likely dock to transfer the metal (Fig. 3A). This interac-
tion is determined by electrostatic forces, in which the nega-
tively charged face of the chaperone would interact with the
positively charged docking “platform” (Fig. 3B). This would ori-
ent the chaperone-bound Cu� toward three conserved amino
acids (Met, Asp, andGlu) located at the cytoplasmic entrance of
the metal transmembrane path. The electropositive exposed
surface of the platform also precludes a postulated interaction
of the cytoplasmic N-MBDs present in these ATPases, deliver-
ing Cu� to TM-MBSs. It has been shown that N-MBDs have
the same electrostatic charge as the ATPase platform and an
opposite charge to the chaperone (43). In fact, the electrostatic
complementation of N-MBDs and Cu� chaperones contrib-
utes to their interactions and subsequent Cu� exchange.

Testing this model, we calculated the polar binding energies
involved in the docking of Cu��AfCopZ�AfCopA (complex 1)
and Cu��AfN-MBD�AfCopA (complex 2) in the platform
region of the ATPase. This approach estimates the stability of
the complexes in a salt (0.15 M) aqueous solution (see legend of
Fig. 3 for details) (44). The energy values are obtained by solving
the Poisson-Boltzmann equation through semi-numerical/
semi-analytical methods. The polar binding energy of complex
1 was �11.11 kcal/mol, whereas that of complex 2 was �26.12
kcal/mol. This suggests a lack of stability of a hypothetical intra-
molecular complex 2 and supports previous data indicating a
regulatory role for N-MBDs rather than one delivering Cu� to
TM-MBSs (17, 45, 46). More importantly, this analysis points
out the likely favorable interaction of the Cu� chaperone and
the ATPase. Interestingly, the interaction requires the metal-

bound chaperone, as indicated by the unsuccessful docking of
the apo-chaperone with the ATPase. This is in agreement with
biochemical data showing that AfCopZ does not compete with
Cu��AfCopZ in inhibiting the Cu� transfer to the ATPase (17).
This results in a unidirectional metal movement that yields a
stoichiometric Cu� transfer to TM-MBSs (Cu��CopZ �
CopA 3 CopZ � Cu��CopA) (Fig. 2) (17, 46). However, the
chaperone metal sites can potentially bind other metals (47),
which in turn might enable docking with the ATPase and sub-
sequentmetal delivery. A second layer of specificity provided by
the metal coordination at the TM-MBSs then becomes
relevant.
Biochemical studies have shown the trigonal coordination of

Cu� at theTM-MBSs (48, 49). Asmentioned above, this unique
geometry is distinctly associated with transport sites.When the
activation of Cu�-ATPases by various ions in the absence of
chaperones is tested in vitro, the ATPases apparently accept
onlyCu� and similar ions (Ag� andAu�) but not others such as
Zn2�, Cu2�, Co2�, and Ni2� (26). Thus, independent of the
chaperone, the ATPase TM-MBS selects the transported met-
als. Studies of the Escherichia coli Zn2�-ATPase ZntA might
better support these ideas. The ZntA TM-MBS binds trans-
ported substrates (Zn2�, Cd2�, and Pb2�) as well as non-trans-
ported divalent heavymetals (Cu2�, Co2�, andNi2�) with sim-
ilar affinity (20, 30). Although Cu2�, Co2�, and Ni2� tightly
bind the enzyme, these metals cannot induce the required
enzyme conformation that enables the catalytic hydrolysis of
ATP. This suggests that the geometry of coordination and
metal–ligand bond distances play an important role in the acti-
vation of PIB-ATPases. As a corollary, metal coordination
geometry, rather than binding affinity, is the determinant of
transport specificity. Similar phenomena are observed in metal
regulatory proteins (2, 50).
Metal release from the protein occurs upon the major con-

formational change. Here, PIB-ATPases also highlight a com-
mon feature ofmetal transporters: a slower transport rate com-
pared with closely related alkali/alkali earth-transporting
ATPases. This is especially evident in those Cu�-ATPases of

FIGURE 3. Cu� chaperone/Cu�-ATPase interaction. A, docking was modeled using ClusPro (83). A. fulgidus CopA (green) was modeled after L. pneumophila
CopA (Protein Data Bank code 3RFU), whereas the model of the C-terminal domain of A. fulgidus CopZ (ochre) was built using Enterococcus hirae CopZ (code
1CPZ) as a template. The CopA platform for interaction with CopZ is shown in blue. B, surface charges in the predicted docking of CopZ with CopA. Positive and
negative charge densities are indicated in blue and red, respectively.
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the FixI/CopA2 subgroup (18, 34). These ATPases present the
slowest transport rates, most probably to couple metal trans-
port with the export of metal-accepting apoproteins. In multi-
cellular organisms, a similar mechanism seems to be in place
(16).

RND Metal Transporters

The members of the RND superfamily are tripartite trans-
porters widespread in Gram-negative bacteria (6). This super-
family contains seven subfamilies with different substrate spec-
ificities. These include antimicrobial agents, organic solvents,
and heavy metals, among other molecules. In all cases, the sub-
strate appears to be transported from the periplasm to the
extracellular space. The systems span the periplasmic space
with a cytoplasmic membrane protein (RND), an outer mem-
brane porin, and a periplasmicmembrane fusion protein (MFP)
bridging the inner and outer membrane components. A H�

antiport is used to satisfy the energetic requirements of the
substrate efflux (51).
The best characterized RND heavy metal transporter is the

E. coli Cu�/Ag� efflux CusCFBA system (52–55). The corre-
sponding operon encodes the three characteristic proteins of
these systems: RND (CusA), the outermembrane porin (CusC),
and the MFP (CusB). These proteins are arranged in a multim-
eric form with trigonal symmetry: a CusA trimer contacts a
CusB hexamer, which interacts with a CusC trimer (Fig. 1B)
(55, 56). In themost likelymodel, metal transport is initiated by
the binding of periplasmic Cu� to the N-terminal domain of
CusB (57), where it is again coordinated in planar trigonal
geometry by three Met residues (55). The sequence of this site
corresponds to the transportedmetal substrate. For instance, in
the MFP of Zn2�-transporting ZneABC, the metal is coordi-
nated by twoHis residues and oneGlu residue (58). In this case,
an additional ligand should be involved to achieve the tetraden-
tate Zn2� coordination common to Zn2� transporters and
metalloproteins (23, 59).4 The fate of the metal after binding
CusB has not been established. It has been proposed that metal
binding to CusB causes a conformational change that might
position the metal closer to the metal-binding site of CusA in
the plasma membrane (58, 60). This site (constituted by three
Met residues) is in a periplasmic cleft formed by the loops
between TM1 and TM2 and between TM7 and TM8 (Fig. 1B)
(54). Following this model, the subsequent step involving the
transfer from CusA to other components of the system has not
been established.
Because free Cu� is toxic, the metal has to be provided by a

periplasmic chaperone toCusB. For this purpose, theCusCFBA
operon also encodes a periplasmic metal-binding protein,
CusF. In a role analogous to cytoplasmicCopZ, CusF appears to
function as a periplasmic Cu� chaperone that delivers the
metal to CusABC (57). Cu� coordination in E. coli CusF is
achieved by a trigonal coordination by two Met residues and
one His residue (52). The presence of Met in the CusF binding
site solves the likely oxidation of periplasmic –SH groups if Cys
were part of this site. In vitro, CusF transfers metal directly to
metal-binding sites in the N-terminal domain of CusB (61).

Evidently, a central element of the transport mechanism of
RND systems is the transfer ofmetals between different protein
components. For instance, Cu� transfer from CusF to CusB is
considered part of themetal transport pathway.However, CusF
exchanges Cu� with CusB with Keq � 1 (60). Thus, Cu� trans-
fer is far from unidirectional. If this is part of the transport
pathway, then a largely irreversible step should occur later in
the translocation process. Furthermore, metal occupancy of
CusB rather than the level of Cu��CusF would control the
transport rate. Alternatively, it could be postulated that Cu�

binding to CusB might have a regulatory effect and that CusF
might be able to transfer metal directly to CusC, as cytoplasmic
chaperones deliver Cu� to the TM-MBSs of Cu�-ATPases.
Supporting the latter model, in some cases, CusF and CusB are
fused in a single protein, as seems to be the case for SilB, the
MFP subunit of SilABC, a RND system in Cupriavidus metalli-
durans CH4 (62). In this protein, the MFP has an extended
C-terminal metallochaperone domain closely related to CusF.
Some organisms even appear to lack CusB (Legionella long-
beachae, several Pseudomonas and Shigella species,Xanthomo-
nas campestris, etc.) while maintaining the other elements of
the system.5 This suggests that CusB is not an essential compo-
nent of the system.
Although RND metal efflux systems seem to be primarily

responsible for detoxification of periplasmic metals (57), it has
been suggested that the system would also transport cytosolic
metal across the plasma membrane (63). In this model, Cu�

would follow a Met “shuttle” in CusA. Experiments testing the
transport into reconstituted liposomes show that CusA trans-
ports Ag� in favor of a large gradient (0.5 mM Ag� in the cyto-
plasmic side) in a pH-dependent fashion. However, despite the
large gradient, transport is quickly inhibited (20 s). The mech-
anism of this transport, how Cu� is transferred to CusC, and
the role of a cytoplasmic Cu� efflux system in addition to the
ubiquitous Cu�-ATPase are not clear.

Ctr Family of Eukaryotic Cu� Transporters

The Ctr family transporters are found exclusively in
eukaryotes, where they enable the flux of Cu� into the cyto-
plasm, either facilitating its incorporation from the extracellu-
lar space or mobilizing the vacuolar stores (64). Their impor-
tance is highlighted, for instance, by the embryonic lethal
phenotype resulting from theCtr1 gene knock-out inmice (65).
Ctr proteins are homotrimers. Monomers are 140–400-amino
acid proteins with three TMs (TM1–3) and frequently present
an extracellular N-terminal Met-rich motif (MXXM/MXM)
(12). TM2 contains a conserved MXXXM motif that faces a
path at the center of the trimer (Fig. 1C) (25). The final structure
appears as a channel or “pore,” with a conical side narrower at
the extracellular/luminal side of the protein. Consistent with
this channel-like structure, it has been proposed that Cu�

uptake through Ctr transporters is driven by a passive, mem-
brane potential-dependent mechanism (12). However, this
model still needs to be supported by strong experimental evi-
dence and has to take into account the role of metal-accepting
chaperones.

4 D. Raimunda, T. L. Stemmler, and J. M. Argüello, unpublished data. 5 G. Hernández, J. M. Argüello, and B. Valderrama, unpublished data.
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The functional Ctr transporter complex can stably bind two
Cu� ions/trimer (25). One of these sites is within the Ctr pore
and is constituted by a Met residue from each monomer, thus
providing a trigonal planar coordination as observed in Cu�

sites of Cu�-ATPases and RND transporters. The second site
has not been identified, but likely candidates are theN-terminal
Met-rich region or the HCH motif at the C terminus (25). The
functional roles of the N-terminal region, amino acids in the
transmembrane region, and C-terminal HCH motifs have not
been well defined. Structural data suggest that Met in TM2
should play an important role in the Cu� transport across the
membrane, providing a mechanism of selectivity through an
appropriate geometry of coordination (25). However, mutation
of transmembrane Met located in TM2 does not abolish metal
flux, although it decreases the rate of transport (66). On the
other hand, in some cases, the N-terminal Met-rich region
seems to be essential for metal transport (66), where it could
play a role in binding extracellular Cu�. Based on relatively
limited experimental evidence, twomodels have been proposed
for the transport mechanism: a “channel-like” model in which
Cu� would interact weakly with ligands facing the inner face of
the pore (66) and a model in which Cu� would be translocated,
passing through several binding sites composed by “essential”
residues accommodated by hierarchical affinities in the Cu�

pathway (25, 67). Several findings such as differential trypsin
digestion in the presence of Cu� (68), the C-terminal interac-
tion likely coupled toCu� transport activity (67), andmolecular
dynamic simulations (69) point to a Ctr metal ion transport
mechanism involving structural conformational changes.
As cells strive to prevent the presence of free Cu�, part of a

Ctr transport mechanism is the metal delivery to specific Cu�

chaperones that would carry the ion to appropriate targets. In
vitro studies have shown that theC-terminal domain of Saccha-
romyces cerevisiae Ctr1 would interact with the corresponding
Cu� chaperone Atox1 (70). This is a relevant finding to eluci-
date how the secretory pathway may acquire Cu�. However, it
does not address whether Ctr1 is directly involved in the met-
allation of other cytosolic Cu� chaperones such as CCS or if it
supplies Cu� to cellular labile metal-sequestering pools such as
glutathione.

CDFs

CDF transporters are ubiquitous membrane proteins
responsible for the cytosolic efflux of divalent cations coupled
to the influx ofH� orNa� (71). In eukaryotes, they are localized
in the plasma membrane and in organelles (vacuole, endoplas-
mic reticulum, Golgi, etc.) (72–74), where they participate in
metal detoxification, metalloprotein assembly, and packaging
of secretory vesicles (75–77). The functional forms of the trans-
porters are homodimers. The topology of the subunit, six TMs
and a cytoplasmic hydrophilic C-terminal domain, is well con-
served among all family members (Fig. 1D). In addition, all
eukaryotic and some bacterial CDFs present a His-rich cytoso-
lic region between TM4 and TM5 (78, 79).
A significant understanding of the mechanism of CDFs

emerged from the biochemical characterization and structural
studies of the E. coli Zn2� transporter YiiP (15, 23, 79). YiiP is a
homodimer of two 33-kDa subunits in 2-fold symmetry (Fig.

1D) (15, 79). It presents several high-affinity Zn2�/Cd2�-bind-
ing sites with seemingly different coordination geometry (28,
80). These are located in the transmembrane region (site I), the
membrane-cytosol interface not fully conserved in all CDFs
(site II), and the C-terminal domain (site III) (15, 80).
Site I binds the transported metal (15, 23). This site defines

the selectivity of YiiP for Zn2�/Cd2� over Fe2�, Mn2�, Ni2�,
and Co2�. The site is composed of two Asp residues in TM2,
oneHis residue, and oneAsp residue inTM5, binding themetal
with tetrahedral coordination. Mutation of these residues pre-
vents metal transport (23, 81, 82). Kinetic evidence suggests
that onceZn2� is bound to site I, it is quickly extruded, ensuring
a unidirectional, largely irreversible transport mechanism (28).
This analysis also highlights the relatively low transport rate of
metal transporters (2.6 s�1 for Zn2� transport by E. coli ZitB)
(28).
Although it has been speculated that the conserved C-termi-

nal domain (site III)might act as ametallochaperone (15), there
is no experimental evidence for this hypothesis. Site III appears
to be involved in YiiP dimerization and consequent activation
(80). Zn2� is bound tetrahedrally by amino acids from each
monomer (Fig. 1D).Metal binding in this site contributes to the
stabilization of the interaction between the C-terminal
domains of each monomer. This appears to be a regulatory
mechanism by which the functional transporter is assembled
when excess substrate is present.

Future Directions

In the last few years, the first high-resolution structures of
representative members of some of the main metal transporter
families have been obtained. Further progress is expected in
this direction with the structural characterization of other
metal transporter families such as ZIP and Nramp and with
further refinements of already determined structures in all their
conformational stages. This will help establish the structural
and functional determinants that lead to distinct metal trans-
port mechanisms and transport specificity required by the cell
to handle fundamental but highly toxic transition metal ions.
However, to validate the accuracy of novel models, similar
advances in biochemical and biophysical studies will be
required. Because of their importance inmetalloprotein assem-
bly and, consequently, in overall cell physiology, the determi-
nation of the precise interactionmechanismofmetal transport-
ers and metal-delivering and metal-accepting chaperones is
one of the areas in which significant developments are likely.
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Eukaryotic cells contain hundreds of metalloproteins, and
ensuring that each protein receives the correct metal ion is a
critical task for cells. Recent work in budding yeast and mam-
malian cells has uncovered a systemof iron delivery operating in
the cytosolic compartment that involves monothiol glutaredox-
ins, which bind iron in the form of iron-sulfur clusters, and
poly(rC)-binding proteins, which bind Fe(II) directly. In yeast
cells, cytosolicmonothiol glutaredoxins are required for the for-
mation of heme and iron-sulfur clusters and the metallation of
some non-heme iron enzymes. Poly(rC)-binding proteins can
act as iron chaperones, delivering iron to target non-heme
enzymes through direct protein-protein interactions. Although
the molecular details have yet to be explored, these proteins,
acting independently or together,may represent the basic cellu-
lar machinery for intracellular iron delivery.

Metalloproteins are very abundant in all types of cells, where
they perform a plethora of enzymatic and regulatory functions.
A variety of transition metal ions contribute to the metallopro-
teome of a cell, with iron and zinc being the most abundant (1).
Estimates of the number of cellular proteins containing metal
ions vary substantially, and evidence from bacteria suggests
that many of the proteins that contain metal ions have not yet
been annotated as metalloproteins (2). Onemethod of estimat-
ing the prevalence of metalloproteins is to examine structural
databases. A survey of enzymes for which three-dimensional
structures have been determined indicated that 9% contained
zinc, 8% iron, 6% manganese (in many cases, the biologically
relevant metal is magnesium), and 1% copper (3). A second
approach involves the identification of metalloproteins based
on the homology of metal-binding domains and metal-binding
sites of known metalloproteins to protein sequences derived
from sequenced genomes. This type of bioinformatics
approach indicates that zinc proteins constitute �10% of the
eukaryotic proteome, non-heme iron proteins account for�1%
of the proteome, and copper proteins are �1% of the proteome
(4).
Given the presence of so many different metalloproteins, the

cell faces several obstacles in ensuring that apoproteins receive

the correct metal ion. First, although the primary coordination
spheres ofmetal-binding sites can readily exclude ions based on
charge, coordination geometry, and polarity, these sites may
not have the capacity to discriminate between divalent metal
cations and may even bind a non-cognate metal more tightly
than the correct one (1). Second, some metal ions, such as iron
and copper, are redox-active and, in the presence of oxygen, can
catalyze the formation of dangerous reactive oxygen species.
Thus, cells must tightly regulate the uptake and distribution of
these metals to use them while avoiding the twin toxicities of
mismetallation and oxidative damage. One cellular strategy is
to maintain the pools of “free” or unliganded metals at exceed-
ingly low levels. This appears to be especially true for the tight-
est binding metals, zinc and copper (5). A second, complemen-
tary strategy involves the use of metallochaperones.
Metallochaperone is the term coined to describe a protein

that specifically binds metal ions and delivers them to target
apoproteins through direct protein-protein interactions (6).
Metallochaperones are thought to enhance the efficiency of
metal transfer to target apoproteins and to preventmetal trans-
fer to non-cognate sites. Nickel and copper chaperones were
identified more than a decade ago. Structural and biochemical
studies of these proteins suggest that metal delivery occurs by a
ligand exchange reaction that depends on both the specificity of
the protein-protein interaction and the affinities for the metal
ligand. Iron chaperones have been identifiedmore recently, and
the structural and biochemical details of metal delivery for
these proteins are not yet clear. Candidate iron chaperones
include frataxin, poly(rC)-binding proteins (PCBPs),2 and the
Grx3-type monothiol glutaredoxins.

Frataxin

The human disease Friedreich ataxia is an inherited neuro-
degenerative disorder usually caused by a reduction in the cel-
lular levels of the protein frataxin (7). Frataxin is expressed in
the mitochondria of all eukaryotic cells, and a large amount of
data support a role for frataxin in the mitochondrial assem-
bly of iron-sulfur clusters (8). Frataxin binds iron through a
patch of carboxylic amino acid residues located on the distal
surface of helix 1 and �-sheet 1. Iron binding is relatively low
affinity (Kd � 2.5–55 �M), and the stoichiometry of binding
differs when measured in frataxins from different species. Iron
binding is important for in vivo activity, however, as substitut-
ing alanine residues for the clusters of acidic residues results in
both loss of iron binding and a reduced capacity to support Fe-S
cluster assembly. The core Fe-S cluster assembly complex in
mitochondria consists of the cysteine desulfurase Nfs1, an
accessory protein (Isd11), and a scaffold protein (Isu1 or Isu2)
(nomenclature from budding yeast) (9). Frataxin interacts
directly with Isu in an iron-dependent manner and facilitates
the transfer of iron to Isu during Fe-S cluster assembly. Because
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of the capacity of frataxin to bind iron and transfer it to Isu via
a direct protein-protein interaction, frataxin has been consid-
ered a mitochondrial iron chaperone. Some studies indicate
that frataxin can directly transfer iron to or stabilize iron in
other Fe-S proteins, such as mitochondrial aconitase (10).
Recent in vitro studies using purified human proteins suggest,
however, that the role of frataxin in Fe-S cluster assembly may
be more complex.
Rather than simply providing iron to Isu for cluster assembly,

frataxin and frataxin-bound iron also stimulate the activity of
the cysteine desulfurase. Purified human Nfs1, Isd11, Isu, and
frataxin form a stable complex in vitro that is not dependent on
the presence of iron (11). The addition of frataxin alone to a
complex of Nfs1, Isd11, and Isu results in a 316-fold increase in
the catalytic efficiency of the cysteine desulfurase, which is due
to an increase in both the kcat and the affinity for cysteine. The
addition of frataxin and Fe(II) together results in a further
increase in catalytic efficiency. Frataxin addition also increases
the efficiency of Fe-S cluster production by the Fe-S core com-
plex. Naturally occurring missense mutations in frataxin that
are associated with disease progression lead to both reduced
binding to the Nfs1-Isd11-Isu complex and reduced stimula-
tion of cysteine desulfurase activity (12).
Yeast expressing a mutant form of Isu1 containing anM107I

substitution can partially bypass the requirement for frataxin in
Fe-S cluster assembly (13). This substitution of Met-107 for a
branched chain amino acid occurs naturally in the forms of
IscU expressed in prokaryotes, which are much less dependent
on frataxin for Fe-S cluster assembly (14). The mechanism
through which yeast cells expressing Isu1 M107I bypass the
requirement for frataxin is not clear, but could involve iron
delivery, cysteine desulfurase activation, or Fe-S cluster transfer
to downstream recipient proteins. These studies suggest that
Nfs1, Isd11, Isu, and frataxin together form the core Fe-S
assembly complex in mitochondria and that, in eukaryotes,
frataxin acts as an allosteric activator of the cysteine desul-
furase, in addition to its role as an iron donor in Fe-S cluster
assembly.

PCBPs

PCBP1 was recently identified as a cytosolic iron chaperone
that delivers iron for incorporation into ferritin (15). Ferritin is
a highly conserved iron storage protein expressed in bacteria,
plants, and higher eukaryotes (16). In metazoans, ferritin is a
heteropolymer composed of 24 subunits of heavy (H) and light
(L) chains that form a hollow sphere into which iron is depos-
ited. H-ferritin (but not L-ferritin) contains a ferroxidase cen-
ter, located on the interior surface of the heteropolymer, which
is structurally similar to the catalytic sites of oxo-bridged diiron
monooxygenases. Fe(II) gains access to the ferroxidase center
through funnel-shaped pores lined with carboxylic amino acid
residues.
Fungi differ from other organisms in that they do not express

ferritins. Human H- and L-ferritins can be expressed in yeast,
where they assemble into functional heteropolymers, but con-
tain relatively little iron. PCBP1 was identified in a genetic
screen for human genes that could increase the amount of iron
stored in human ferritin when the proteins were expressed

together in yeast cells. Depletion of PCBP1 in cultured human
cells inhibits the incorporation of iron into ferritin, which also
leads to an increase in the labile iron pool and an increase in the
iron-mediated degradation of IRP2 (iron regulatory protein 2).
When ferritin was immunoprecipitated from yeast cells
expressing both ferritin and PCBP1, PCBP1 was detected in a
complex with ferritin, but only when the immune complexes
were isolated in buffers containing ferrous iron. In vitro studies
of PCBP1 supported the observations in yeast and human cells.
Purified human PCBP1 was found to bind ferrous iron at a 3:1
iron/PCBP1 ratio with an affinity of 0.9–5.8 �M using isother-
mal titration calorimetry. Purified PCBP1 increased the incor-
poration of iron into apoferritin in vitro, indicating that PCBP1
could directly bind and donate iron to ferritin.
PCBP1 (also called �-CP1 or heterogeneous nuclear ribonu-

cleoprotein (hnRNP) E1) was originally identified as an RNA-
binding protein that binds to C-rich motifs in the 3�-UTR of
�-globin mRNA (17–19). PCBP1 is one member of a family of
four homologous proteins, each of which contains three
hnRNPKhomology (KH) domains. KHdomains are conserved,
single-stranded nucleic acid-binding motifs, and PCBP family
members function in the processing, stability, and translation
of host and viral RNAs. PCBPs also function in transcriptional
regulation and protein-protein interactions. PCBP1 is encoded
by an intronless gene found only in mammals and was likely
formed via retrotransposition of a minor splice variant of
PCBP2 mRNA. PCBP1 and PCBP2 (including its alternatively
spliced isoforms) are very highly expressed in essentially all
mammalian cells, whereas PCBP3 and PCBP4 are generally
expressed at much lower levels. PCBP1 and PCBP2 localize to
both the cytosol and nucleus. They have been reported to self-
associate and to form complexes with other PCBPs and
hnRNPs.
Two major questions emerged from the initial studies of

PCBP1 and ferritin. 1) Are other cytosolic iron enzymes
dependent on PCBP1 for metallation, and 2) are other PCBP
family members acting as iron chaperones? Recent data indi-
cate that the answer to both questions is yes. PCBP1 and PCBP2
play a role in the metallation of the iron-dependent prolyl
hydroxylases (PHDs) that regulate hypoxia-inducible factor
(HIF) 1� (20). HIF is a heterodimeric transcription factor that
activates the expression of genes involved in the response to
hypoxia (21–23). HIF1 and its paralog HIF2 are regulated by
multiple mechanisms, but the primary mechanism is through
the oxygen-dependent degradation of the �-subunit. Under
hypoxic conditions, HIF� (HIF1� or HIF2�) accumulates in
cells, binds to the �-subunit (HIF� or ARNT), and activates
transcription. Under normoxic or hyperoxic conditions, HIF�
is hydroxylated on two conserved proline residues. The
hydroxyproline residues are recognized and bound by the von
Hippel-Lindau tumor suppressor protein, which then recruits
components of the ubiquitination machinery and targets HIF�
for degradation in the proteasome. This pathway has received
considerable attention because defects in this degradation
pathway lead to the formation of cancers in humans, especially
clear cell renal carcinomas and hemangioblastomas.
Three HIF PHDsmediate the hydroxylation of HIF�: PHD1,

PHD2, and PHD3 (also called HPH3, HPH2, and HPH1 or
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EGLN2, EGLN1, and EGLN3, respectively) (24, 25). These
enzymes are members of a large conserved class of Fe(II)- and
2-oxoglutarate-dependent dioxygenases. PHDs and other
enzymes of this class coordinate a single Fe(II) ion deep in a
solvent-accessible active site through an HX(D/E)XnH triad.
The iron cofactor is relatively labile in vivo, as treatment of cells
with iron chelators can inactivate the enzyme. Because PHD
activity is regulated by the availability of oxygen and 2-oxogl-
utarate, PHD has been proposed to function directly as an oxy-
gen sensor. PHD2 accounts for the majority of HIF PHD activ-
ity in cells (26). Similar to almost all non-heme iron enzymes,
the mechanism by which PHDs receive iron in their active site
was unknown.
Depletion of PCBP1 in mammalian cells using siRNA was

associated with a loss of PHD activity (20). Cells lacking PCBP1
exhibited loss of iron incorporation into PHD2, reduced
hydroxylation of proline residues onHIF1�, and decreased deg-
radation and accumulation of HIF1�. The effects of PCBP1
depletion were greatly increased when cells were treated briefly
with an iron chelator. These observations pointed to a role for
PCBP1 in the delivery of iron to PHDs and, more specifically,
indicated that PCBP1 was important for the remetallation of
PHD when iron deficiency increased the loss of metal from the
active site of the enzyme.
Depletion of PCBP2 in mammalian cells led to similar, but

not identical, effects on PHD as did depletion of PCBP1. Deple-
tion of PCBP2 was also associated with loss of iron incorpora-
tion into PHD2, reduced prolyl hydroxylation of HIF1�, and
accumulation of HIF1� protein. Although PCBP2 depletion
had no effect on HIF1� accumulation and HIF1� transcrip-
tional activity in iron-sufficient cells, the effects of PCBP2
depletion were similar to the effects of PCBP1 depletion in cells
transiently subjected to iron deficiency. The results suggested
that cells needed both PCBP1 and PCBP2 for the iron-depen-
dent activation of PHDs.
Confirmation that both PCBP1 and PCBP2 were involved in

iron delivery to PHDs came from in vitro studies of PHD activ-
ity from cells lacking PCBP1 or PCBP2. Lysates lacking PCBPs
were nearly devoid of PHD activity, which could be fully
restoredwith high concentrations of iron, confirming that both
PCBP1 andPCBP2were necessary for PHDactivity and that the
loss of PHD activity was attributable to loss of the iron cofactor.
The addition of purified PCBP1 in complex with Fe(II) to
lysates lacking PCBP1 could activate PHD, but the addition of
the same PCBP1-Fe(II) complex to lysates lacking PCBP2 had
no effect. These studies confirmed that PCBP1 and PCBP2 had
non-redundant functions in the delivery of iron to PHD.
The PCBP-mediated delivery of iron to PHDmay occur via a

direct protein-protein interaction. PCBP1 and PHD2 are
detected together in immune complexes isolated from cells
expressing endogenous levels of both proteins. The complex
containing PCBP1 and PHD2 is detectable in iron-deficient as
well as iron-sufficient cells. Whether iron changes the compo-
sition or stability of the complex remains to be determined.
PCBP2 is also detected in a complex with PCBP1, but whether
PCBP1, PCBP2, and PHD2 form a single complex also remains
to be determined.

FIH1 (factor inhibiting HIF1) is an asparagyl hydroxylase
(similar to the PHDs) that is also involved in the oxygen- and
iron-dependent regulation of HIF1� (27–29). The in vivo activ-
ity of FIH1 is reduced in cells lacking PCBP1, and FIH1 is also
present in a complex with PCBP1. Thus, the iron chaperone
activity of PCBP1 and PCBP2 is likely involved in the metalla-
tion of multiple members of this enzyme family. The iron- and
2-oxoglutarate-dependent dioxygenases are a large group of
enzymes, and the human genome encodes �60 predicted
members (22, 23). In addition to the amino acid hydroxylases,
this enzymes class includes the Jumonji-type histone demeth-
ylases and the AlkB-type DNA and RNA demethylases. Thus,
PCBP iron chaperones may be involved in the activation of a
large group of cellular enzymes affecting a diversity of cellular
processes.

Monothiol Glutaredoxins

Glutaredoxins are a large, evolutionarily conserved family of
enzymes generally involved in redox reactions as protein thiol
reductases, using glutathione as a source of reducing equiva-
lents (30). Monothiol glutaredoxins represent a subclass of the
glutaredoxin family and typically do not have oxidoreductase
activity. Instead, they bind Fe-S clusters and participate in Fe-S
cluster biogenesis and iron homeostasis. Recent work also sug-
gests that Grx3-type monothiol glutaredoxins may also func-
tion as iron chaperones. The Grx3-type monothiol glutaredox-
ins have a modular structure that consists of an N -terminal
thioredoxin domain and C-terminal glutaredoxin domains.
Budding yeast cells contain two Grx3-type monothiol glutare-
doxins, Grx3 and Grx4, which are expressed at similar levels,
are 63% identical, and appear to be functionally equivalent (31–
33). Mammals express a single Grx3-type glutaredoxin, which
contains two C-terminal glutaredoxin domains in addition to
theN-terminal thioredoxin domain. Each of themonothiol glu-
taredoxin domains contains an active site with the conserved
CGFS motif. Both human and yeast Grx3 can form
homodimers containing a bridging 2Fe-2S cluster that is coor-
dinated through the active site cysteines and two molecules of
glutathione (34, 35). In vitro, the Fe-S cluster bound by theGrx3
homodimer is labile and lost in the presence of oxygen or
reductant.
Grx3-type glutaredoxins from several species have been

found to interact with BolA-like proteins (30). BolA-like pro-
teins are conserved and widely expressed in eukaryotes and
prokaryotes, where their genes are frequently found in operons
containing monothiol glutaredoxins. The BolA-like protein
from yeast is Fra2, and Fra2 has been found, using multiple
experimental approaches, to form a complex with Grx3/4 (35,
36). Grx3/4 and Fra2 form a heterodimer that also contains a
bridging 2Fe-2S cluster. This cluster differs from that of the
Grx3/4 homodimer in that it is resistant to degradation by both
oxygen and reductant and is coordinated by the nitrogen ligand
of His-103 in Fra2, rather than by a cysteine residue.
Grx3/4 and Fra2 are required for iron sensing by the major

iron-dependent transcription factor in budding yeast, Aft1 (31,
32, 36). Under iron-deficient conditions, Aft1 activates the
transcription of genes involved in the response to iron defi-
ciency (37). Under iron-sufficient conditions, Aft1 is inactive
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and is exported from the nucleus to the cytosol. Grx3/4, Fra2,
and another uncharacterized protein (Fra1) are found together
in a complex with Aft1 (36). Yeast strains without Grx3 and
Grx4, without Fra2, or without Fra1 are unable to inactivate
Aft1 in the setting of iron sufficiency. One model for the iron-
dependent inactivation of Aft1 involves the direct transfer of
the 2Fe-2S cluster from Grx3/4-Fra2 to Aft1, with the result
being the export of Aft1 from the nucleus and the loss of Aft1
transcriptional activity.
Grx3-type monothiol glutaredoxins have roles in iron trans-

fer beyond those that regulate the activity of Aft1. Yeast strains
lacking bothGrx3 andGrx4 exhibit defects in themetallation of
a variety of iron-dependent enzymes expressed in both the
cytosol and mitochondria (31, 38). Yeast cells lacking Grx3 and
Grx4 have defects in the biosynthesis of Fe-S clusters and heme,
twomitochondrial processes that depend on the import of iron
from the cytosol into the mitochondria. These defects are
detectable as a loss of activity of mitochondrial and cytosolic
Fe-S cluster and heme enzymes. This loss of activity is due to
the absence of Fe-S clusters and heme cofactors in the respec-
tive enzymes. Unlike yeast strains with primary defects in the
mitochondrial Fe-S cluster assemblymachinery, strains lacking
Grx3 and Grx4 exhibit depletion (rather than accumulation) of
mitochondrial iron pools and accumulation of cytosolic iron
pools. These phenotypes would be most consistent with a
defect in mitochondrial iron delivery. However, ribonucleotide
reductase, a cytosolic oxo-bridged diiron protein, also exhibits
a lower level of iron binding and activity in the Grx-depleted
strain, suggesting thatGrx3/4 is also involved in themetallation
of at least one cytosolic diiron enzyme.Whether Grx3/4 acts as
an iron chaperone and can directly transfer iron to the iron-
binding subunit of ribonucleotide reductase is not yet clear, nor
is it clear whether Grx3/4 can directly transfer iron to themito-
chondria or whether Fra2 participates in any of these metal
delivery processes. However, Grx4 does require the cysteine
residue that coordinates the Fe-S cluster in the glutaredoxin
active site to support the activity of the heme and Fe-S enzymes.
Of note, not all investigators studying the phenotypes of a strain
carrying deletions of both GRX3 and GRX4 have observed the
slow growth and enzymatic defects that would be associated
with profound reductions in the metallation of all iron-depen-
dent enzymes (33).
Recent studies in fission yeast indicate that a monothiol glu-

taredoxin, Grx4, is required for iron sensing by its iron-depen-
dent transcription factors, Fep1 and Php4 (39, 40). Although
these transcription factors have no similarity to Aft1, Grx4 can
be found in a complex with each transcription factor in this
fungal species, but it is not known whether direct transfer of an
iron cofactor occurs. Whether mammalian Grx3 has similar
roles in iron cofactor assembly and delivery is not known. Sim-
ilarly, whether Grx3 interacts genetically or physically with
PCBPs in mammalian cells remains to be determined.

Conclusion

The iron chaperone field is in its infancy, with many more
questions unanswered than resolved (Fig. 1). Studies implicat-
ing the monothiol glutaredoxins in iron delivery have largely
been performed in budding yeast cells, which do not contain

clear PCBP orthologs. Two proteins in yeast, Pbp2 and Hek2,
contain three KH domains and exhibit homology to hnRNP K
and, to a lesser extent, PCBPs (41–43). Both yeast proteins have
been characterized as RNA-binding proteins, but deletion of
either genewas not associatedwith an iron-related phenotype.3
Perhaps it is not surprising to discover that yeast and human
cells may manage their intracellular iron pools in a different
way, given that yeast cells do not rely on ferritins for cytosolic
iron storage. One possibility is that yeast cells rely directly on
Grx3/4 and Fra2 to deliver iron, bypassing a PCBP-like iron
chaperone. Interestingly, yeast Grx3 and Grx4 each contain a
sequence motif with 12–14 carboxylic amino acid residues,
which are located between the thioredoxin and glutaredoxin
domains.4 Frataxin contains a similar acidic patch that is
involved in iron binding (8), and one might speculate that the
acidicmotif inGrx3/4 could have a similar function. This acidic
motif is not present in human Grx3. Also of note is that BolA-
like proteins from bacteria and mice exhibit a KH domain fold
similar to the individual KH domains of PCBPs (44). Thus, the
KH domains of PCBPs could interact with Grx3 in a manner
similar to that of the BolA-like proteins. Whether other pro-
teins assist in the PCBP1-PCBP2 iron chaperone complex in
mammalian cells remains to be determined.
Other proteins may be involved in the delivery of iron to

intracellular organelles. Miner1 andmitoNEET are two paralo-
gous proteins expressed on the cytoplasmic surface of the endo-
plasmic reticulum and the outer membrane of mitochondria,
respectively (45, 46). A loss-of-function mutation in Miner1 is

3 C. C. Philpott and H. Shi, unpublished data.
4 C. C. Philpott, unpublished data.

FIGURE 1. Model of iron delivery in mammalian cells. PCBP1 and PCBP2
bind cytosolic Fe(II) and directly deliver it to ferritin, 2-oxoglutarate dioxyge-
nases (such as PHDs and FIH1), and possibly other non-heme iron enzymes
(such as oxo-bridged diiron enzymes). Although mammalian Grx3 has not
been characterized, based on the functions of Grx3/4 in yeast, it likely associ-
ates with mammalian BolA2, with each glutaredoxin domain coordinating a
2Fe-2S cluster with one BolA2. In a speculative model of iron chaperone func-
tion, PCBPs may interact with Grx3-BolA in a way that effects the transfer of
iron from one complex to the other. Grx3-BolA may deliver iron to mitochon-
dria (perhaps via mitoNEET (mNT)) for heme and Fe-S cluster biosynthesis.
Yfh1 (frataxin), along with Nfs1, Isd11, and Isu (yeast nomenclature), forms the
core Fe-S cluster assembly complex in mitochondria. Grx3-BolA may also
interact with the cytosolic Fe-S cluster assembly machinery (CIA).
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associated with the autosomal recessive disorderWolfram syn-
drome 2, in which affected individuals present with multiple
symptoms, including neurodegeneration and diabetes mellitus
(47). Both proteins can coordinate a labile 2Fe-2S cluster. In the
case of mitoNEET, the Fe-S cluster can be directly transferred
to apoferredoxin in vitro, and in cultured cells, iron from
mitoNEET can be taken up by mitochondria. These observa-
tions raise the possibility thatMiner1 or mitoNEET can deliver
iron to transporters in their respective organelles. Further stud-
ies will be needed to either support or refute this model.
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Bacteria use tight-binding, ferric-specific chelators called sid-
erophores to acquire iron from the environment and from the
host during infection; animals use proteins such as transferrin
and ferritin to transport and store iron. Recently, candidate
compounds that could serve endogenously as mammalian sid-
erophore equivalents have been identified and characterized
through associations with siderocalin, the only mammalian sid-
erophore-binding protein currently known. Siderocalin, an
antibacterial protein, acts by sequestering iron away from
infecting bacteria as siderophore complexes. Candidate endog-
enous siderophores include compounds that only effectively
transport iron as ternary complexeswith siderocalin, explaining
pleiotropic activities in normal cellular processes and specific
disease states.

Host Utilization of Iron

Iron is required by virtually all living things (1). The biologi-
cal versatility of iron, which participates in a variety of chemical
reactions and as a structural component in proteins, is partly
due to its tunable redox states. Despite its abundance in the
biosphere, free ferric iron (Fe(III)), the form of iron present
under aerobic conditions, is relatively inaccessible to biological
systems, as it forms hydroxides, which are insoluble at physio-
logical pH, limiting Fe(III) concentrations to �10�18 M in the
absence of solubilizing agents (2, 3).Within the body, where the
majority of iron is present as heme, free iron concentrations are
maintained at even lower levels, partly because free iron is cyto-
toxic through its facility to catalyze Fenton chemistry, reacting
with oxidants to generate damaging hydroxyl radical species
(4–6). Consequently, animals have evolved highly specialized
networks of proteins that maintain normal iron homeostasis
and prevent deleterious side reactions during storage (e.g. fer-
ritin) and transport (e.g. transferrin (Tf)2) of iron; the transla-
tion of these proteins and their receptors is regulated in
response to intracellular iron levels (7–9).
Whereas Fe(III) predominates in aerobic environments, fer-

rous iron (Fe(II)) is more bioavailable (soluble and transport-
able) and predominates under the reducing conditions inside
cells, constraints that combine to require a constant cycling

between ferric and ferrous forms during import and export in
vivo, with many organisms coupling enzymatic reduction of
iron with transport (10–12). In plasma, iron is found almost
exclusively bound to Tf, which is present at concentrations as
high as 50�M (13) and is normally 30–40% iron-saturated (14);
consequently, plasma concentrations of free Fe(III) average
�10�24 M (15). Tf binds two atoms of Fe(III) with extremely
high affinity (KD � 10�23 M�1) (16) and delivers bound iron to
cells through a specific cell-surface Tf receptor (TfR1) (17, 18).
The Tf-TfR1 complex is endocytosed and recycled through low
pH endosomes, where iron is released from Tf and concomi-
tantly reduced. Released Fe(II) is transported into the cyto-
plasm by DMT1 (divalent metal transporter 1), where it
becomes available for utilization or storage (19). Under normal
physiological conditions, excess iron is stored within ferritin, a
spherical cage consisting of 24 protein protomers arranged
with cubic (432) symmetry as a hydrous ferric oxide core (20).
The heavy chain of ferritin is responsible for oxidizing cytoplas-
mic ferrous iron to facilitate its storage within the ferritin cage
(21). The continuous demand of iron for cellular processes
requires a constant flux from the extracellular milieu to the
cytoplasm; however, how iron is transported to sites of storage
and utilization within the cell is still poorly understood.
Because of its reactivity, transitory iron is presumably bound to
and solubilized by small molecule (�1 kDa) ligands, making up
what is known as the chelatable or labile iron pool (LIP), pro-
posed to be a transitory source or sink of extracellular and intra-
cellular Fe(III) and Fe(II), although its exact composition
remains unclear (22–24). Characterization of the LIP has been
difficult due to its transient nature and the complexity of chem-
ically identifying specific iron complexes within the cell or fol-
lowing cell disruption (22). Proposed ferric ligands include
ionic compounds such as citrate and phosphate, polypeptides,
and phospholipids, but the physiological relevance of these
compounds and their roles in iron homeostasis have not been
determined (25).

Interplay of Host and Pathogen Iron Requirements

Normal iron homeostasis can be altered in a variety of disease
states, including infections and cancer, where the tightly con-
trolled levels of available iron in the body are further reduced to
slow or stop the growth of pathogens and tumors through
depletion of this necessary resource. In patients with microbial
infections, iron supplementation often significantly worsens
their condition, demonstrating the importance of the tight con-
trol of iron in disease (26–28). An example of a component of
this defense is the iron-binding protein lactoferrin (first discov-
ered in milk), which is a bacteriostatic agent that is released
from neutrophil granules at sites of inflammation, inhibiting
the growth of infecting pathogens by directly sequestering iron
(13, 29, 30). To acquire iron in the face of the tight controls
imposed through normal homeostasis and by antibacterial
defenses, colonizing or infecting microbes use several ap-
proaches: dispensing with any need for iron (a rare example is
Borrelia burgdorferi, the causative agent of Lyme disease (31));
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acquiring iron directly from heme, Tf, or lactoferrin (32, 33); or
acquiring iron through ferric-specific chemical chelators called
siderophores (34, 35). Siderophores are secreted, lowmolecular
mass (�1 kDa) compounds with remarkable iron complex for-
mation constants: pFe7.4 is 23.5 for the siderophore aerobactin
and 35.5 for the siderophore enterobactin (Ent; also enteroche-
lin). Siderophore iron affinities are sufficient to solubilize iron
exogenously in marine and terrestrial environments and to
strip iron fromdirect iron-binding proteins endogenously, such
as lactoferrin and Tf (36–38).
Siderophores form kinetically stable complexes with iron

that are entropically favored by encapsulating ferric ions and
displacing hexacoordinated water molecules; siderophores are
often synthesized from amino acid precursors through non-
ribosomal peptide synthesis (34). Siderophore chelating func-
tionalities include catecholates, hydroxamates, and �-hydroxy-
carboxylates (although other chemistries are known) that
contain hard base oxygen atoms to satisfy the preferred hexa-
dentate coordination of ferric iron (Fig. 1). Siderophores dis-

play only weak affinities for Fe(II), allowing microbes to couple
enzymatic reduction, leading to iron release, with siderophore
import (39). Ent, a triscatecholate siderophore secreted by
many enteric bacteria, displays essentially ideal hexadentate
iron coordination, making it among the most potent sidero-
phores known (40, 41). Ent consists of three 2,3-dihydroxyben-
zoate (2,3-DHBA) groups, a bidentate iron chelator on its own,
organized into a single hexadentate compound through amide
linkages to a backbone consisting of three serine residues cou-
pled through lactone linkages (42). Siderophores that do not
contain six ligating groups, such as bidentate and tetradentate
compounds, fully satisfy iron coordination by forming higher
order iron complexes, as is seen with bidentate 2,3-DHBA
(forming FeL3 complexes) and tetradentate siderophores like
alcaligin and amonabactin, which form Fe2L3 complexes with
Fe(III) (43–45). Many siderophores combine multiple ligation
chemistries, such as carboxymycobactin, which contains phe-
nolate-oxazoline and hydroxamate groups, and citrate-based
siderophores like aerobactin and schizokinen, which utilize

FIGURE 1. Siderophores from bacteria and mammals. Siderophores from a variety of bacteria are displayed on the left, with iron-chelating groups high-
lighted in color. Recently identified mammalian siderophores, the 2,5-DHBA functional substituent and citrate, a known Fe(III)-solubilizing ligand, are shown
on the right. Ferric siderophore affinities for Scn are shown below each compound. DNB, does not bind.
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�-hydroxycarboxylate and hydroxamate-chelating groups (Fig.
1) (36, 46–48). Virulence is often associatedwith the utilization
of distinct or multiple siderophores with varying chelation
chemistries and backbone structures, as is seen in pathogenic
Escherichia coli, which secretes both Ent and aerobactin,
although the explanation for this association was not initially
apparent (47, 49–51).

Siderocalins and Anti-siderophore Host Defenses

In response to the use of siderophores by bacteria to steal
iron from host iron-sequestering proteins, the armamentarium
of the immune system includes proteins that sequester ferric
siderophore complexes away from bacterial siderophore recep-
tors (52). All of the known or hypothesized members of this
functional group of proteins belong to the lipocalin family of
binding proteins and so are known as “siderocalins” for “sidero-
phore-binding lipocalins.” The lipocalin family of binding pro-
teins displays a conserved eight-stranded �-barrel fold, which
encompasses a highly sculpted binding site known as a calyx.
Siderocalins include the mammalian lipocalins Lcn1 (lipocalin
1; also tear lipocalin or von Ebner’s gland protein (53)) and the
archetype of the family, Scn (also know as NGAL (neutrophil
gelatinase-associated lipocalin), Lcn2, or 24p3 (54)), and the
close pair of avian orthologsQ83 and Ex-FABP (55, 56). Sidero-
calins often bind siderophores with subnanomolar affinities
(54–60), using, in the cases of Scn and the avian siderocalins,
calyces lined with positively charged lysine and arginine side
chains to interact, through cation-� and Coulombic interac-
tions, with negatively charged siderophores with aromatic cat-
echolate groups. To broaden the range of this antibacterial
defense, Scn, the best characterized member of the family, uses
a highly polyspecific recognition mechanism to sequester both
a wide range of related Ent-like siderophores and the chemi-
cally distinct carboxymycobactins (54–60); Scn knock-out
mice are significantly more susceptible to infections with bac-
teria that rely on these siderophores for iron acquisition in the
absence of any other gross phenotype (61–63). Pathogenic bac-
teria have evolved responses to these defenses by usingmultiple
siderophores that include examples that do not bind to Scn or
bymodifying siderophores in ways to block Scn binding, allow-
ing iron to be acquired even in the presence of Scn and explain-
ing much of the previously mysterious association of variant
siderophores with virulence (54, 58, 59, 62, 64). For instance,
Scn does not bind aerobactin, a weaker siderophore than Ent,
the primary siderophore of many enteric bacteria, but aerobac-
tin is associated with virulence by evading Scn sequestration.

Mammalian Siderophores

The idea that animals may utilize siderophores, much like
bacteria, fungi, and even plants (monocots use phytosidero-
phores like mugineic acids to acquire iron (65)), has intrigued
researchers for decades (66, 67), but until recently, no candidate
animal siderophores have been identified, characterized, and
validated. Despite the fact that animals primarily acquire iron
through diet and transport iron using specialized proteins, it is
reasonable to speculate that animalsmay also take advantage of
the beneficial properties of siderophores in managing the
endogenous iron budget. Endogenous iron transport systems

alternative to Tf have been hypothesized based on the pheno-
type of hypotransferrinemic mice and atransferrinemic
humans, who display severe hematopoietic and neurodevelop-
mental defects even though epithelial organogenesis is normal,
and mice lacking TfR1, which display a more severe phenotype
than hypotransferrinemic mice but successfully initiate
organogenesis (68, 69). In these examples, iron availability is
sufficient in the absence of Tf to initiate or complete organo-
genesis, a later stage of development thanmight be expected on
first principles.
In this context, a mammalian siderophore would be defined

as a compound that solubilizes iron and keeps it accessible for
transport and systemic utilization. Even though the LIP only
constitutes a small fraction of cellular iron (3–5%), a mamma-
lian siderophore would also, ideally, keep iron in a non-reactive
state and have affinities for iron compatible with Tf-mediated
transport. Consideration of the latter point is important
because, unlike microbial interactions with the environment,
an endogenous siderophore needs to interact with extracellular
iron predominantly bound to Tf. If the affinity of a siderophore
for iron is considerably less than that of Tf, then the iron-bound
fraction will remain small; if the affinity greatly exceeds that of
Tf, ironwill stripped away from the Tf delivery pathway. Biden-
tate chelators generally do not have affinities for iron sufficient
to outcompete Tf, applicable to the wide array of endogenous
catecholate and catecholamine compounds (e.g. dopamine, epi-
nephrine, and norepinephrine) that might otherwise disrupt
iron transport. The affinity of Ent and many microbial sidero-
phores is sufficient to outcompete Tf, allowing iron acquisition
during infection (38). The breakthrough in identifying such
compoundswas the discovery of host siderophore-binding pro-
teins, the siderocalins, enabling the co-purification and identi-
fication of candidate endogenous siderophores.

Mammalian Siderophore/Siderocalin Interactions

Scn has been implicated in diverse cellular processes seem-
ingly unrelated to iron transport in general or its primary func-
tion as an antibacterial specifically, including apoptosis and
cellular differentiation (70, 71), with contradictory effects
observed in different systems. Scn has also been associatedwith
tumorigenesis andmetastasis (70, 72–75), although, again, with
considerable disagreement in the field as to the mechanisms
involved. These observations also have to be reconciled with
the lack of any apparent phenotypes in Scn knock-out mice in
the absence of disease. The avian siderocalins like Scn also par-
ticipate in a variety of endogenous cellular processes, including
differentiation, development, and apoptosis for Ex-FABP (76,
77) and tumorigenesis for Q83 (78), that are also not obviously
linked to bacteriostatic effects. Recent studies focusing on the
pleiotropic functions of Scn have revealed that the protein can
function as an iron shuttle, either delivering iron to or stealing
iron from specific cell types. In two contrasting studies, small
molecule siderophore-like compounds capable of solubilizing
iron were found bound to Scn, confirming the existence of
endogenous siderophores. Two different stories have devel-
oped from these observations, leading to the identification of
two different endogenous siderophore candidates operating in
distinct contexts.
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The differentiation of non-epithelial mesenchymal cells into
epithelial tubules is a key step in kidney development (79). The
process is controlled by factors secreted from the ureteric bud,
including Scn, which acts as an epithelial inducer. In this first
context, it was discovered that Scn delivers iron to the cyto-
plasm, activating or repressing iron-responsive genes involved
in the differentiation program. Iron delivery depends on endo-
cytosis, likely mediated by the multi-ligand receptor megalin
(80), and subsequent passage of Scn through acidic endosomes
(Fig. 2, left). Interestingly, it was shown that the pH inducing
iron release and the subcellular targeting of Scn were both dis-
tinct fromTf, and although it was clear that Scn associatedwith
iron, the nature of the interaction was never characterized (79).
However, Scn does not bind iron directly, requiring the

equivalent of a siderophore tomediate any interactionwith iron
(54), suggesting the presence of an endogenous siderophore.
Bacterial catecholate siderophores like Ent and its substituent,
2,3-DHBA, present in vivo from the colonizing microbiota, are
unlikely to function as part of an endogenous iron delivery
pathway because iron is not released from these ternary Scn-
siderophore-iron complexes in the absence of specific reduc-
tases until acidification below pH 4.0 (60), which is not readily
achieved in most cellular compartments such as endocytic ves-
icles (Fig. 3A). Because Scn is abundant throughout the urinary
system, aseptic urine was used as a source to search for candi-
date compounds that could enable iron binding by Scn in a
variety of qualitative and quantitative binding assays (81). A
subset of simple catechols, including catechol itself, 3-methyl-
catechol, and pyrogallol, were shown to form ternary Scn-cat-
echol-iron complexes at physiological pH with nanomolar dis-
sociation constants. The complexes were directly visualizable

by crystallography and supported complete iron release at pH
values below 6 (Fig. 3B). Catechol was also shown to effectively
solubilize iron at neutral pH and support iron delivery to cells
through endosomes in vivo through interactions with Scn.
Bidentate chelators such as these simple catechols do not bind
iron with affinities approaching hexadentate chelators, but
their efficiency is increased through Scn, which acts as an orga-
nizing scaffold, stabilizing FeL3 complexes. The proposed
mechanism of Scn-mediated iron transport using the sidero-
phore catechol involves the sequential binding of Fe(Cat)2, fol-
lowed by recruitment of the third catechol moiety through the
scaffolding effect, increasing the stability of iron complexation
from that seen with bidentate FeL complexes to that of higher
order complexes (Fig. 3C). Catechols derive from bacterial and
mammalian metabolism of dietary compounds, representing a
novel host/microbiome interaction and mimicking the role of
Scn in innate immunity but instead serving to traffic iron in
aseptic tissues. However, it is not clear if catechols serve sys-
temically to maintain the LIP in the absence of Scn or enable
iron transport outside of the urinary tract. Although the scaf-
folding effect improves iron chelation sufficiently to function
efficiently in the urinary tract, it is unlikely to generate affinities
sufficient to outcompete Tf and so may not function in the
presence of serumcomponents. Catechol alone can release iron
from ferritin by direct chelation, potentially mobilizing stored
iron and increasing the possibility that this Scn-mediated trans-
port pathway may be more broadly applicable (82).
Certain murine hematopoietic cell lines, when deprived of

IL-3, undergo apoptosis, a process that involves transcriptional
up-regulation and secretion of Scn. In a second set of studies
(83–85), it was observed that conditioned medium from apo-

FIGURE 2. Scn-mediated iron transport in various cell types. The iron delivery mechanism in the proximal tubule of the kidney nephron is schematized on
the left; iron delivery and chelation in IL-3-dependent hematopoietic cells are shown as proposed to affect tumorigenesis on the right. Apo-Scn is endocytosed
and chelates iron in concert with a 2,5-DHBA-based siderophore, leading to apoptosis of surrounding normal cells expressing a cell-surface Scn receptor.
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ptotic cells contained Scn and was sufficient to induce apopto-
sis in susceptible cells (hematopoietic cell lines and leukocytes)
even in the presence of IL-3. Furthermore, the simple addition
of recombinant Scn to the culture medium (up to 0.5 �M) had a
similar pro-apoptotic effect, suggesting that the protein alone
was responsible for providing the apoptotic signal. In a series of
subsequent studies encompassing dramatic experimental
scope, it was shown that Scn could induce apoptosis in a variety
of cells expressing a specific cell-surface receptor: BOCT1
(brain-type organic cation transporter 1; SLC22A17). Ectopic
expression of SLC22A17 conferred on cells the ability to import
or export iron, in the latter case driving apoptosis through the
induction of the pro-apoptotic protein Bim in response to
decreased intracellular iron levels. Interestingly, SLC22A17
was observed to be down-regulated on tumor cells with con-
comitant up-regulation of Scn, suggesting an unexpected role
for iron in BCR-ABL-induced tumorigenesis. These results
argued for a model in which empty, ligand-free Scn (apo-Scn),
secreted in response to cytokine withdrawal or tumorigenesis,

is internalized in a receptor-mediated process to sequester and
export intracellular iron, driving apoptosis through autocrine,
paracrine, or exocrine mechanisms (Fig. 2, right ). This mecha-
nism potentially explains the association of Scn with certain
hematopoietic cancers, with tumor cells up-regulating Scn
secretion and down-regulating its receptor to outcompete nor-
mal cells in the compartment by driving their apoptosis. The
compound serving as the siderophore in this context was not
fully characterized but was proposed to have 2,5-DHBA sub-
stituents, an isomer of 2,3-DHBA, synthesized endogenously by
a cytosolic type 2 R-�-hydroxybutyrate dehydrogenase,
DHRS6, also known as 3-hydroxybutyrate dehydrogenase type
2. On its own, 2,5-DHBA (also known as gentisic acid) was
shown to bind to Scn with a reported dissociation constant of
12 nM, although these studies were not repeated with the ferric
complex.
Although compelling, both of these stories raise a series of

questions about the nature of this unique iron transport mech-
anism and its role in normal cellular physiology. Catechols

FIGURE 3. pH-dependent iron-recycling mechanisms mediated by Scn and catechol. A and B, fluorescence titrations as a function of pH of Scn with FeEnt
and of Scn with Fe(Cat)3, respectively. In the case of FeEnt and 2,3-DHBA (not shown), siderophore release is not observed until pH 2.0, due in part to the
structural stability of Scn, which sterically prevents the salicylate transition required in the absence of a reductase to release iron (60). In the case of Fe(Cat)3,
siderophore is released at pH 6.0, which complements its ability to deliver iron physiologically. C, proposed mechanism of Fe(Cat)x binding and release based
on the co-crystal structure of Scn and FeCat at pH 4.5. Only one catechol was seen in the crystal structure at this pH, suggesting that release is correlated with
protonation of the catechols.
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readily undergo oxidation to form reactive radicals that can be
deleterious to cells. Furthermore, although ferric catechol com-
plexes may constitute some fraction of the LIP, it is unclear if
they represent a practical source of iron for developing kidney
cells. Although iron delivery to kidney cells does not require
siderophores with iron affinities sufficient to outcompete Tf,
which is filtered out of the urine, iron withdrawal in the hema-
topoietic compartment does, or else the endogenous Tf-bound
iron pool would not be depleted and would be available to
replenish cellular demands. Bidentate chelators like 2,5-DHBA
are unlikely to outcompete Tf and therefore would not signifi-
cantly affect the endogenous iron budget, even when boosted
by scaffolding by binding to Scn. Additionally, the initial Scn
knock-out mouse studies found no effect on apoptosis in the
hematopoietic compartment (61, 62), as would be expected if
this hypothesis were valid, although a third, independent study
did find profound effects linked to the genetic background of
the knock-out (86). Finally, 2,5-DHBA and other related com-
pounds such as salicylic acid have been shown not to support
iron binding by Scn on its own (81), and it is unclear how
DHRS6, a highly substrate-specific enzyme catalyzing the con-
version of�-hydroxybutyrate into acetoacetate (87), would also
efficiently generate the unrelated compound 2,5-DHBA.
The identification of candidate endogenousmammalian sid-

erophores through two different lines of inquiry has potentially
revealed unique Scn-mediated, siderophore-dependent iron
transport pathways that do not involve Tf, with physiological
implications ranging from normal cellular differentiation and
apoptosis (in both immune system homeostasis and cancer
progression) to tumorigenesis. Further studieswill be needed to
fully define (i) the range of endogenous compounds acting as
siderophores in concert with Scn; (ii) the precise mechanisms
involved; and (iii) whether additional mammalian siderophore-
binding proteins, with potentially distinct specificities, exist
and affect similar endogenous processes.
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Since the discovery that, despite the active site complexity,
only three gene products suffice to obtain active recombinant
[FeFe]-hydrogenase, significant light has been shed on this
process. Both the source of the CO and CN� ligands to iron and
the assembly site of the catalytic subcluster are known, and an
apo structure of HydF has been published recently. However,
the nature of the substrate(s) for the synthesis of the bridging
dithiolate ligand to the subcluster remains to be established.
From both spectroscopy and model chemistry, it is predicted
that an amine function in this ligand plays a central role in catal-
ysis, acting as a base in the heterolytic cleavage of hydrogen.

Manymetalloenzymes have complex active sites that require
a series of proteins involved in the synthesis, transport, and
insertion of their components and their subsequent matura-
tion. Classic examples are nitrogenase (1), involved in nitrogen
fixation, and the [NiFe]-hydrogenase, capable of oxidizing
hydrogen and reducing protons depending on the physiological
conditions and cellular location (Reactions 1 and 2) (2).

H2 7 H��H�

Reaction 1

H� 7 H � � 2e�

Reaction 2

In both cases, there are �15 proteins involved in the assembly
of the active site and the generation of functional protein. This
minireview concerns the other “full-fledged” hydrogen-metab-
olizing enzyme, the [FeFe]-hydrogenase (2). (The [Fe]-hydro-
genase frommethanogens catalyzes only the first half-reaction
(Reaction 1) (3).) Crystallographic studies have shown that its
active site, called the H-cluster, contains three unusual types of
iron ligands: CO, CN�, and a small dithiolate [Fe2]-bridging
molecule, in addition to a regular [Fe4S4] subcluster (Fig. 1A)
(4–6). It was then surprising to find that the Chlamydomonas
reinhardtii [FeFe]-hydrogenase could be heterologously matu-
rated in Escherichia coli, which does not contain this enzyme,

by coexpressing only two other algal gene products (HydE-F
andHydG;HydE andHydF are coded by separate genes in other
species) (7). This does not necessarily imply that they are suffi-
cient, as other proteins from E. colimay substitute for those of
C. reinhardtii. This is in fact suggested by the limited amounts
of active [FeFe]-hydrogenase produced in vitro using purified
maturases (8–10). What is clear, however, is that the sub-
strate(s) for the synthesis of the active site ligands is present in
E. coli. As will be shown below, the source for the synthesis of
CO and CN� has been elucidated (11–13), but the precursor(s)
of the small dithiolate species remains to be identified. Because
of this, the nature of its bridgehead atom has not been directly
elucidated; however, as discussed below, indirect evidence and
chemical inference strongly suggest that it is nitrogen.
[FeFe]-Hydrogenases are found in bacteria, unicellular algae,

and protozoa, but they are absent in archaea. There is a general
trend for bacterial enzymes to be significantly more active than
protozoan enzymes.One intriguing observation thatwe discuss
below is the presence of the structural gene for [FeFe]-hydro-
genase and some hydrogenase activity in organisms that lack
the three maturase genes.

Activity of [FeFe]-Hydrogenase Maturases

HydF: A Scaffold for the [Fe2] Subcluster Assembly—Based on
amino acid sequence analyses, HydF is constituted by aGTPase
domain at theN-terminal region and aC-terminal domain con-
taining three conserved cysteines, putatively responsible for the
binding of an [FeS] cluster (7). Initial characterization of the
HydF protein from Thermotoga maritima confirmed its
GTPase activity, which is low compared with other enzymes in
this class (14). In the same study, the authors confirmed that
HydF reconstituted in vitro has an [Fe4S4] cluster bound by the
three conserved cysteine residues. The fourth ligandof the clus-
ter is exchangeable and is neither water nor nitrogen (14). Site-
directed mutagenesis confirmed that both the GTP-binding
site and the conserved cysteines are necessary for the activation
of hydrogenase (15). Recently, Shepard et al. (16) demonstrated
that the activity of the protein is GTP-specific and depends on
the nature of the monovalent cation present in the buffer.
Indeed, in the presence of K� instead of Na�, HydF displays a
higher activity, which is comparable with that of other
GTPases. This activity is not dependent on the presence of the
[Fe4S4] cluster. Subsequent studies using cell extracts demon-
strated that the Hyd machinery is solely responsible for the
assembly of the [Fe2] subcluster (17). To be activated, hydro-
genase requires the [Fe4S4] subcluster to be already bound at
the active site. A general FeS biosynthetic machinery, such as
the ISC system (18), most probably assembles this component
of the H-cluster. Purified HydF, previously coexpressed with
HydE and HydG, is capable of activating [Fe4S4]-containing
hydrogenase (9). This shows that HydF is a scaffold protein that
binds the products of HydE and HydG, assembles the [Fe2]
subcluster, and transfers it to hydrogenase. Both, homologously
and heterologously overexpressed HydF proteins, coexpressed
with HydG and HydE (HydFEG) or expressed alone (HydF�EG),

* This work was supported by Agence Nationale de la Recherche Contract
ANR-08-BLAN-0224-01 and by institutional funds from the Commissariat à
l’Energie Atomique et aux Energies Alternatives and CNRS. This is the
fourth article in the Thematic Minireview Series on Metals in Biology 2012.
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have been recently characterized using several spectroscopic
techniques (16, 19, 20). The EPR spectrum of non-reconsti-
tuted and reduced HydF�EG displays signals that could be
attributed to [Fe4S4]1� and [Fe2S2]1� clusters (16). Conversely,
non-reconstituted reduced HydFEG exhibits only an [Fe4S4]1�

cluster EPR signal (16, 19). When oxidized, another signal sim-

ilar to that of the H-cluster is observed (16, 19). Contrary to
what is observed when HydF�EG is reconstituted, hyperfine
sublevel correlation spectroscopy studies of HydFEG suggest
that the fourth ligand of the [Fe4S4] cluster is histidine (19). The
authors proposed that this ligand bridges the [Fe4S4] and
[Fe2S2]1� clusters. The reconstituted HydF�EG only displays a

FIGURE 1. [FeFe]-Hydrogenase active site, its bio-inspired models, and HydF, the scaffold where the active site is assembled. A, the active site (H-cluster)
of [FeFe]-hydrogenase depicted with nitrogen as the bridgehead atom (see text) (2). B, proposed intermediate state of a synthetic nickel complex for H2
production with pendant amines (40, 41). C, functional model implying either an aza- or an oxadithiolate as the proton relay during catalysis by [FeFe]-
hydrogenase (39). Although, in this model, both oxygen and nitrogen can be protonated at the bridgehead position of the dithiolate, only the latter would be
physiologically relevant (39). D, crystal structure of dimeric apo-HydF from T. neapolitana (Protein Data Bank code 3QQ5) (21). The domains are numbered as
in text: domain I is a GTPase, domain II is the domain of dimerization, and domain III is where the [Fe2] subcluster is assembled. E, tetrameric dimer of dimers.
F, depiction of the region containing the conserved residues found near the three conserved cysteines. These could be part of the [Fe2] subcluster assembly
site. G, magnification of the region shown in F.
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signal corresponding to [Fe4S4]1�, in agreement with a content
of about four irons/proteinmonomer (14, 16). This observation
suggests that the [Fe2S2] cluster observed in the purified
HydF�EG cannot be reconstituted in vitro, requiring accessory
proteins, which are also present in organisms that do not have
an [FeFe]-hydrogenase. This may be due to the fact that this
[Fe2S2] cluster has to be coordinated by ligands other than cys-
teine. FTIR spectroscopy shows that, in its reduced state,
HydFEG generates bands assigned to twoCN� and four terminal
CO ligands (19). Upon oxidation, other bands appear, indicat-
ing that the sample contains species in different states (16, 19).
Notably, a band at 1811 cm�1 reveals the presence of a bridging
CO ligand. These results indicate that the center bound to
HydF is similar to the [Fe2] component of the H-cluster. The
same applies to EXAFS data, which show parameters similar to
those observed for that cluster (20). The resemblance of the
cluster assembled in HydF to the H-cluster is consistent with
the observation that, when coexpressed with HydG and HydE,
HydF displays significant hydrogen uptake activity (10).
The 3.0 Å resolution x-ray structure of the apo (GTP-free)

form of HydF from Thermotoga neapolitana has been recently
reported (21). As already suggested by its amino acid sequence,
the protein is composed of three distinct structural domains
(Fig. 1D). Domain I contains the GTP-binding pocket, and its
fold is similar to that of otherGTPases. Domain II is responsible
for HydF dimerization. Domain III contains the three con-
served cysteine residues responsible for the binding of the
[Fe4S4] cluster and is likely to harbor the scaffold site for
the [Fe2] subcluster. Analysis of the crystal structure led the
authors to conclude that HydF aggregates as a dimer of dimers
(Fig. 1E), which is an inactive form of the protein. Indeed, in the
tetramer, the putative scaffold site would not be accessible to
the other Hyd proteins. HydF tetramers (or dimers of dimers)
have been observed in solution in at least four different species,
T. neapolitana and Clostridium acetobutylicum (21) and
Moorella thermoacetica and T. maritima,2 and they seem to be
generally present in vitro. As indicated by modeling, the dimer
of dimers is not compatible with GTP binding by domain I
because of steric hindrance. By the same token, GTP binding
might prevent tetramerization, allowing HydF to interact with
its partners. Tetramerization might produce a resting state,
which either stabilizes the protein or protects the solvent-ex-
posed [FeS] cluster. Functional HydF is likely to be a dimer,
exposing domains I and III to solvent, thus allowing for the
interactions between partners that lead to the assembly of the
[Fe2] subcluster. Intriguingly, domain III is topologically related
to one subdomain of the H-domain of the HydA hydrogenase.
However, as pointed out by Cendron et al. (21), the superposi-
tion of the two domains is rather poor at the loops and �-turns
that define the cluster-binding pocket. This excludes the possi-
bility of unambiguously identifying the [Fe2] subcluster-bind-
ing pocket, which could lead, in turn, to amodel of the subclus-
ter-loaded HydF. Nevertheless, it is noteworthy that the
conserved Glu-300, His-304, Asp-310, Ile-311, Asn-379, and
Tyr-380 residues are located close to the three invariant cysteine

residues. Consequently, they could be part of the [Fe2] subclus-
ter-binding pocket (Fig. 1, F andG). Potential iron ligands, such
as glutamate and histidine, may be instrumental in the transi-
tion of an [Fe2S2] rhomb to a fully assembled [Fe2] subcluster
during the maturation process. Because [Fe4S4] binding would
require a rearrangement of the loop containing Cys-302, it
appears that the amino acids that spatially define the subclus-
ter-binding pocket in the activeHydFdonot adopt their correct
conformations in the crystal structure. The structure of holo-
HydF would be most useful in this respect.
HydG:ACOandCN� Synthase—Amino acid sequence com-

parisons indicate that HydG should have the (��)8 TIM barrel
fold already found in biotin synthase (BioB) (22) and HydE (23)
(see below). In addition, HydG proteins have an 80–90-resi-
due-long C-terminal stretch (11). This region contains a con-
served CX2CX22C motif and is absolutely required for hydro-
genase maturation (15). Preliminary characterization of HydG
from T. maritima suggested the existence of an [Fe4S4] cluster,
in addition to the one typically found in radical S-adenosyl-L-
methionine (SAM)3 enzymes (24). This assumption has been
confirmed by a recent characterization of C. acetobutylicum
HydG after in vitro [FeS] cluster reconstitution (12). No fourth
ligand for this cluster has been identified to date. Intriguingly,
HydG expressed inC. acetobutylicum seems to harbor only one
[Fe4S4] cluster per monomer (19).

The amino acid sequence of the radical SAM domain of
HydG resembles that of ThiH (11). The latter cleaves tyrosine,
producing p-cresol and dehydroglycine (25). We have shown
that HydG also cleaves tyrosine and produces p-cresol (Fig. 2,A
and C) (11). This result is consistent with the 5-fold higher in
vitro activation of an [FeFe]-hydrogenase by this aromatic
amino acid (26). Shortly thereafter, it was demonstrated that
HydGproduces bothCN� andCO (12, 13). FTIR spectroscopic
characterization of in vitro activated [FeFe]-hydrogenase in the
presence of isotopically labeled tyrosine demonstrated that the
CN� and CO ligands originate from its -C�-N and -CO2

� moi-
eties, respectively (10).
Mutating two of the cysteine residues from the C-terminal

stretch of the C. acetobutylicumHydG protein into serine does
not impair CN� production. Conversely, thesemutations com-
pletely abolish CO synthesis, indicating that this process
requires the second [Fe4S4] cluster (Fig. 2,A andC) (27, 28).We
concluded that, although CO and CN� are produced at similar
rates (12, 13), their syntheses are not simultaneous and are
likely to occur at different locations of the protein (27, 28). A
comparison ofHydGandThiH, using theHydE andBioB struc-
tures for amino acid sequence threading, indicates that the res-
idues lining the TIM barrel cavity can be grouped into three
layers (28): one layer common to all radical SAM enzymes
involved in [Fe4S4] binding and SAM cleavage, a second layer
common to HydG and ThiH and probably involved in tyrosine
binding, and a third layer containing residues that are different
in ThiH and HydG (Fig. 2C). The latter reflects the dissimilar
roles that the products resulting from tyrosine C�–C� bond
cleavage will play. Indeed, the dehydroglycine produced by

2 L. Martin, Y. Nicolet, and J. C. Fontecilla-Camps, unpublished data.

3 The abbreviations used are: SAM, S-adenosyl-L-methionine; DTN,
dithiomethylamine.
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FIGURE 2. Two radical SAM maturases HydG and HydE. A, plausible reaction path for the generation of the CO and CN� ligands of the [Fe2] subcluster of
[FeFe]-hydrogenase by HydG. B, small angle x-ray scattering-generated envelopes for C-terminally truncated HydG (left) and wild-type HydG (right) with a fitted
model of the truncated form of the enzyme (28). Note the extra volume in the envelope of the latter that should correspond to the C-terminal [FeS] cluster-
containing domain. C, depiction of the topology of the CO/CN� synthesis by HydG from tyrosine (see text). Shading represent the SAM-binding region (orange),
the substrate-binding region (blue), and the specificity region (green). See also Ref. 27. D, crystal structure of HydE from T. maritima (Protein Data Bank code
3CIW) (23). E, scheme of the internal cavity of HydE. The three anion-binding sites and residues known to be essential from mutagenesis studies are indicated.
The brown circle depicts the substrate-binding region. The small organic active site ligand is assumed to be DTN (see text). F, effect of �SCN binding (right) on
the internal HydE cavity shape. The region where changes take place is indicated by a red ellipse. G, magnification of the HydE active site showing (i) the
substrate-binding region (large purple sphere), anion-binding site S1 (red sphere), and a potential cation-binding site (blue sphere) and (ii) bound SAM with its
5�-carbon depicted as a small brown sphere. Conserved residues at the SAM- and substrate-binding sites known to play a role in HydE activity (23) are shown.
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ThiH, rather than generating CO and CN�, is subsequently
inserted into thiamin in the vitamin B1 synthetic pathway (25).

We have performed small angle x-ray scattering experiments
using both wild-type HydG and a C-terminally truncated
mutant. These studies show that the C-terminal stretch that
coordinates the second [Fe4S4] cluster forms a domain that
interacts extensively with the bottom of the TIM barrel (Fig.
2B) (28). The truncationmutant is still capable of cleaving tyro-
sine to produce p-cresol (28). However, because of the detec-
tion limits of the techniques used tomeasure CN� (13, 27), it is
not clear whether small amounts of CN� are still produced by
the mutant (28).
On the basis of these results, we have proposed amechanism

that invokes reactions taking place along the internal cavity of
HydG (Fig. 2C) (27, 28). It involves a glycyl radical resulting
from cleavage of the C�–C� bond of tyrosine. This radical
would subsequently undergo deprotonation followed by homo-
lytic decarboxylation, leading to the production of H2C�NH
and a �CO2 radical species. H2C�NH can be a precursor in
HCN synthesis (Fig. 2A) (29). Conversely, �CO2 can be reduced
to CO through a metal-based reaction (30), which could occur
at the available iron-binding site of the second [Fe4S4] cluster
(Fig. 2C). Further work will be required to elucidate the com-
plete mechanism of CO and CN� synthesis by HydG.
HydE: The Putative Small Dithiolate Ligand Synthase—As

discussed above, HydG is responsible for CO and CN� synthe-
sis, and HydF serves as a scaffold for the [Fe2]-containing sub-
cluster assembly, prior to its insertion into the hydrogenase.
Proceeding by elimination, HydE is most likely involved in the
production of the small dithiolate [Fe2] ligand of the active site.
The substrate of HydE is not known, but it must be a common
metabolite because coexpressing the three maturases and the
[FeFe]-hydrogenase in an organism lacking the latter, such as
E. coli, leads to the production of active enzyme (8). As
expected from previous multiple amino acid sequence align-
ments (31), the structure of HydE from T. maritima contains
the (��)8 TIM barrel and the [Fe4S4] cluster responsible for
SAM binding and cleavage already seen in BioB and typical of
radical SAMproteins (23, 32). The structure confirms the pres-
ence of an additional site that also has three cysteine residues
and binds an [Fe4S4] cluster in solution (24). Despite numerous
attempts to obtain an [Fe4S4] cluster at this site in the HydE
crystals, only an [Fe2S2] cluster was observed in our structure.
The significant similarity between HydE and BioB, which is
responsible for sulfur atom insertion from an [Fe2S2] cluster
into dethiobiotin, suggested that the second cluster could be
the sulfur source, involving amechanism similar to that of BioB
(33). However, the location of this cluster is different in the two
proteins, and mutating the cysteine residues responsible for
[Fe2S2] cluster binding to HydE did not affect hydrogenase
activity (23). This is consistent with the results of an amino acid
sequence analysis of HydE from different organisms that
unveiled two subclasses of enzyme, distinguishable by the pres-
ence or absence of the cysteine ligands to the second [FeS] clus-
ter (23). This observation rules out this cluster as a possible
sulfur source for biosynthesis of the small dithiolate [Fe2]-
bridging species. Three options for the origin of the sulfur
atoms in this molecule may be considered. 1) HydE synthesizes

it from a yet unknown substrate and an external sulfur source,
such as an activated cysteine desulfurase; 2) the substrate of
HydE already contains the required sulfur atoms; or 3) HydE
synthesizes an intermediate, which reacts on the [Fe2S2] cluster
of HydF to produce the [FeFe]-dithiolate cluster directly at the
scaffold site. No experimental evidence is available to discrim-
inate between these three possibilities. However, it is worth-
while to mention that, under certain conditions, HydE co-pu-
rifies with HydF, suggesting a direct interaction between the
two partners (9). In addition, in C. reinhardtii, hydE and hydF
are fused as one gene (7).
The x-ray structure of HydE also reveals a large internal cav-

ity, which spans the full length of the (��)8 barrel (23). Its pos-
itive surface potential indicates that HydE should be able to
bind molecules with negatively charged moieties. This was in
fact confirmed by the presence of three distinct anion-binding
sites in the structure (Fig. 2, D–F) (23). Moreover, an in silico
docking experiment using 20,000 molecules, combined with
site-directed mutagenesis experiments, allowed us to define a
minimal substrate-binding volume close to SAM (Fig. 2G) (23).
Some structural features required for binding to HydE near
SAM could also be identified. Thus, the natural substrate
should contain at least two negatively charged moieties, sepa-
rated by enough atoms to allow their respective binding to sites
S1 and S2, identified by bromide binding (Fig. 2, E and F) (23).

Crystal soaking experiments with several small molecules
used as leads showed that thiocyanate binds HydE with high
affinity at the third anion-binding site, S3, located at the bottom
of the barrel (23). Although the 1.35 Å resolution x-ray struc-
ture has not provided further clues regarding the nature of the
HydE substrate, ligand binding studies have been informative
concerning the synthesis and transfer of the product of the
enzyme to its partner. For instance, thiocyanate binding causes
the rearrangement of a ring of conserved hydrophobic residues,
dividing the internal cavity of HydE into two pockets (Fig. 2F)
(23). Site-directed mutagenesis has shown that conserved resi-
dues, essential to HydE function, are present in both of these
pockets (Fig. 2G) (23). This suggests that, after the radical-
based reaction occurs at the substrate-binding pocket, the
product will migrate to the bottom of the barrel, where thiocy-
anate binds, to be subsequently transferred to HydF (34). Thus,
the ring of conserved hydrophobic residues may serve as a
structural intermediate, exchanging information on the sub-
strate/product binding status between pockets. It may
also serve as a one-way valve to drive transfer of the small
dithiolate species or its precursor to HydF. Both HydE and
HydGmay be described as nanofactories using their large inter-
nal cavities as assembly lines. Radical-based reactions are initi-
ated at the top end near SAM,whereas intermediates and prod-
ucts move to the bottom end, where the latter are released.

Nature of the Bridgehead Atom of the
Dithiolate-containing Small Active Site Molecule

In an initial report, Peters et al. (5) modeled the [Fe2] sub-
cluster of the active site in Clostridium pasteurianum [FeFe]-
hydrogenase I with two sulfide ions and a bridging water
molecule, although it was stated that there was residual unex-
plained electron density. Subsequently, we reported the 1.5 Å
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resolution crystal structure of the enzyme from Desulfovibrio
desulfuricans and showed that the two iron-bridging sulfur
atoms are connected by three light atoms (4). At the usual
resolutions, protein crystallography cannot distinguish
between carbon, nitrogen, and oxygen, and at the time, we
described that molecule as propane dithiolate. However, both
structural and functional arguments led us later to conclude
that the bridgehead atom should be nitrogen and the smallmol-
ecule a dithiomethylamine (DTN) (6). First, in our structure,
the bridgehead atom is 3.1 Å from the S� of Cys-178; this dis-
tance is compatible with an H-bond between the two atoms, as
required for the proton transfer path proposed byCornish et al.
(36). Second, the heterolytic cleavage of H2 requires both pro-
ton- and hydride-binding species. The bridgehead atom is ide-
ally placed to play the role of a base so that theH2molecule gets
polarized between this atom and the distal iron ion. This obser-
vation also favors nitrogen as the bridgehead atom because nei-
ther carbon nor oxygen could play that role under physiological
conditions. The first step in proton transfer from the active site
would then be the translocation of a proton bound to nitrogen
through a facile Walden-like inversion.
Indirect spectroscopic and chemical evidence also favors

nitrogen as the bridgehead atom. Using hyperfine sublevel cor-
relation spectroscopy, Lubitz and co-workers (37) identified
three distinct types of nitrogen atom (amine, cyanide, and �-
amino from lysine) at or in the vicinity of the D. desulfuricans
[FeFe]-hydrogenase H-cluster. The detection of an amine at or
near the active site of the enzyme provides strong evidence for
nitrogen being the bridgehead atom of the bridging dithiolate.
Furthermore, in a more recent publication, these authors
showed that an H-cluster-mimetic small molecule containing a

central nitrogen atom displays hyperfine couplings that are
quite similar to those found in the Hox state of the hydrogenase
(38). The same situation applies when the respective 14N
nuclear quadrupole couplings are compared. Both studies have
been complemented with theoretical analyses.
Rauchfuss and co-workers (39) compared functional models

of the [FeFe]-hydrogenases containing carbon, oxygen, and
nitrogen at the bridgehead position (Fig. 1C) and found that
both azadithiolates and oxodithiolates can relay a proton to
iron.However, only the former enables hydride formation from
weak acids, which is relevant to biological catalysis that nor-
mally takes place at low overpotentials. DuBois and co-workers
(40) provided what is perhaps the most impressive confirma-
tion of the role of amines in hydrogen catalysis by small syn-
thetic metal-containing catalysts. One of their catalysts can
readily convert to a transition state (Fig. 1B), containing a
hydride on a nickel ion and a proton on a pendant amine (41).
An alternative proposition for the identity of the bridgehead

atom has been put forward by Szilagyi and co-workers (42).
Using the 1.39 Å resolution structure of C. pasteurianum
hydrogenase I and energy considerations, these authors con-
cluded that the most likely bridgehead atom is oxygen (42).
Conversely, in a more recent publication, Grigoropoulos and
Szilagyi (43) proposed that the most favored biosynthetic path-
way for the dithiolate ligand would start with a long alkyl chain
and lead to propane dithiolate. The synthesis of this molecule
would involve radical chemistry on an [Fe2S2] cluster. As dis-
cussed above, themost likely candidate to catalyze the synthesis
of the dithiolate ligand is HydE. Because the second [FeS] clus-
ter of this enzyme is not conserved, the proposed mechanism
would require migration of a radical species generated in HydE
to, presumably, HydF.
In summary, although oxygen and carbon have also been

proposed as the bridgehead atom of the small dithiolate species
and a direct demonstration of its nature is lacking, accumulated
spectroscopic and chemical evidence favors nitrogen in DTN.
The identification of the substrate of HydE would settle this
issue.

Maturation and Activity of [FeFe]-Hydrogenases without
Maturases

Puzzling results have been obtained when expressing the
structural hydrogenase genes in organisms devoid of the Hyd
maturases and without the coexpression of these enzymes.
Thus, the hydrogenase activity of lysates of E. coli transfected
with the protozoan Entamoeba histolytica structural gene is
�10 times higher than the activity of the control E. coli lysate
without it. (This information, along with the activities of other
[FeFe]-hydrogenases not discussed here, is provided in Table
1.) In the same study, the hydrogenase activity of a non-trans-
formed Trichomonas vaginalis extract was four to five times
higher than that of E. coli lysates containing the recombinant
E. histolytica hydrogenase (Table 1). In another report (44),
extracts of the cyanobacterium Synechocystis sp. transfected
with a C. reinhardtii hydA gene but without maturase genes
displayed 5-fold higher hydrogenase activity than the non-
transfected extracts (Table 1).However, the expression levels of
active enzyme were very low (44).

TABLE 1
Specific hydrogenase activities of purified enzymes and cell extracts

Organism

Hydrogenase activities of
purified enzymes

Ref.Uptake Evolution

�mol H2 min�1 mg�1

T. maritima 45–70 9–15 50
D. desulfuricans 19,300 (60,000)a 8,200 51
C. pasteurianum 5,500 52
T. vaginalis 662 53
Megasphaera elsdenii 9,000 7,000 54
C. reinhardtii 935 55
C. reinhardtiib 150 15
Clostridium thermoaceticum
CODH

0.59 56

C. thermoaceticum PFORc 0.14 56

Nickel rubredoxin 1.3 � 10�3 54

Organism

Hydrogenase activities of
cell extracts

Ref.Uptake Evolution

�mol H2 min�1 mg�1

T. vaginalis 0.17/0.48 48 and 57
C. reinhardtiid 0.11 15
E. histolyticae 0.036 48
E histolyticaf 0.0035 48
E. colid 0.00035 15
a Activity after reductive activation.
b Coexpressed in E. coli with C. acetobutylicummaturases.
c PFOR, pyruvate:ferredoxin oxidoreductase.
d Activity per milliliter instead of per milligram of cell extract
e Expressed in E. coli.
fOverexpressed in E. histolytica.

MINIREVIEW: [FeFe]-Hydrogenase Active Site Assembly

APRIL 20, 2012 • VOLUME 287 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 13537



The hydrogenase activity from cell extracts transfected with
structural genes but without maturases remains very modest.
Ideally, the specific activity of purified enzymes should be
determined to be able to establish meaningful comparisons
between, for instance, E. histolytica [FeFe]-hydrogenase and its
very active bacterial counterparts (Table 1). Given the struc-
tural complexity of the hydrogenase active site (Fig. 1A), it
seems very unlikely that it could be fully assembled without the
HydE-G maturases. An alternative option could be a partially
assembled active site, like the one observed in the crystal struc-
ture of C. reinhardtii hydrogenase, expressed in the absence of
the corresponding maturases (45). Such a site that contains the
[Fe4S4] component of the H-cluster might still catalyze H2 evo-
lution, albeit at significantly lower levels than a correctly assem-
bled active center. Low levels of hydrogen evolution have been
detected in CO dehydrogenase and pyruvate:ferredoxin oxi-
doreductase in the presence of their substrates (Table 1), and
nitrogenase naturally evolves H2 during nitrogen fixation (1).
These three enzymes have iron- and sulfur-containing clusters.

Even a nickel-substituted rubredoxin displays some (very low)
hydrogen evolution activity (Table 1).
The most intriguing case is the human pathogen Giardia

intestinalis, which seems to lack both hydrogenosomes and
hydrogenase maturase genes (46); it still has the structural
hydrogenase gene, and it is reported to have detectable intrinsic
hydrogen-evolving activity in its cytoplasm (47, 48). This activ-
ity (2 nmol/min/107 cells) is �10 times lower than hydrogen
evolution in T. vaginalis under the same conditions.
The low hydrogenase activity of protozoa in general seems to

result from limited enzyme expression. As discussed above, it
may also be related, in some cases, to partial assembly of the
H-cluster due to the absence of maturases, essential for the
synthesis of CO, CN�, and the small dithiolate [Fe2]-bridging
molecule. Alternatively, in the latter cases, these gene products
could have functions other than hydrogen evolution, this activ-
ity being vestigial. Indeed, G. intestinalis has been described as
a recent derivative of an aerobic lineage (47), in which case, the
hydrogenase genewould have been acquired by horizontal gene

FIGURE 3. Our working hypothesis concerning the assembly and insertion of the active site of [FeFe]-hydrogenases. The scaffold protein HydF is the
central component of the Hyd synthetic machinery. We favor a sequence in which HydE delivers its product to the scaffold before HydG because HydE and
HydF interact very closely (8), and hydE and hydF are fused as one gene in C. reinhardtii (7). The purified HydF�EG protein contains [Fe4S4] and [Fe2S2] clusters,
probably bridged by a histidine residue (19). By the action of HydE, the [Fe2S2] cluster either is replaced or is a substrate for the synthesis of an Fe2DTN species.
HydG subsequently donates the CN� and CO ligands to the nascent [FeFe] subcluster. These two processes may require GTP hydrolysis. At this point, the
species assembled in HydF to be transferred to HydA is similar to its active site and displays hydrogenase activity (20). After transferring its product to HydA,
HydF should contain only an [Fe4S4] cluster as the protein obtained after in vitro reconstitution (9). An external and yet unidentified protein may be required
to reassemble the [Fe2S2] cluster in HydF to start a new synthetic cycle. Here, we have assumed that its sulfide ions are originally generated from cysteine by a
desulfurase (18).
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transfer. Proteins like Narf and Nar may represent an extreme
case of functional evolutionary divergence from [FeFe]-hydro-
genase (49).

Conclusions

In this minireview, we have addressed the assembly process
and the nature of the small dithiolate species of [FeFe]-hydro-
genases. Because of the joint efforts of several laboratories, an
increasingly clearer picture of thematuration process is emerg-
ing (Fig. 3). A major next step will be the identification of the
substrate of HydE, which most likely is responsible for the syn-
thesis of the small dithiolate-containing molecule at the active
site. This will, in turn, definitively establish the identity of the
bridgehead atom of the dithiolate. Another point that needs to
be studied is the composition of the active site of hydrogenases
found in organisms that lack the corresponding maturases.
Given the complexity of the maturation process and the active
site components, it would be very surprising to find a fully
assembled H-cluster in the absence of the Hyd proteins.
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36. Cornish, A. J., Gärtner, K., Yang, H., Peters, J. W., and Hegg, E. L. (2011)

Mechanism of proton transfer in [FeFe]-hydrogenase from Clostridium
pasteurianum. J. Biol. Chem. 286, 38341–38347

37. Silakov, A., Wenk, B., Reijerse, E., and Lubitz, W. (2009) 14N HYSCORE
investigation of the H-cluster of [FeFe]-hydrogenase: evidence for a nitro-
gen in the dithiol bridge. Phys. Chem. Chem. Phys. 11, 6592–6599

38. Erdem, O. F., Schwartz, L., Stein, M., Silakov, A., Kaur-Ghumaan, S.,
Huang, P., Ott, S., Reijerse, E. J., and Lubitz, W. (2011) A model of the
[FeFe]-hydrogenase active site with a biologically relevant azadithiolate
bridge: a spectroscopic and theoretical investigation. Angew. Chem. Int.
Ed. Engl. 50, 1439–1443

39. Barton, B. E., Olsen, M. T., and Rauchfuss, T. B. (2008) Aza- and oxadi-
thiolates are probable proton relays in functional models for the [FeFe]-
hydrogenases. J. Am. Chem. Soc. 130, 16834–16835

40. O’Hagan, M., Shaw, W. J., Raugei, S., Chen, S., Yang, J. Y., Kilgore, U. J.,
DuBois, D. L., and Bullock, R. M. (2011) Moving protons with pendant
amines: proton mobility in a nickel catalyst for oxidation of hydrogen.
J. Am. Chem. Soc. 133, 14301–14312

41. Helm, M. L., Stewart, M. P., Bullock, R. M., DuBois, M. R., and DuBois,
D. L. (2011) A synthetic nickel electrocatalyst with a turnover frequency
above 100,000 s�1 for H2 production. Science 333, 863–866

42. Pandey, A. S., Harris, T. V., Giles, L. J., Peters, J. W., and Szilagyi, R. K.
(2008) Dithiomethylether as a ligand in the hydrogenase H-cluster. J. Am.
Chem. Soc. 130, 4533–4540

43. Grigoropoulos, A., and Szilagyi, R. K. (2010) Evaluation of biosynthetic
pathways for the unique dithiolate ligand of the [FeFe]-hydrogenase H-
cluster. J. Biol. Inorg. Chem. 15, 1177–1182

44. Berto, P., D’Adamo, S., Bergantino, E., Vallese, F., Giacometti, G. M., and
Costantini, P. (2011) The cyanobacterium Synechocystis sp. PCC 6803 is
able to express an active [FeFe]-hydrogenase without additional matura-
tion proteins. Biochem. Biophys. Res. Commun. 405, 678–683

45. Mulder, D. W., Boyd, E. S., Sarma, R., Lange, R. K., Endrizzi, J. A., Broder-

ick, J. B., and Peters, J. W. (2010) Stepwise [FeFe]-hydrogenase H-cluster
assembly revealed in the structure of HydA�EFG. Nature 465, 248–251
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The redox-active metal manganese plays a key role in cellular
adaptation to oxidative stress. As a cofactor for manganese
superoxide dismutase or through formation of non-proteina-
ceous manganese antioxidants, this metal can combat oxidative
damage without deleterious side effects of Fenton chemistry. In
either case, the antioxidant properties ofmanganese are vulner-
able to iron. Cellular pools of iron can outcompete manganese
for binding to manganese superoxide dismutase, and through
Fenton chemistry, ironmay counteract the benefits of non-pro-
teinaceous manganese antioxidants. In this minireview, we
highlight ways in which cells maximize the efficacy of manga-
nese as an antioxidant in the midst of pro-oxidant iron.

In biology, iron and manganese play important roles in oxy-
gen chemistry. Both metals are used in oxygen evolution
through photosynthesis and can also serve as cofactors for
enzymes that remove harmful byproducts of O2 metabolism
such as superoxide (O2

. ) and hydrogen peroxide, yet a major
difference lies in the propensity of these metals to cause oxida-
tive damage. Iron is well known for its reactivity with peroxide,
generating the highly reactive hydroxyl radical through
so-called Fenton chemistry. Manganese is less prone to such
chemistry due to a higher reduction potential. Iron is often
considered a pro-oxidant in biology under situations in which
manganese is an antioxidant. Without the deleterious side
effects of Fenton chemistry, manganese can safely operate as a
cofactor for superoxide dismutase (SOD)2 enzymes and also
provide oxidative stress resistance through formation of non-
proteinaceous manganese-based antioxidants. Herein, we
focus on these two biological roles of manganese in oxidative
stress protection and the potential challenges faced by compet-
ing pools of iron.

Manganese Versus Iron as Cofactors for SOD

SOD enzymes fall into three distinct families that are unre-
lated in sequence but have converged in evolution to utilize a
redox-active metal to disproportionate O2

. into hydrogen per-
oxide and oxygen. These families are classified according to
metal cofactor and include Cu,Zn-SODs, which use copper for

catalysis and also bind a structural zinc atom; a rarer family of
nickel-containing SODs (1); and an extensiveMn/Fe-SOD fam-
ily that uses either manganese or iron.
Members of the Mn/Fe-SOD family are widespread in biol-

ogy and are thought to have evolved from a common ancestor
prior to the divergence of eubacteria, archaebacteria, and
eukaryotes over 3 billion years ago (2, 3). The active sites ofMn-
and Fe-SODs are virtually indistinguishable. Themanganese or
iron cofactor is coordinated to three histidines, one aspartate,
and one solvent molecule in a distorted trigonal bipyramidal
geometry. Outside the active site, the overall primary sequence
and tertiary folds of Mn- and Fe-SODs are remarkably similar.
Despite this striking conservation, these SODs are exquisitely
metal-specific; for example, aMn-SOD is active only withman-
ganese and not iron. Rare exceptions include so-called cambi-
alistic SODs, which are functional with either metal (4).

Mishaps in Metal Insertion into Mn-SOD

A key question in the field of metalloproteins regards cofac-
tor specificity. How does a metalloenzyme find its correct
cofactor among a sea of diverse metals in the cell?With Cu,Zn-
SOD enzymes, metal insertion is facilitated by a helper protein
known as the CCS copper chaperone (5, 6). However, to date,
there have been no reports of analogous metal chaperones for
the Mn/Fe-SOD family. The problem seems paramount with
Mn-SODs because bacteria and eukaryotic cells tend to accu-
mulate iron levels that are in vast excess over manganese (7–9).
Mn-SODs will readily bind iron with similar affinities and

geometries as manganese (10–14), yet iron inactivates the
enzyme. Iron binding can interfere with the substrate channel
(4) and disturb the all-important redox potential of the catalytic
site.When iron bindsMn-SODs, themid-redox potential of the
active site is lowered to a point that is incompatible with O2

.

disproportionation (15, 16). To make matters worse, studies
with human Mn-SOD (Sod2) have shown that the iron-substi-
tuted enzyme gains peroxidase activity and has the potential to
generate toxic oxygen radicals (13, 14). With such potent inhi-
bition of Mn-SODs by iron, one would expect cells to prohibit
iron interactions with the enzyme. Indeed, in eukaryotes, in
which Sod2 is the only SOD of the mitochondrial matrix, mis-
incorporation of iron is virtually nonexistent except in rare
cases of mitochondrial defects (described below), yet the same
sort of iron exclusion may not be as prevalent with bacteria.
Beyer and Fridovich (17) were the first to note misincorpo-

ration of iron into theMn-SOD (SodA) of Escherichia coli. Aer-
obic cultures of E. coli naturally express a mixture of SodA
enzymes that bindmanganese or iron, but only themanganese-
bound form is active. Iron inactivation of SodA is even more
prevailing under anaerobic conditions (17, 18). Only in extreme
cases of oxidative stress is there bulkmetallation of E. coli SodA
with the correct metal manganese (18).
Mn-SODs from various heterologous organisms have been

expressed in E. coli for the purpose of producing recombinant
protein, and not surprisingly, metal ion misincorporation is
commonplace. For example, a tetrameric Mn-SOD from Ther-
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mophiluswill indiscriminately acquiremanganese or ironwhen
expressed in E. coli (4, 19), and a cytosolic Mn-SOD from Can-
dida albicans was seen to preferentially acquire iron in E. coli
expression systems (20). Attempts to express human mito-
chondrial Sod2 in E. coli produced inactive enzyme unless cul-
tures were supplemented with high levels of manganese (21).
There is much competition between iron and manganese for
binding to Mn-SOD molecules in E. coli.
Why would E. coli allow misincorporation of iron into its

Mn-SOD? The rationale is still unclear, but inactivation of
SodA by iron may be of little consequence due to expression of
a second SOD (SodB) in E. coli that uses iron. Nevertheless,
there still exists some preferential binding of manganese to
SodA when one considers total metal levels. On a per mole
basis, E. coli accumulates 10–100 timesmore iron thanmanga-
nese (7), yet a substantial fraction of SodA still acquires man-
ganese (Fig. 1A). As proposed by Whittaker and co-workers
(10), differential metal ion bioavailability may be key. The spe-
ciation of cellular manganese based on ligands and oxidation
state of the metal may be more compatible for reactivity with
Mn-SOD than the speciation of bulk iron, and when cells
encounter oxidative stress, this differential bioavailability
becomes even more pronounced, as iron is prevented from
reacting with E. coli SodA (18).
Certain bacteriamay have overcome iron inactivation ofMn-

SODs by subcellular compartmentalization. Although bacterial
Mn/Fe-SODs are generally cytosolic, there are rare exceptions
in which the enzyme is secreted into the periplasmic or extra-
cellular space (22–26). Bacteria can export unfolded proteins
through the Sec system or will use the twin-arginine transloca-
tion (TAT) system for exporting prefolded mature polypep-
tides (27). In the cases reported thus far, only Fe-SODs are
exported in the fully metallated form through TAT. Mn-SODs
tend to be exported via Sec as unfolded proteins and hence
acquire their metal outside the cell, where competition with
ironmay not be an issue (Fig. 1, B andC) (22–26). Such amodel
for metal ion selectivity by cell compartmentalization has pre-
viously been described by Robinson and colleagues (28) for
other periplasmic metalloproteins.

Role of Mitochondria in Dictating Metal Specificity to
Manganese-Sod2

Aswith E. coli, eukaryoticmitochondria accumulate 10–100
times more total iron than manganese (29); however, mito-
chondrial Sod2 exclusively binds manganese. The polypeptide
is intrinsically capable of iron binding, as shown through in
vitro studies with recombinant Sod2 proteins (12–14). What
then accounts for the high manganese selectivity inside
mitochondria?
Using the bakers’ yeast Saccharomyces cerevisiae as a model

system, we observed that mitochondrial import of the polypep-
tide drives manganese insertion into the enzyme (30). Protein
unfolding is an important prerequisite to metal insertion in
Mn-SODpolypeptides (31–33), andwhat betterway to unfold a
protein than to translocate it across a biological membrane? An
intriguing possibility is that a certain manganese transporter
lies in close proximity to the site of Sod2 translocation to help
drive manganese insertion over iron (Fig. 2A).

A second way mitochondria may facilitate manganese inser-
tion is to funnel iron away from Sod2 into defined iron home-
ostasis pathways. Mitochondrial iron is used in the building of
Fe-S cofactors, and evidence suggests that iron sequestered in
the Fe-S pathway is blocked from reacting with Sod2 (as in Fig.

FIGURE 1. Models for metal selectivity of bacterial Mn-SOD and Fe-SOD
enzymes. A, model of a Gram-negative E. coli cell showing Mn-SOD dimers in
blue and Fe-SOD dimers in red. Under normal aerobic conditions, Mn-SOD
molecules accumulate as mixed pools of all iron-, all manganese-, or iron- and
manganese-containing dimers. Fe-SOD molecules are shown to accumulate
only in the iron-bound state. Manganese (green) is far less abundant in E. coli
than iron (pink). Depending on speciation, iron may exist in two states, only
one of which is bioavailable (pink circles) to the SOD. B, shown is the Sec-
driven export of the unfolded Mn-SOD polypeptide into the periplasmic
space, where the enzyme may acquire its manganese without interference
from iron. C, shown is the TAT-driven export of iron-bound and mature Fe-
SOD into the periplasmic space. In this model, the Fe-SOD acquires its metal in
the cytosol.
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2A). This idea emerged from studies of S. cerevisiae mutants
that exhibited a switch in Sod2metal cofactor frommanganese
to iron (29, 34). All of these yeast mutants were affected in Fe-S
biogenesis.
The biogenesis of Fe-S cofactors begins with the assembly of

Fe-S scaffolds onto yeast mitochondrial Isu1 and Isu2 proteins
(referred collectively herein as Isu). These scaffolds are then
transferred to Fe-S proteins through the aid of a molecular
chaperone (yeast Ssq1) and a glutaredoxin (yeast Grx5) (35, 36).
We observed that blockage of Fe-S assembly by ssq1 or grx5
mutations drives iron into Sod2, and the same is true when

yeast cells lackMtm1, amitochondrial transporter that plays an
unknown role in Fe-S maturation (29, 34, 37). Such derailing of
iron from the Fe-S pathway to Sod2 can be prevented by
expressing a dominant-negative Isu protein that binds Fe-S
clusters but cannot release them (34). Hence, iron derived from
either Isu or sources upstream of Isu becomes available to Sod2
when the Fe-S pathway is blocked (Fig. 2B). As long as the Fe-S
pathway remains intact, Sod2 is safeguarded from iron
inactivation.
Although the mitochondrial environment is clearly impor-

tant for cofactor selection in Sod2, features inherent to the Sod2

FIGURE 2. Impact of the mitochondrial Fe-S pathway on manganese activation of Sod2. A, for eukaryotic Sod2, manganese is inserted into newly
synthesized Sod2 polypeptides that are freshly imported into mitochondria. The Sod2 polypeptide is cotranslationally imported into mitochondria, and
insertion of the manganese is coupled to Sod2 translocation across the mitochondrial inner membrane. Shown in red is a putative manganese transporter that
may lie in close proximity to the site of Sod2 entry into mitochondria. Under normal conditions, much of the bioavailable iron is shielded from reacting with
Sod2 by sequestration in the Fe-S pathway. Here, iron is used to assemble Fe-S scaffolds onto Isu, which are then transferred to Fe-S proteins. B, when the Fe-S
pathway is blocked (indicated by red X on Isu), the iron for Fe-S clusters is diverted to Sod2. Iron binding to Sod2 precludes manganese binding, and the enzyme
is inactive.
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polypeptide may also contribute. Our preliminary studies indi-
cate that Mn-SOD molecules that have evolved in an iron-rich
environment (e.g. eukaryotic mitochondria) are less likely to
bind cellular iron than Mn-SODs that have evolved in an iron-
poor environment (e.g. Borrelia burgdorferi, an organism that is
reportedly devoid of iron) (38). The Sod2 polypeptide of mito-
chondria has devised ways to coexist with abundant iron.

Non-SOD Manganese-based Antioxidants

The role of manganese as a cofactor for SOD is not the only
means by which this metal can guard against damage from O2

.

and other reactive oxygen species. In a large variety of organ-
isms, non-proteinaceous complexes of manganese have been
shown to protect against oxidative stress and provide a backup
for SOD enzymes. In this minireview, we collectively refer to
such complexes as “manganese-antioxidants.”
The existence of manganese-antioxidants was first reported

by Archibald and Fridovich (39) in 1981 when it was discovered
that strains of Lactobaccilus plantarum that lacked SOD
enzymes were nevertheless resistant toO2

. due to accumulation
of vast quantities of manganese. L. plantarum accumulates up
to 20 mMmanganese compared with the low �M levels of man-
ganese typical of other organisms (7–9, 39). This high level of
manganese was essential for the aerobic survival of L. planta-
rum and correlated with the presence of a superoxide-scaveng-
ing activity in cell lysates that was non-proteinaceous but man-
ganese-dependent in nature (39). The existence of such
manganese-antioxidants seemed logical for an organism like
L. plantarum that naturally evolved without SOD, yet manga-
nese-antioxidants are characteristic of various SOD-expressing
organisms as well.
In strains ofE. coli,Neisseria,Bacillus, and the yeast S. cerevi-

siae genetically engineered to lack SOD enzymes, oxidative
damage can be reversed by supplementing the growth medium
with high manganese (40–44). Furthermore, in our early
genetic screens for yeast suppressors of SOD deficiency, virtu-
ally all of the genes and mutants isolated were seen to affect
manganese uptake and accumulation (45–49). Either by sup-
plementing the growth medium with manganese or by genetic
augmentation of manganese uptake, high non-physiological
levels of manganese can substitute for SOD enzymes. However,
physiological (��M) levels of manganese are also important
because yeast or Bacillus strains that lack SOD cannot grow in
air when starved of manganese (42, 50).
In addition to serving as a substitute for SOD, manganese-

antioxidants can boost oxidative stress resistance in organisms
with active SOD enzymes.Moreover, the efficacy ofmanganese
in this regard is reliant on a high manganese/iron ratio in the
cell. In the elegantwork ofDaly et al. (51), the extreme radiation
resistance ofDeinococcus radioduranswas found to result from
non-SODmanganese-based antioxidants and a high intracellu-
lar manganese/iron ratio. Similar results correlating radiation
resistancewithmanganese-antioxidants have been reported for
extreme halophilic and desiccation-resistant microbes (52, 53).
With ionizing radiation, the radiolysis of water can result in the
production of OH�, O2

. , and H2O2. Iron can augment this oxi-
dative damage through Fenton chemistry conversion produc-
tion of OH�, whereas manganese can promote O2

. scavenging

without OH� production (54, 55). Hence, manganese-antioxi-
dant activity is best served in a cellular environment that has
low iron. Interestingly, Daly et al. (54, 56) have shown thatman-
ganese protects proteins rather than DNA from the deleterious
effects of radiation.
Althoughmanganese-antioxidants have been widely charac-

terized in bacteria and yeast, their contribution to oxidative
stress resistance in multicellular organisms is less well under-
stood. Nevertheless, a high accumulation of manganese in the
nematode Caenorhabditis elegans either through genetic dis-
ruption of manganese-trafficking pathways (57) or through
supplementation with manganese salts (58) can rescue oxida-
tive stress and enhance life span. It is therefore likely that non-
SOD complexes of manganese can promote oxidative stress
resistance in higher organisms as well.

Complex Mixtures of Manganese Can Serve as Non-SOD
Antioxidants

What is the chemicalmakeupof themanganese-antioxidant?
Seminal studies by Archibald and Fridovich (39, 59) identified
themanganese-antioxidant as a superoxide-scavenging activity
in extracts of L. plantarum that was dialyzable and heat- and
protease-resistant but susceptible to metal chelation by EDTA.
Similar findings have since been reported for cell-free lysates of
E. coli (41), D. radiodurans (60), Bacillus subtilis (42), and the
bakers’ yeast S. cerevisiae (43, 61). The hexaquoMn2� cation is
a weak scavenger of superoxide, but when liganded to small
molecules such as orthophosphate or carboxylates (e.g. lactate,
succinate, and malate), manganese can efficiently scavenge O2

.

(62, 63).With L. plantarum, lactate complexes withmanganese
were proposed to represent the major antioxidant based on the
abundance of lactate in this microbe (62). In other organisms,
manganese-phosphate may remove superoxide (63), and
indeed, oxidative stress resistance in S. cerevisiae strongly cor-
relates with cellular [Mn-Pi] as determined by electron nuclear
double resonance spectroscopy (64). The rate of superoxide
disproportion by manganese-phosphate is 2 orders of magni-
tude slower compared with Mn-SOD (63), but with the abun-
dance of manganese and phosphate in the cell, this appears
sufficient to guard against oxidative damage.
However, the story appears more complex than simple

superoxide scavenging by Mn-Pi or manganese-lactate. Mix-
tures of manganese, phosphate, peptides, and nucleoside bases
isolated from radioresistant organisms such as D. radiodurans
have been shown to protect proteins against radiation/oxida-
tive damage (52, 60). In spores of B. subtilis that accumulate
high levels of dipicolinic acid,Mn2�-dipicolinic acid complexes
were shown to protect against protein oxidative damage (65),
and in desiccation-resistant strains of cyanobacteria that accu-
mulate high trehalose,manganese complexeswith trehalose are
proposed to guard against DNA oxidative damage (52, 66).
Most likely, numerous biological complexes with manganese
can act chemically in cells to promote the superoxide-scaveng-
ing activity of thismetal, including certain as of yet unidentified
complexes of manganese. In this regard, various manganese-
based porphyrin compounds have been chemically synthesized
and used as antioxidants (67), and it is possible that similar

MINIREVIEW: Manganese Versus Iron in Stress Protection

13544 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 17 • APRIL 20, 2012



compounds are produced in certain organisms as part of an
oxidative stress defense.
Direct removal of superoxide is not the only means by which

non-SOD-based manganese-antioxidants can provide protec-
tion against oxidative damage. At physiological pH and in
bicarbonate, manganese can also disproportionate H2O2 (68),
and this reactivity has been proposed to contribute to the high
radiation resistance of D. radiodurans (56). Most recently,
Imlay and colleagues (69, 70) have put forth a novel mechanism
for manganese-based oxidative stress resistance. Specifically,
manganese is proposed to replace iron in the active site of
mononuclear iron-containing enzymes. Because of the avid
reactivity of iron with peroxide, the active sites of key Fe-S and
mononuclear iron-containing enzymes are prime targets for
damage by reactive oxygen. During oxidative stress, E. coli cells
shift from an iron- to a manganese-centered metabolism, and
mononuclear iron enzymes such as ribulose-5-phosphate
3-epimerase switch to using manganese as a cofactor (69, 70).

Cellular Control of Manganese-Antioxidants in a
Eukaryotic Model

How physiological is the formation of manganese-antioxi-
dants? Are the reactive manganese complexes with phosphate,
lactate, etc., simply formed as part of a passive process, or are
manganese-antioxidants tightly regulated according to cellular
need? It was previously proposed that formation ofmanganese-
antioxidants may be constitutive, requiring little energy input
from the cell, and that only the enzymes that remove reactive
oxygen (e.g. SOD, peroxidases, and catalases) are regulated dur-
ing oxidative stress (71). In our recent studies with S. cerevisiae,
we provided evidence to the contrary: like their enzymatic
counterparts, the formation of non-proteinaceous manganese-
antioxidants is tightly regulated according to cellular need (61).
In particular, we found that conserved nutrient-sensing and
nutrient-signaling pathways control the efficacy of intracellular
manganese as a non-SOD antioxidant (61).
The response to stress and nutrients in yeast involves the

transcription factors Msn2, Msn4, and Gis1, which regulate
stress proteins and factors formetabolism and cell cycle control
(72–75). These transcription factors themselves are regulated
by a series of upstream kinases that sense and respond to envi-
ronmental signals such as changes in phosphate (the Pho80/
Pho85 kinase) and nitrogen (the Sch9 kinase). The signals from
these environment-sensing kinases are relayed to the Rim15
kinase, which in turn regulates Msn2, Msn4, and Gis1 (Fig. 3)
(72–75). We observed that this intricate signaling system for
responding to stress and nutrients also regulates manganese-
antioxidant activity in S. cerevisiae. Specifically, the manga-
nese-antioxidant was promoted under conditions in which
Msn2 andMsn4were activated andwas repressed through acti-
vation ofGis1 (61).Msn2,Msn4, andGis1modulate the activity
of manganese-antioxidants without changing the levels of
intracellularmanganese and are proposed to control the assem-
bly of manganese complexes that remove superoxide (61).
Hence, formation of manganese-antioxidants is not necessarily
a passive constitutive process but is part of the cell’s tightly
regulated battery for responding and adapting to stress.

Manganese-Antioxidants in Pathogenesis?

Manganese uptake is essential for the virulence of many bac-
terial pathogens (76–80). The activation of Mn-SOD enzymes
and the formation of non-proteinaceous manganese-antioxi-
dantsmay become critical as pathogens face the oxidative burst
of the host immune response. An emerging theme in host
immunity is the concept of “nutritional immunity,” where
pathogens are starved of essential iron, zinc, and manganese
ions (81). Manganese starvation can be accomplished through
macrophage Nramp transporters (82–84) or by chelatingman-
ganese through calprotectin. As recently uncovered by Skaar
and colleagues, neutrophils secrete calprotectin at sites of
infection to starve pathogens ofmanganese and zinc; calprotec-
tin was effective in killing Staphylococcus aureusmutants lack-
ing SOD enzymes and was proposed to deplete the pathogen of
manganese-antioxidants (81, 85, 86). Manganese-antioxidants
may therefore provide an importantmeasure of oxidative stress
resistance for pathogens.

Concluding Statements

The redox-active metals copper, iron, and manganese all
serve as catalytic cofactors for SOD. Cu,Zn-SOD does have a
rather well defined “peroxidase-like” activity (87), and the same
could be true for Fe-SOD. Unlike these two enzymes, the same
peroxidase-like activity has not been reported for Mn-SOD.
Manganese appears to be the ideal metal for oxidative stress
protection.Whethermanganese is acting as a cofactor for SOD
or as a non-proteinaceous manganese-antioxidant, the metal is
at battle with iron. On a per mole basis, cellular iron is often in
vast excess over cellular manganese and can readily compete
with manganese for binding to Mn-SOD enzymes. Neverthe-
less, evolutionary adaptations have favored manganese inser-
tion into Mn-SOD, e.g. through enhancements in manganese
ion bioavailability via chemical speciation of the metal or by
subcellular compartmentalization of manganese in the case of

FIGURE 3. Nutrient- and stress-signaling pathways regulate the manga-
nese-antioxidant in yeast cells. The activity of the S. cerevisiae Rim15 kinase
is controlled by a host of environmental signals, including stress, glucose,
phosphate, and nitrogen. These environmental signals are sensed and
relayed to the Rim15 kinase through upstream response kinases, including
Pho80 for phosphate and Sch9 for nitrogen. Rim15 in turn activates the Gis1
and Msn2/Msn4 transcription factors, which work in opposite fashion to con-
trol the activity of non-proteinaceous manganese-antioxidants, including
manganese-phosphate and manganese complexes with carboxylates, as
illustrated. These compounds can promote oxidative stress resistance by
removing O2

. in a SOD-like reaction.
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secreted Mn-SODs. In eukaryotic mitochondria, in which iron
binding to Sod2 is virtually nonexistent, the sequestration of
iron in the Fe-S pathway may additionally promote manganese
selectivity forMn-SOD. Small non-proteinaceous complexes of
manganese can also act as antioxidants, and manganese-anti-
oxidant activity is best served in a cellular environment with
low iron. Without having to counteract the pro-oxidant effects
of iron, manganese-antioxidants can effectively shield proteins
from radiation and oxidative damage. Manganese can also
enhance oxidative stress resistance by substituting as a cofactor
for iron in certain enzymes susceptible to oxidative attack. The
broad role of manganese as an antioxidant may be particularly
relevant in the microbial response to environmental stress and
in pathogenesis. It is likely that multicellular organisms have
evolved with analogous and evenmore complex ways to exploit
this metal to promote life in oxygen.
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The trace element copper is indispensable for all aerobic life
forms. Its ability to cycle between twooxidation states,Cu1� and
Cu2�, has been harnessed by a wide array of metalloenzymes
that catalyze electron transfer reactions. The metabolic needs
for copper are sustained by a complex series of transporters and
carrier proteins that regulate its intracellular accumulation and
distribution in both pathogenic microbes and their animal
hosts. However, copper is also potentially toxic due in part to its
ability to generate reactive oxygen species. Recent studies sug-
gest that the macrophage phagosome accumulates copper dur-
ing bacterial infection, which may constitute an important
mechanism of killing. Bacterial countermeasures include the
up-regulation of copper export and detoxification genes during
infection, which studies suggest are important determinants of
virulence. In this minireview, we summarize recent develop-
ments that suggest an emerging role for copper as anunexpected
component in determining the outcome of host-pathogen
interactions.

History of Copper as a Bactericidal Agent

Copper has been used throughout the ages as an antimicro-
bial agent. The earliest recordedmedicinal use of copper can be
traced to the Edwin Smith Papyrus, an ancient Egyptian medi-
cal text that described the use of copper to sterilize chest
wounds and drinking water (1). Copper was also widely used by
the ancient Greeks and advocated by the Greek physician Hip-
pocrates. Roman and Aztec civilizations similarly used copper
compounds to treat common medical afflictions. Whether
ingested, inhaled as a powder, or applied topically, copper was
commonly used throughout much of human history to treat a
wide variety of infectious conditions until the modern era of
antibiotics (1).
Numerous applications of copper’s antimicrobial activity are

found in modern-day materials. For example, copper is used as
a fungicidal application for plants (2) and as an electrolytic ion-
izer to combat Legionella in hospital drinking water (3), and in
2008, copper alloys became the first solid surfaces registered by
the Environmental Protection Agency formarketing as an anti-
microbial. This has led to renewed interest in using copper
materials in the manufacture of frequently touched surfaces

within healthcare facilities such as door handles and railings to
combat the spread of nosocomial infections (4). Studies have
shown thatmethicillin-resistant Staphylococcus aureus is killed
on copper surfaces within 90min compared with 72 h on stain-
less steel (5), and recent studies have documented the killing of
several types of bacteria within minutes of contact with dry
copper surfaces (6).
The ability of bacteria to survive in the presence of soluble

copper salts or on solid copper surfaces is dependent on the
expression of copper tolerance genes (7, 8). Copper tolerance in
most bacteria involves the expression of at least one copper-
exporting ATPase-type pump that is transcribed from an
operon by a copper-responsive transcriptional regulator. Sev-
eral recent studies suggest that these same pathways of copper
tolerance within certain pathogenic bacteria are required to
survive the innate immune response during infection. Al-
though still in its infancy, this relatively new field of biometals
research underscores a novel and unexpected role for copper in
host immunity and emphasizes the medical importance of
understanding copper homeostasis at the host-pathogen inter-
face. Below is a brief review of current findings and future
directions.

Mechanisms of Copper Toxicity

Several mechanisms have been ascribed to the antimicrobial
properties of copper. These include its ability to accept and
donate an electron as it cycles between Cu(I) and Cu(II) oxida-
tion states. Under aerobic conditions, this redox property
enables copper to catalyze the production of hydroxyl radicals
via the Fenton and Haber-Weiss reactions (Reactions 1 and 2)
(9).

Cu1� � H2O2 ¡ Cu2� � OH� � �OH
REACTION 1

Cu2� � �O2 ¡ Cu1� � O2

REACTION 2

The hydroxyl radical is reactive with most types of macromol-
ecules, resulting in damage to lipids, proteins, and nucleic acids.
A second mechanism of copper toxicity is the disruption of
protein structure. This may occur via disruption of protein
structure through interactions with the polypeptide backbone
(the biuret reaction) or through adventitious binding of copper
to amino acids (e.g.Cys), whichmay exclude nativemetal cofac-
tors from their ligands. This latter process is thought to be
particularly damaging to iron-sulfur cluster proteins due to the
high propensity of sulfur to form thiolate bonds with Cu(I)
(10, 11).

Principles of Bacterial Copper Tolerance

The acquisition and insertion of copper intometalloenzymes
of all organisms must be balanced by strict homeostatic mech-
anisms that prevent adventitious interactions of copper with
cellular components. This is achieved in part by maintaining
the cytoplasm essentially free of unbound copper by a sophisti-
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cated network of homeostatic proteins. In eukaryotes, this
includes copper importers and exporters, as well as proteins
that compartmentalize and sequester copper as it traffics
within an organism. The reader is directed to excellent recent
reviews on eukaryotic copper homeostasis (12, 13). Unlike
eukaryotic cells, most bacteria have little need to import copper
into their cytoplasm because bacterial copper-dependent
enzymes are located within either the cytoplasmic membrane
(e.g. cytochrome oxidase) or the periplasmic space. Accord-
ingly, most microbes strive to exclude unligated copper within
the cytoplasm. In Escherichia coli, the copper-responsive tran-
scription factor CueR induces the expression of copper toler-
ance genes at 10�21 molar sensitivity, which translates to less
than one free copper atom in the cytoplasm (14). In general, the
avoidance of copper toxicity in bacteria is achieved by three
principle mechanisms, including 1) copper export across the
plasmamembrane into the periplasmic space or the extracellu-
lar milieu, 2) copper sequestration within the cytoplasm or
periplasm by copper-binding proteins, or 3) Cu(I) oxidation to
generate the less toxic Cu(II) ion. Below is a general description
of these mechanisms and their importance in bacterial
virulence.
Copper Exporters—Analyses of archaeal and bacterial

genomes indicates the presence of at least one P1B-typeATPase
predicted to function in copper export across the plasmamem-
brane (15). P1B-typeATPases are a ubiquitous subclass of heavy
metal pumps belonging to the P-type ATPase superfamily of
ATP-driven ion transporters. Like all P-type ATPases, the P1B-
type ATPases share a conserved aspartic acid motif, DKTGT,
which is phosphorylated during the reaction cycle via the
�-phosphate of ATP (16). Additional signature sequences pres-
ent in the P1B-type ATPases include copper-binding Cys-X2-
Cys or histidine-rich motifs at their cytoplasmic amino termini
and a canonical His-Pro or Cys-Pro-(Cys/His) motif within the
sixth membrane-spanning helix (17). P1B-type ATPases in
Gram-positive bacteria such as S. aureus and Bacillus subtilis
export Cu(I) out of the cytoplasm across the cell membrane

(15), whereas in Gram-negative bacteria, Cu(I) is exported
across the inner membrane to the periplasmic space (17). In
certain bacteria, copper is driven from the periplasmic space
across the outer membrane via additional transport systems. In
E. coli, this occurs via the CusABC complex, a large multisub-
unit protein driven by the proton-motive force (18, 19). In
Mycobacterium tuberculosis, the novel component MctB
(mycobacterial copper transport proteinB), located in the outer
membrane, is postulated to function as a channel for copper
export (Fig. 1) and, as discussed below, is a major determinant
of virulence (20).
Copper Sequestration—Other copper-detoxifying mecha-

nisms in bacteria include copper sequestration via metallothio-
nein-like proteins. MymT is a small metallothionein (4.9 kDa)
in M. tuberculosis required for copper tolerance, and like the
well describedmetallothioneins of eukaryotic cells,MymTcon-
tains cysteine-rich sequences capable of binding at least six
copper atoms via copper-thiolate bonds (21). The small Cu(I)-
binding protein CusF, located in the periplasm of E. coli, is
thought to similarly function as a copper buffer either by pre-
venting potentially toxic interactions with cellular components
or by functioning as a copper delivery chaperone to the Cus-
ABC complex for copper export across the outer membrane
(19). CueP is another recently identified protein in the
periplasm of Salmonella typhimurium whose ability to bind
copper is thought to protect against copper toxicity in this com-
partment (Fig. 1) (22, 23). Interestingly, cueP genes are found
only in bacterial genomes lacking an E. coli Cus-like complex
and may therefore be a functional surrogate for this system.
Copper Oxidation in the Bacterial Periplasm—As the major

site of copper utilization in bacteria, the periplasm of bacteria
contains several known copper-dependent enzymes. Notable
examples include the copper/zinc-containing superoxide dis-
mutases (SodC proteins), which protect certain pathogenic
bacteria against superoxide anions generated by the respiratory
burst of phagocytic cells (discussed below) (24, 25). Another
cuproenzyme in the periplasm is CueO, amulti-copper oxidase

FIGURE 1. Model of copper-mediated bacterial killing by the activated macrophage. Inflammatory agents (e.g. lipopolysaccharide) stimulate copper
uptake by inducing the expression of the CTR1 copper importer at the plasma membrane. Cytoplasmic copper is delivered via the ATOX copper chaperone to
the ATP7A copper pump, which undergoes trafficking to the phagolysosomal compartment, into which it loads copper. The NADPH oxidase (NOX) produces
superoxide, which spontaneously generates hydrogen peroxide, the bactericidal potency of which is augmented by conversion to the hydroxyl radical via
Cu(I)-catalyzed Fenton chemistry. Cu(I) may also function as a bactericidal agent by disruption of Fe-S clusters. Copper homeostasis proteins of S. typhimurium
and M. tuberculosis are shown. Those in color are known to contribute to survival within cultured macrophages or in animal models of infection as described in
the text.
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found in both E. coli and S. typhimurium that is proposed to
confer copper tolerance by oxidizing Cu(I) to the less toxic
Cu(II) form under aerobic conditions (18, 26, 27); however, its
definitive role is not completely understood. Periplasmic
enzymes are sensitive to copper-induced damage in E. coli
mutants of cueO (18, 27), consistent with studies suggesting
thatCueO functions in the oxidation of catecholate iron sidero-
phores to yield compounds that chelate copper, thus limiting its
toxicity within the periplasm (28). As noted below, CueO is also
a necessary determinant of S. typhimurium virulence (Fig. 1)
(29).
Regulation—The abundance of these bacterial copper

defense systems is typically increased under excess copper con-
centrations via the action of copper-sensing transcription fac-
tors. In E. coli, this occurs via copper-induced transcription of
cueO and copA genes by the CueR transcription factor (30, 31).
S. typhimurium also contains a CueR homolog for copper-
stimulated expression of cueO, copA, and cueP (32), aswell as an
additional transcription factor, GolS, which is responsive to
both copper and gold and induces the expression of GolT, a
second P1B-type ATPase involved in copper export into the
periplasm (33, 34). In other bacteria such asM. tuberculosis and
B. subtilis, copper inhibits transcriptional repressors such as
CsoR, resulting in the increased expression of copper tolerance
genes (35, 36). The mechanisms by which these transcriptional
regulators acquire copper in some cases involve the exchange of
copper with cytoplasmic copper chaperones (e.g. CopZ of
Enterococcus hirae) (37), which may also serve as copper carri-
ers to the copper-exporting P1B-type ATPases (23, 33).

Bacterial Copper Homeostasis as a Virulence
Determinant

The successful bacterial pathogen must be able to rapidly
respond to a changing hostile environment during infection
of the host. The production of bactericidal toxins such as
reactive oxygen and nitrogen species and the withdrawal of
nutrients to starve the invading microbe are critical defense
mechanisms of the innate immune system. Several recent
studies suggest that exposure of bacterial pathogens to toxic
copper concentrations within the host is a general defense
mechanism of the innate immune system, and the ability of
pathogenic bacteria to activate several of the aforemen-
tioned copper tolerance pathways influences their virulence.
Below is a summary of these recent developments with a
focus on the most well studied examples of the pathogenic
bacteria M. tuberculosis and S. typhimurium.

M. tuberculosis

As a pathogen of the mammalian respiratory system,
M. tuberculosis infects the lungs and is the causative agent of
tuberculosis. The ability to survive and replicate within alveolar
macrophages is an important determinant of M. tuberculosis
virulence (38). Infection of primary human macrophages by
M. tuberculosis induces the expression of the P1B-type ATPase
CtpV, which exports copper across the inner membrane (39).
Because the ctpV gene is part of the copper-induced regulon
that is controlled by the CsoR transcriptional regulator (36),
these findings provided some of the first insights into the pos-

sibility that copper tolerance genes may play a role in virulence
of M. tuberculosis, and recent studies are consistent with this
hypothesis. The �ctpV mutant was found to inflict less severe
lung damage and lower rates of killing in a study of infected
mice and guinea pigs compared with wild-typeM. tuberculosis
(40). However, because this same study found no difference in
the lung bacterial load between �ctpV and wild-type strains, it
raised the possibility that other copper defense mechanisms
might partially compensate for the loss of CtpV. Further insight
came from studies of the putative outer membrane channel
protein MctB (20). Loss of themctB gene inM. tuberculosis or
its homologous gene in Mycobacterium smegmatis resulted in
hyperaccumulation of copper and amarked increase in the sen-
sitivity to elevated concentrations of Cu(I), consistent with a
role for MctB in copper export from the periplasmic space to
the extracellular milieu (20). In a mouse model infected with
aerosols of M. tuberculosis, the recovery of �mctB bacteria
from the lung was reduced 10-fold in comparison with the wild
type, and remarkably, this difference was increased to 100-fold
if CuSO4 was added to the drinking water of the mice. These
findings provided evidence not only that copper export is a
critical determinant of virulence inM. tuberculosis but that this
phenotype is subject to the level of copper intake by the host.
AlthoughMctB appears to play a dominant role in this process,
several important questions are raised by these findings. What
is the effect of combined mutations in copper tolerance path-
ways involvingMymT, CtpV, andMctB, and are these proteins
functionally interconnected?What is the importance of a newly
identified copper-responsive regulon in M. tuberculosis that is
regulated by RicR, a paralog of CsoR (41)? Do the copper-han-
dling pathways ofM. tuberculosis function effectively in the rel-
atively aerobic environment of the exposed lung mucosa or the
hypoxic environment of the granuloma, where much of the
persistent infection resides?Clearly, there ismuch that needs to
be done to fully understand the roles of copper in M. tubercu-
losis pathogenesis.

S. typhimurium

World wide, this Gram-negative bacterium is responsible for
93 million cases of gastrointestinal disease annually (42). Dur-
ing systemic infection, the ability of S. typhimurium to survive
and replicate within the macrophage phagosome is a critical
determinant of virulence, and likeM. tuberculosis, the activities
of copper tolerance genes appear to play important roles in this
process. Two copper-exporting P1B-type ATPases in S. typhi-
murium, CopA and GolT, are functionally analogous to the
M. tuberculosis CtpV protein and similarly contribute to cop-
per tolerance by exporting copper out of the cytoplasm into the
periplasmic space. Recent studies have explored the contribu-
tion of CopA and GolT to S. typhimurium virulence. The tran-
scription of the copA gene was found to be induced between
8- and 12-fold upon phagocytosis by macrophage cells, thus
providing further evidence that elevated phagosomal copper
concentrations are a general feature of the activated macro-
phage during infection (23, 43). Although deletion of either
copA or golT was found to have no impact on bacterial survival
in cultured macrophages compared with the wild-type strain,
the loss of both genes markedly reduced bacterial survival in
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this model (23). Thus, although copper export is important for
S. typhimurium survival within themacrophage, it appears that
there is some redundancy in the contributions of CopA and
GolT. Interestingly, the ability of the �copA/�golT double
mutant to colonize the livers and spleens of mice challenged
with an oral gavage was no different from that of the wild-type
strain. Although this underscores the potential differences
between in vitro and in vivo models of infection, it also high-
lights the possibility that a more complete disruption of copper
tolerance pathways may be required to fully sensitize the bac-
terium to the innate immune system in the whole animal.
In this context, it is interesting to note that CueO (also

known as CuiD) appears to contribute to the virulence of
S. typhimurium in amousemodel of systemic infection. Loss of
cueOwas found to impair colonization in the lungs and spleens
of mice challenged with an oral gavage, but no differences were
noted between the mutant and wild-type bacteria recovered
from intestinal Peyer’s patches ormesenteric lymph nodes (29).
The implication of these findings is that the loss of CueO did
not affect initial phases of infection but rather later stages once
the bacteria had seeded the peripheral organs. Although this
might suggest a defect in replicative ability within macro-
phages, no such differences between wild-type and mutant
CueO bacteria were found, at least within a cultured macro-
phage model (29). Although these findings collectively point to
the importance of several mechanisms of copper homeostasis
in S. typhimurium for virulence, they also highlight the possi-
bility that specific pathways of copper tolerance might offer a
greater degree of protection at different stages of infection.
Clearly, it will be important to generate individual and com-
bined disruptions in the entire copper regulon to address such
questions.

Is Copper Tolerance in Bacteria a General Determinant of
Virulence?

The importance of copper resistance for virulence has been
shown for several bacterial pathogens carrying mutations in
P1B-ATPases. In Pseudomonas aeruginosa, a Gram-negative
opportunistic pathogen that often infects individuals with a
compromised immune system, deletion of the CopA1 ATPase
(also known as CueA) decreased bacterial survival in murine
spleen compared with the wild-type strain (44). Other studies
have shown that a deletion mutant of the CtpA copper-export-
ing P-type ATPase in Listeria monocytogenes was cleared more
rapidly from the livers of infected mice compare with the wild-
type strain and was outcompeted by the wild-type strain in
mixed infections (45). In a recent study, deletion of the CopA
P1B-ATPase of Streptococcus pneumonia was found to reduce
survival in the lungs of infected mice and, to a greater extent,
the nasopharynx but surprisingly did not affect bacterial load in
the blood (46). These findings highlight the possibility that bac-
terial copper homeostasis mechanisms play more important
roles in the colonization of the host at initial sites of infection
relative to subsequent events involving systemic infection.
These studies reinforce the concept of copper homeostasis as a
general mechanism of survival required by both Gram-positive
and Gram-negative bacteria during infection of the host, the

importance of which may vary according to the site or stage of
infection.

Copper Homeostasis in the Mammalian Host

It has been known for decades thatmarked changes inmicro-
nutrient homeostasis in the host are accompanied by infection
or inflammation. The adaptive changes in iron homeostasis of
both host and pathogen during infection are among the most
intensively studied examples in this area (47, 48). Although the
invading pathogen expresses an array of iron acquisition path-
ways needed for replication and survival, this is countered by a
complex series of iron-withholding mechanisms in the host. In
contrast to iron, it is well documented that copper levels in the
serum are significantly elevated in response to inflammation
(49–60). Copper accumulates at sites of inflammation (61),
within granulomatous lesions of lungs infected with M. tuber-
culosis (20), and within the exudates of wounds and burns
relative to serum (62, 63). The form of copper at these inflam-
matory sites is unknown; however, a candidate is the copper-
containing protein ceruloplasmin, a serum protein containing
85% of circulating copper that is secreted from the liver during
the acute-phase inflammatory response (64). Although the
mechanisms by which copper homeostasis is altered within
specific organs in response to infection are unknown, these
changes may form adaptive responses of the innate immune
system to mobilize copper toward sites of infection to aid in
bacterial killing by macrophages. Consistent with this concept,
various studies have shown that copper deficiency increases the
susceptibility to various pathogens, includingCandida albicans
(65, 66),Pasteurella haemolytica (67),Trypanosoma lewisi (68),
S. typhimurium (69), and coxsackievirus B3 (70). Conversely,
other studies have shown that copper supplementation is pro-
tective against E. coli-induced mastitis in dairy cattle (71) and
M. tuberculosis in mice (20). Although the underlying mecha-
nisms by which the copper status of the host impacts suscepti-
bility to infection are unknown, it is likely that the bactericidal
activity of phagocytic cells of the innate immune system is par-
tially responsible because the respiratory burst capacity of and
the bacterial killing by these cells are reduced by copper defi-
ciency (72–74). Elemental analysis using x-ray microprobe
approaches has demonstrated that although the abundance of
some elements declines within the mycobacterium-containing
phagosome, the copper abundance markedly increases up to
several hundred micromolar (75), a concentration well within
the range known to induce expression of copper exporters in
M. tuberculosis and S. typhimurium and to kill mutants lacking
such transporters (23, 36).

Importance of Mammalian Copper Transporters in
Macrophage Bactericidal Activity

Bacterial phagocytosis by the macrophage occurs via plasma
membrane invagination, budding, and fusion events, which
result in the formation of the membrane-enclosed phagosome
containing the microbe (76). The phagosome then undergoes a
series of maturation steps, acquiring bactericidal enzymes and
toxins as it acidifies and fuses with lysosomes to become the
phagolysosomal compartment. A critical event in pathogen
killing is the assembly of theNADPHoxidase on themembrane

MINIREVIEW: Copper at the Host-Pathogen Interface

13552 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 17 • APRIL 20, 2012



of the phagosome, which catalyzes the one-electron reduction
of oxygen to produce superoxide (77). This so-called respira-
tory burst is a front line defense against invadingmicrobes, and
its importance in innate immunity is underscored in patients
with X-linked granulomatous disease, in which lack of a func-
tional NADPH oxidase increases the susceptibility to infection
(78). Recent studies from the author’s (P. J. P.) laboratory have
demonstrated a link between the copper homeostasis machin-
ery of the macrophage and its ability to use copper as a bacte-
ricidal agent. Proinflammatory factors lipopolysaccharide (a
component of the Gram-negative bacterial cell wall) and inter-
feron-� were found to stimulate copper uptake in RAW 267.4
macrophage cells by increasing the expression of the copper
importer CTR1 (79, 80). Significantly, these same proinflam-
matory conditions led to an increase in the expression of the
ATP7A protein, a P1B-type ATPase that is normally located in
the Golgi complex, into which it transports copper to various
metalloenzymes in the secretory pathway. Moreover, these
inflammatory conditions induced the trafficking of the ATP7A
protein into cytoplasmic vesicles and the phagolysosome, thus
providing a possible mechanism by which bactericidal levels of
copper may be delivered into this compartment during infec-
tion (Fig. 1) (79). Consistent with this model, the killing of
E. coli was suppressed in RAW 264.7 macrophages in which
ATP7A expression was silenced, suggesting that copper deliv-
ery to the phagosomal lumen via ATP7A augments its bacteri-
cidal activity (79). Further support for thismodel came from the
finding that a copper-sensitive mutant of E. coli lacking the
CopA copper-exporting P1B-type ATPase was not only killed
more efficiently by RAW 264.7 macrophages compared with
the wild-type strain, but this hypersensitivity was abrogated by
knockdown of ATP7A in macrophages (79). Whether CTR1
and ATP7A play critical roles in killing other bacterial patho-
gens such asM. tuberculosis and S. typhimurium in vitro and in
vivo is the subject of ongoing investigations. However, consis-
tent with a role for ATP7A in immune defense, it is notable that
patients with Menkes disease who lack a functional ATP7A
copper transporter have increased susceptibility to infection of
the bladder and lungs (81–84).

Possible Mechanism of Copper-dependent Bacterial
Killing by Macrophages

Although the above studies shed light on the transporters
underlying copper-dependent killing by macrophages, the
question ofmechanism remains unanswered. It is reasonable to
speculate that the toxic potential of coppermay be exploited by
the macrophage to augment bacterial killing by the respiratory
burst (Fig. 1). The superoxide radical is short-lived in the pha-
gosome and converts to H2O2 non-enzymatically. H2O2 is
highly diffusible and relatively unreactive; however, in the pres-
ence of a reduced transition metal such as Cu(I), H2O2 can
produce, via the Fenton reaction, the highly reactive hydroxyl
radical, which is able to oxidatively damage surrounding mole-
cules encountered (Fig. 1) (85, 86). It is also possible that copper
may indirectly contribute to iron-mediated Fenton chemistry
by releasing iron from labile sites such as iron-sulfur cluster
proteins (10). In these scenarios, it is readily apparent how

bacterial copper detoxification mechanisms might confer
increased survival in the macrophage.
It is worth noting that in some bacteria such as M. tubercu-

losis and S. typhimurium, the presence of copper-containing
superoxide dismutases in the periplasm contributes to viru-
lence by protection against superoxide (24, 25). However,
under conditions in which Cu(I) levels are elevated in the pha-
gosome, one can envisage the activity of these superoxide dis-
mutases as a double-edged sword that contributes toH2O2 pro-
duction and thus Fenton chemistry, which may be exacerbated
by bacterial copper exporters into the periplasm. It will there-
fore be of interest to determine how the function of ATP7A-
mediated copper delivery into the phagosome, as well as bacte-
rial exporters of copper into the periplasmic space, affects the
contribution of SodCproteins to virulence in organisms such as
M. tuberculosis and S. typhimurium.

Future Directions

The antimicrobial properties of copper have played impor-
tant roles in medicine for millennia; however, its role in the
innate immune system is a relatively recent discovery. Accord-
ingly, there are many unanswered questions to be addressed in
the coming years.What is themechanism bywhich copper kills
bacteriawithin themacrophage?Can drugs that are designed to
inhibit copper tolerance proteins of bacterial pathogens give
rise to a new class of antibiotics?What are the transporters and
regulatory mechanisms in the host responsible for systemic
mobilization of copper into the bloodstream during infection,
and does this process play a role in delivering copper to sites of
infection? Does themacrophage use copper against other path-
ogenic agents such as fungi, viruses, helminths, andprotists?Do
other professional phagocytes such as dendritic cells,microglia,
and neutrophils similarly use copper as a weapon against bac-
teria? The answers to such questions will require careful explo-
ration of copper-handling pathways within the host and patho-
gen at the levels of biochemistry, cell biology, and physiology
and how each of these pathways contributes to the struggle to
control this essential yet toxic nutrient at the host-pathogen
interface.
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56. Koyanagi, A., Kuffó, D., Gresely, L., Shenkin, A., and Cuevas, L. E. (2004)
Relationships between serum concentrations of C-reactive protein and
micronutrients in patients with tuberculosis. Ann. Trop. Med. Parasitol.
98, 391–399

57. Srinivas, U., Braconier, J. H., Jeppsson, B., Abdulla, M., Akesson, B., and
Ockerman, P. A. (1988) Trace element alterations in infectious diseases.
Scand. J. Clin. Lab. Invest. 48, 495–500

58. Hällgren, R., Feltelius, N., and Lindh, U. (1987) Redistribution of minerals
and trace elements in chronic inflammation–a study on isolated blood
cells from patients with ankylosing spondylitis. J. Rheumatol. 14, 548–553

59. Conforti, A., Franco, L., Milanino, R., Totorizzo, A., and Velo, G. P. (1983)
Copper metabolism during acute inflammation: studies on liver and se-
rum copper concentrations in normal and inflamed rats. Br. J. Pharmacol.
79, 45–52

60. Seyrek, A., Kocyigit, A., and Erel, O. (2005) Essential trace elements sele-
nium, zinc, copper, and iron concentrations and their related acute-phase
proteins in patients with vivax malaria. Biol. Trace Elem. Res. 106,
107–115

61. Beveridge, S. J., Garrett, I. R.,Whitehouse,M.W., Vernon-Roberts, B., and
Brooks, P. M. (1985) Biodistribution of 64Cu in inflamed rats following
administration of two anti-inflammatory copper complexes. Agents Ac-
tions 17, 104–111

62. Voruganti, V. S., Klein, G. L., Lu, H. X., Thomas, S., Freeland-Graves, J. H.,
and Herndon, D. N. (2005) Impaired zinc and copper status in children
with burn injuries: need to reassess nutritional requirements. Burns 31,
711–716

63. Jones, P. W., Taylor, D. M., Williams, D. R., Finney, M., Iorwerth, A.,
Webster, D., and Harding, K. G. (2001) Using wound fluid analyses to
identify trace element requirements for efficient healing. J. Wound Care
10, 205–208

64. Fox, P. L.,Mukhopadhyay, C., and Ehrenwald, E. (1995) Structure, oxidant
activity, and cardiovascularmechanisms of human ceruloplasmin. Life Sci.
56, 1749–1758

65. Jones, D. G., and Suttle, N. F. (1981) Some effects of copper deficiency on
leukocyte function in sheep and cattle. Res. Vet. Sci. 31, 151–156

66. Boyne, R., and Arthur, J. R. (1981) Effects of selenium and copper defi-
ciency on neutrophil function in cattle. J. Comp. Pathol. 91, 271–276

67. Jones, D. G., and Suttle, N. F. (1983) The effect of copper deficiency on the
resistance of mice to infection with Pasteurella haemolytica. J. Comp.

Pathol. 93, 143–149
68. Crocker, A., Lee, C., Aboko-Cole, G., and Durham, C. (1992) Interaction

of nutrition and infection: effect of copper deficiency on resistance to
Trypanosoma lewisi. J. Natl. Med. Assoc. 84, 697–706

69. Newberne, P. M., Hunt, C. E., and Young, V. R. (1968) The role of diet and
the reticuloendothelial system in the response of rats to Salmonella typhi-
murium infection. Br. J. Exp. Pathol. 49, 448–457

70. Smith, A. D., Botero, S., and Levander, O. A. (2008) Copper deficiency
increases the virulence of amyocarditic and myocarditic strains of cox-
sackievirus B3 in mice. J. Nutr. 138, 849–855

71. Scaletti, R.W., Trammell, D. S., Smith, B. A., andHarmon, R. J. (2003) Role
of dietary copper in enhancing resistance to Escherichia coli mastitis. J.
Dairy Sci. 86, 1240–1249

72. Babu, U., and Failla, M. L. (1990) Respiratory burst and candidacidal ac-
tivity of peritoneal macrophages are impaired in copper-deficient rats. J.
Nutr. 120, 1692–1699

73. Babu, U., and Failla, M. L. (1990) Copper status and function of neutro-
phils are reversibly depressed in marginally and severely copper-deficient
rats. J. Nutr. 120, 1700–1709

74. Torre, P. M., Harmon, R. J., Sordillo, L. M., Boissonneault, G. A., Hemken,
R. W., Trammell, D. S., and Clark, T. W. (1995) Modulation of bovine
mononuclear cell proliferation and cytokine production by dietary copper
insufficiency.. J. Nutr. Immunol. 3, 3–20

75. Wagner, D., Maser, J., Lai, B., Cai, Z., Barry, C. E., 3rd, Höner Zu Bentrup,
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The nuclear lamina is composed mainly of lamins A and C
(A-type lamins) and lamins B1 and B2 (B-type lamins). Dogma
has held that lamins B1 andB2 play unique and essential roles in
the nucleus of every eukaryotic cell. Recent studies have raised
doubts about that view but have uncovered crucial roles for
lamins B1 and B2 in neuronal migration during the develop-
ment of the brain. The relevance of lamins A and C in the brain
remains unclear, but it is intriguing that prelamin A expression
in the brain is low and is regulated by miR-9, a brain-specific
microRNA.

The nuclear lamina, an intermediate filament meshwork
lying beneath the inner nuclear membrane, consists mainly of
four proteins, lamins A, C, B1, and B2. Prelamin A (the precur-
sor to mature lamin A) and lamin C are alternatively spliced
products of LMNA (1), whereas lamins B1 and B2 are products
of independent genes, LMNB1 and LMNB2 (2, 3).

The nuclear lamina provides a structural support for the cell
nucleus and interacts with both the chromatin and inner
nuclear membrane proteins. Those functions (and the associa-
tion of the nuclear lamina with disease) have been covered in
other reviews (4–11). This minireview will focus on a pair of
new discoveries on the biology of nuclear lamins. The first is
that the B-type lamins are critical for neuronal migration in the
developing brain (12–14); the second is that the expression of
lamin A is negligible in mouse brain and that lamin A expres-
sion is regulated by miR-9, a brain-specific microRNA (15).

B-type Lamins

The B-type lamins, lamins B1 and B2, are expressed in nearly
every cell type, starting at the earliest stages of development,
and for that reason alone, they have been considered funda-
mental constituents of the nuclear lamina (6). This view has
been supported by two arguments. First, RNAi inhibition of
LMNB1 and LMNB2 expression in HeLa cells has been
reported to arrest cell growth and lead to apoptosis, whereas
knocking downLMNA expression hadno such effects (16). Sec-

ond, many studies have linked B-type lamins to crucial func-
tions in the cell nucleus. For example, electron microscopy
studies of B-type lamin localization in cultured cells suggested
that these lamins were important for heterochromatin organi-
zation (17). Another group used a dominant-negative lamin B1
mutant to show that B-type lamins are crucial in the organiza-
tion of the mitotic spindle (18). Others have suggested vital
roles for B-type lamins in DNA replication (19), gene transcrip-
tion (20, 21), formation of nucleoli (22), responses to oxidative
stress (23), positioning of chromosomes during interphase (24),
and regulating the cell cycle (25).
The welter of reports suggesting unique and crucial func-

tions for B-type lamins in the cell nucleus almost certainly way-
laid enthusiasm for generating knock-outmousemodels. How-
ever, in 2004, Vergnes et al. (26) created a Lmnb1-deficient
mouse (Lmnb1�/�) with a gene-trap embryonic stem cell clone
(27) that yielded a lamin B1-�geo fusion protein. This fusion
lacked crucial domains of the lamin B1 protein (26) and was
clearly nonfunctional. Lmnb1�/� embryos survived develop-
ment but were small and died shortly after birth, with evidence
of immature lungs, abnormalities in several bones, and a mis-
shapen cranium. There were also multiple abnormalities in
Lmnb1�/� fibroblasts, including misshapen cell nuclei. How-
ever, themost impressive finding in the report by Vergnes et al.
(26) was that mouse embryos actually survived development
without lamin B1 and that many tissues (e.g. skin, liver, heart,
and skeletal muscle) were free of significant pathology.
A subsequent study of Lmnb1�/� fibroblasts by Lammerding

and co-workers (28) showed that lamin B1 is crucial for anchor-
ing the cell nucleus to the cytoskeleton. Using video micros-
copy, they found that the nuclei of Lmnb1�/� fibroblasts, unlike
those of wild-type fibroblasts, actually spin within cells. They
went on to show that the spinning could be reduced by express-
ing certain nesprin isoforms.
Lamins B1 and B2 have a carboxyl-terminal CAAXmotif and

undergo farnesylation and methylation. Cell culture studies
have indicated that these modifications are important (29), but
the physiologic relevance of these modifications remains
uncertain and needs testing with knock-in mouse models.

Discovery of Role for Lamin B2 in Brain Development

In 2010, Coffinier et al. (12) reported a key discovery in the
biology of nuclear lamins: that laminB2 is essential for neuronal
migration in the developing brain. They used gene targeting to
inactivate Lmnb2 (and simultaneously introduce a �-gal
reporter). Lmnb2-deficient embryos (Lmnb2�/�) were normal
in size during development, and the only significant pathology
was in the brain. The cerebral cortexwas small, and the layering
of neuronswas abnormal; the cerebellumwas also small, devoid
of sulci and with abnormal layering of neurons. Like the
Lmnb1�/� mice, the Lmnb2�/� mice died immediately after
birth. However, Lmnb2�/� embryonic fibroblasts grew nor-
mally in culture, were euploid, and had normally shaped cell
nuclei (12).
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The abnormal layering of neurons in the cerebral cortex of
Lmnb2�/� embryos was prominent at embryonic day 16.5
(E16.5)3 and at all subsequent time points (Fig. 1A). Because
these findings were similar to those occurring in mice with
known defects in cortical neuron migration (30–32), the same
authors examined neuronal migration in Lmnb2�/� embryos
with BrdU birth-dating experiments (injecting BrdU at E13.5
and then assessing location of BrdU-positive cells in the brain 5
days later) (12). When embryos are injected with BrdU, neuro-
nal progenitors in the ventricular zone incorporate BrdU into
theirDNA, andbecause these cells no longer divide, BrdU levels
remain constant as the cells migrate to the cortical plate. The
neurons that are born later, which have low levels of BrdU
incorporation, migrate to higher levels in the cortical plate. In
wild-type embryos, the neurons that stained intensely for BrdU
were found in lower portions of the cortical plate, as expected.
In contrast, the most intense BrdU staining in Lmnb2�/�

embryos was observed in the superficial layers of the cortical
plate, suggesting that newer (BrdU-negative) neurons lacked
the ability to migrate to the superficial layers of the cortical
plate (12). When BrdU was injected at E15.5, BrdU staining in
wild-type embryos was intense in the superficial layers of the
cortical plate. In Lmnb2�/� embryos, the BrdU-positive neu-
rons stayed in the lower layers of the cortex, again implying that
they were defective in their ability to migrate to the superficial
layers of the cortex (12).
Defective neuronal migration in Lmnb2�/� embryos was

further supported by immunohistochemical studies with corti-
cal layer-specific markers. In E19.5 wild-type embryos, newer
NeuN-positive neurons migrated past Ctip2-positive neurons
(cortical layers V and VI) into the superficial layers of the cor-
tex. However, in Lmnb2�/� embryos, many NeuN-positive
neurons accumulated in the lower levels of the cortex (below
cortical layers V and VI). Also, in Lmnb2�/� embryos, FoxP1-
positive neurons accumulated in the lower levels of the cortical
plate and never reached their appropriate position in layers
III–V of the cortex. Recently, another group generated
Lmnb2�/� mice, performed similar types of BrdU labeling and

immunohistochemical studies outlined earlier (12), and con-
firmed the involvement of lamin B2 in neuronal migration (33).
The discovery by Coffinier et al. (12) of defective glial-di-

rected neuronal migration in Lmnb2�/� embryos might seem
surprising. However, the authors argued that the role of lamin
B2 in neuronal migration makes perfect sense, given that this
developmental process is utterly dependent on the cell’s ability
tomove the cell nucleus (34). The initial step in themigration of
neurons to the cortical plate is movement of a centrosome into
the leading process of the cell. The next step is for cytoplasmic
motors (acting alongmicrotubules) to pull the nucleus forward
toward the centrosome. Finally, once the nucleus has been
translocated, the trailing process of the cell is remodeled, and
the net effect is to move the cell forward (Fig. 2, left) (34).
Repeated cycles of this process make it possible for neurons to
traverse long distances and reach the proper layer in the cortical
plate (34). The cytoplasmic proteins involved in nuclear trans-
location and neuronalmigration, e.g. LIS1, had been studied for
years (31, 35, 36), but the nuclear proteins involved in this pro-
cess had remained mysterious. The studies by Coffinier et al.
(12) showed, for the first time, that B-type lamins play a crucial
role in this process. As discussed further below, the most par-
simonious model is that cytoplasmic motors tug on proteins
that interact with the nuclear lamina.
The discovery of lamin B2 involvement in mammalian neu-

ronal migration (12) had been foreshadowed by a study inDro-
sophila. Patterson et al. (37) showed that theDrosophila B-type
lamin was involved in the migration of photoreceptor nuclei in
the formation of the eye. In their study, they speculated that the
Drosophila findings might be relevant to the pathogenesis of
LMNA diseases in humans (e.g. muscular dystrophy and
cardiomyopathy).
The nuclear lamina is located within the nucleus, separated

from the cytoplasmby the nuclearmembrane. Inmammals, the
interaction of the B-type lamins and the cytoplasmicmachinery
for nucleokinesis almost certainly involves nuclear envelope-
spanning complexes of SUN and KASH domain proteins (14).
Interestingly, Zhang et al. (38) showed that the loss of both

3 The abbreviations used are: E, embryonic day; HGPS, Hutchinson-Gilford
progeria syndrome.

FIGURE 1. Abnormal brain development in Lmnb1 and Lmnb2 knock-out
mice. Shown is the hematoxylin and eosin staining of cerebral cortex sections
from newborn WT and Lmnb1 knock-out (Lmnb1�/�) mice (A) and from WT
and Lmnb2 knock-out (Lmnb2�/�) embryos at E18.5 (B). Roman numerals indi-
cate the positions of the cortical layers. MZ, marginal zone; CP, cortical plate;
IZ, intermediate zone; VZ, ventricular zone. This figure was reproduced, with
permission, from Refs. 12 and 13).

FIGURE 2. Model explaining the neuronal migration defects in Lmnb1�/�

and Lmnb2�/� neurons. In wild-type neurons (left), the cell nucleus is pulled
toward the centrosome (yellow) in the leading edge of the cell by a network of
microtubules (gray) and cytoplasmic dynein motors. With a full complement
of nuclear lamins, the nuclear envelope of wild-type cells maintains its integ-
rity in the face of the deformational forces that occur during nuclear translo-
cation and neuronal migration. In Lmnb1�/� embryos (middle), many neu-
rons contain a large solitary bleb and an asymmetric distribution of lamin B2
around the bleb (blue). These morphological abnormalities might be caused,
at least in part, by the deformational forces associated with neuronal migra-
tion, adversely affecting neuronal migration. In Lmnb2�/� embryos (right),
many neurons in the cortical plate contain stretched out comet-shaped
nuclei (with lamin B1 being evenly distributed). It is tempting to speculate
that the loss of lamin B2 impairs the structural integrity of the nuclear lamina,
rendering nuclei more susceptible to being stretched out during nuclear
translocation, stalling neuronal migration.
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SUN1 and SUN2 or the deletion of the KASH domain proteins
Syne-1/Nesprin-1 and Syne-2/Nesprin-2 resulted in defective
neuronal migration in the developing brain.

Discovery of Role for Lamin B1 in Brain Development

In the initial publication on Lmnb2 knock-out mice (12) and
in a subsequent commentary (14), we suggested that lamin B1
might also be important for brain development. This prediction
was borne out. In 2011, we reported that Lmnb1�/� embryos
have severe defects in neuronal migration and abnormal layer-
ing of neurons in the brain (Fig. 1) and that they also have a
defect in neuronal survival (13). At E15.5 and E17.5, the cortical
plate in Lmnb1�/� embryos was abnormally thin. Immunohis-
tochemical studies of E16.5 Lmnb1�/� embryos with antibodies
against Otx1 (a marker of cortical layers V and VI) and TBR1 (a
marker of cortical layer IV) revealed that many neurons
expressing thosemarkers were in aberrant locations (13). BrdU
birth-dating experiments on Lmnb1�/� embryos were also per-
formed, and the distribution of BrdU-positive cells in the brain
was markedly abnormal. In wild-type mice, neurons born at
E13.5 were found in layer V of the cortical plate, whereas in
Lmnb1�/� embryos, those neurons were scattered throughout
the cortical plate. Later, another group, using another line of
Lmnb1 knock-out mice, performed similar types of studies and
confirmed the involvement of lamin B1 in neuronal migration
(33).
The neuropathology in Lmnb1�/� embryos was more severe

than inLmnb2�/� embryos. Bothmice haddefective layering of
neurons in the brain, but the overall cellularity of the cerebral
cortex was reduced to a greater degree in Lmnb1�/� embryos
(13). The numbers of neuronal progenitors were significantly
reduced in Lmnb1�/� brains, and there were also more apopto-
tic cells. Why a deficiency of lamin B1 leads to more severe
neuropathology in Lmnb1�/� mice is unclear, but one possibil-
ity is simply differences in the expression of the two lamins. As
judged by �-galactosidase staining studies (13), Lmnb1 appears
to be expressed at much higher levels throughout the cerebral
cortex. However, that is probably not the only explanation, and
at this point, it is unclear whether lamins B1 and B2 play unique
or partially redundant functions in the brain. Ultimately, this
issue needs to be addressed with reciprocal knock-in experi-
ments (i.e. knocking Lmnb1 into the Lmnb2 locus and vice
versa).

Insights into Defective Neuronal Migration in Lmnb2�/�

and Lmnb1�/� Embryos

Why would deficiencies of B-type lamins impair neuronal
migration? One potential model, proposed in our study on
lamin B2 knock-outmice (12), is that defective neuronalmigra-
tion could be caused by reduced integrity of the nuclear lamina,
thereby interfering with nucleokinesis. According to this
model, “tugging” on the cell nucleus during neuronal migration
might deform the cell nucleus rather than moving it forward in
the direction of the leading process of the cell (Fig. 2). Our
recent studies have been consistent with this model (13). In the
cortical plate of Lmnb2�/� embryos, we found many neurons
with “stretched out” (comet-shaped) nuclei (Fig. 3A) (13). In
Lmnb1�/� embryos, many cortical neurons contained a single

solitary bleb, and lamin B2 was asymmetrically distributed (Fig.
3A) (13). It seems possible that these morphological abnormal-
ities could be due, at least in part, to the deformational stresses
associated with nucleokinesis during neuronal migration.

Lamins B1 and B2 Are Dispensable in Some Cell Types

Numerous studies had implicated the B-type lamins in all
manner of vital functions in the cell nucleus, including the for-
mation of the mitotic spindle and DNA replication. For these
reasons, few would have predicted that mammalian cells would
be able to survive in the absence of both B-type lamins. To test
this idea, Yang et al. (39) created conditional knock-out alleles
for both genes (Lmnb1fl and Lmnb2fl) and used a keratin 14-Cre
transgene (40, 41) to create mice lacking both Lmnb1 and
Lmnb2 in skin keratinocytes. They chose to create keratino-
cyte-specific knock-out mice because those cells proliferate
rapidly and are involved in very complex developmental pro-
grams, processes that would surely be affected if B-type lamins
played truly unique and essential functions in the cell nucleus.
The conditional knock-out alleles and the keratin 14-Cre trans-
gene worked as planned, completely abolishing Lmnb1 and
Lmnb2 expression in skin keratinocytes (39). Remarkably, the
loss of both lamins B1 and B2 in skin keratinocytes caused no
pathology in skin, hair, or nails, as judged by histology, immu-
nofluorescence microscopy, and electron microscopy. Of note,
the proliferation of skin keratinocytes was unaffected (39). The
loss of both B-type lamins did not lead to aneuploidy, nor did it
elicit misshapen cell nuclei in keratinocytes within skin biop-
sies. However, when the double knock-out skin keratinocytes

FIGURE 3. Further evidence of abnormal brain development in Lmnb1
and Lmnb2 knock-out mice. A, immunostaining of cerebral cortex from WT
and Lmnb1�/� embryos and from WT and Lmnb2�/� embryos at E16.5 with an
antibody against Lap2� (red). Arrowheads indicate nuclear shape abnormali-
ties: nuclear blebs and asymmetric distribution of lamin B2 in Lmnb1�/� neu-
rons (with much of lamin B2 located within the solitary nuclear blebs) and
elongated comet-shaped nuclei in Lmnb2�/� neurons. DNA was stained with
DAPI (blue). Scale bars � 25 �m. B, hematoxylin and eosin staining of sagittal
brain sections from Emx1-Cre Lmnb1fl/fl, Emx1-Cre Lmnb2fl/fl, and Emx1-Cre
Lmnb1fl/fl Lmnb2fl/fl mice, along with a control mouse (Emx1-Cre Lmnb1fl/�).
Brackets indicate the length of the cortex. ctx, cortex; hi, hippocampus; mb,
midbrain; cer, cerebellum; ob, olfactory bulb; th, thalamus; hy, hypothalamus;
po, pons; me, medulla; st, striatum. The figure was reproduced, with permis-
sion, from Ref. 13.
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were grown on plastic plates, the frequency of nuclear blebswas
increased (39).
The dispensability of B-type lamins was not a peculiarity of

skin keratinocytes. Yang et al. (42) generatedmice lacking both
lamins B1 and B2 in liver hepatocytes. The absence of both
B-type lamins had no apparent effect on liver development or
liver histology, and the liver function tests were invariably nor-
mal. Nomisshapen nuclei were detected in the livers of Lmnb1/
Lmnb2-deficient hepatocytes, although once again, the fre-
quency of nuclear blebs was increased in hepatocytes plated on
plastic dishes. The dispensability of B-type lamins in keratino-
cytes and hepatocytes challenges the notion that B-type lamins
haveunique and essential functions in the nucleus of all eukary-
otic cells.

Consequences of Combined Lamin B1/Lamin B2
Deficiency in Adult Brain

To define the impact of deficiencies in lamin B1, lamin B2, or
both in the adult brain, we also used conditional knock-out
alleles in combination with the Emx1-Cre transgene to create
forebrain-specific Lmnb1, Lmnb2, and combined Lmnb1/
Lmnb2 knock-out mice (13). Each of the three forebrain-spe-
cific knock-out models exhibited neuronal migration and cor-
tical layering defects similar to those in Lmnb2�/� and
Lmnb1�/� embryos.However, unlikeLmnb2�/� andLmnb1�/�

mice, the forebrain-specific Lmnb1, Lmnb2, and Lmnb1/
Lmnb2 knock-out mice were viable and appeared grossly nor-
mal, except that the cranium was slightly smaller than normal.
The forebrain in the forebrain-specific Lmnb2 knock-out mice
was quite small, and itwas even smaller in the forebrain-specific
Lmnb1 knock-outmice (Fig. 3B). In bothmice, the cellularity of
the forebrain wasmarkedly reduced (to a greater degree than in
newborn Lmnb2�/� and Lmnb1�/� mice), suggesting that the
loss of even one of the B-type lamins compromises the survival
of neurons.
Amore severe phenotype, complete atrophy of the forebrain,

was observed in adult forebrain-specific Lmnb1/Lmnb2 double
knock-out mice (Fig. 3B). Of note, no viable Lmnb1/Lmnb2-
deficient neurons could be found in the forebrains of these
mice. Thus, in contrast to the situation with Lmnb1/Lmnb2-
deficient keratinocytes and hepatocytes, the loss of both B-type
lamins in the forebrain is incompatible with neuronal survival.
Later, another group bred mice homozygous for conventional
knock-out mutations in both Lmnb1 and Lmnb2 (33). As
expected, the double knock-out mice, like single knock-out
mice, died at birth with severe neurodevelopmental defects.
Why are the B-type lamins seemingly dispensable in kerati-

nocytes and hepatocytes but so crucial for survival of neurons?
The answer to this question is not known with certainty, but
Coffinier et al. (13) and Yang et al. (39, 42) have suggested that
the explanation could relate to the fact that Lmna expression is
robust in peripheral tissues such as skin and liver but negligible
in the developing brain (13, 43). Thus, laminsA andCmaybe all
that is needed for the vitality of peripheral cell types, whereas
the absence of lamins A and C in the developing brain renders
Lmnb1 and Lmnb2 expression essential. Circumstantial evi-
dence leads credence to this notion. In the cortical neurons of
forebrain-specific Lmnb1 knock-out embryos, there is a very

high frequency of misshapen nuclei, but misshapen nuclei are
largely absent in the cortical neurons of adult forebrain-specific
Lmnb1 knock-out mice, when Lmna is expressed at high levels.
Interestingly, misshapen cell nuclei were still observed in the
dentate gyrus of those mice, a site where Lmna expression is
low.

Relevance of B-type Lamins to Human Disease

To date, the only link of B-type lamins to human disease has
been the discovery that an adult-onset autosomal-dominant
leukodystrophy can be caused by LMNB1 duplications (44–
47). The discovery of neurodevelopmental abnormalities in
Lmnb2�/� and Lmnb1�/� mice (12, 13) raises the possibility
that LMNB1 and LMNB2 mutations in humans could lead to
similar abnormalities. No loss-of-function mutations in
LMNB1 and LMNB2 have been uncovered thus far, but we pre-
dict that, sooner or later, defects in lamins B1 and B2 will be
identified in human fetuses with neurodevelopmental abnor-
malities. Also, because defective neuronal migration has been
implicated in milder neurological diseases, e.g. epilepsy, it
seems possible that LMNB1 and/or LMNB2 mutations might
be uncovered in outpatients of neurology clinics, particularly
with whole-exome and whole-genome sequencing becoming
more common.

A-type Lamins

Lamins A and C, the A-type lamins, have attracted consider-
able scrutiny because these proteins have been linked to multi-
ple diseases, mainly cardiomyopathy and muscular dystrophy,
but also adult-onset partial lipodystrophy, peripheral neuropa-
thy, mandibuloacral dysplasia, and Hutchinson-Gilford proge-
ria syndrome (HGPS) (5). Gene expression and cell biological
abnormalities underlying several “LMNA diseases” have been
uncovered (48–54); however, the mechanisms by which spe-
cific structural alterations inA-type lamins cause one particular
disease and not another are poorly understood.
Prelamin A and lamin C are identical through their first 566

amino acids, but then their sequences diverge (1). LaminC (562
amino acids) terminates with exon 10 sequences and has six
unique amino acids at its carboxyl terminus; prelamin A (664
amino acids) terminates with exon 12 sequences and has 98
unique amino acids at its carboxyl terminus (1). LaminsA andC
are expressed at very low levels early in embryonic development
but are expressed at high levels in most differentiated cells (13,
43). This expression pattern, combined with the fact that Lmna
knock-out mice have little or no pathology at birth but later die
from cardiomyopathy and muscular dystrophy (55), has fos-
tered the view that laminsA andChave specialized functions in
differentiated cells but are not important for development (6).
Prelamin A terminates with a CAAXmotif, triggering farne-

sylation of the carboxyl-terminal cysteine, release of the final
three amino acids of the protein, and methylation of the newly
exposed farnesylcysteine (10, 11, 56, 57). In a final post-trans-
lational processing step, the terminal 15 amino acids, including
the farnesylcysteine methyl ester, are clipped off by ZMP-
STE24, releasing mature lamin A (58–60). Thus, mature lamin
A lacks a farnesyl lipid anchor. Lamin C does not have a CAAX
motif and is never farnesylated in the first place (1).

MINIREVIEW: Recent Insights into Nuclear Lamin Functions

16106 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 20 • MAY 11, 2012



Why mammals synthesize both prelamin A and lamin C,
rather than just one of the isoforms, is unclear. To gain insights
into that issue, Lmna knock-in mice that synthesize exclusively
laminC or exclusively prelaminAwere generated by Fong et al.
(61) and Davies et al. (62). Both “lamin C-only” and “prelamin
A-only” mice were fertile, healthy, and free of pathology. Thus,
the unique functions for the two protein isoforms are still
unclear. However, given that lamins A and C are conserved in
mammalian evolution, we suspect that, with persistence and
the ideal assays, unique functions for the two different proteins
will eventually be uncovered.
The physiologic importance of prelamin A processing also

remains unclear. To gain insights into this topic, our group
created Lmna knock-in mice that produce exclusively mature
lamin A (by introducing a stop codon after the last amino acid
of laminA) (63). Thesemice (“laminA-only”mice) produce the
mature form of lamin A directly, bypassing prelamin A synthe-
sis and processing. The lamin A-onlymice were healthy, fertile,
and free of pathology. The farnesylation of prelamin A was
assumed to be important for the targeting of mature lamin A to
the inner nuclear membrane; however, the mature lamin A in
lamin A-only mice was positioned normally at the nuclear rim,
indistinguishable from mature lamin A in wild-type mice (63).
In related studies, Davies et al. (62) generated Lmna knock-in
mice expressing full-length non-farnesylated prelamin A and
found that it also reached the nuclear rim in a normal fashion,
indistinguishable from lamin A in wild-type mice.

Prelamin A Farnesylation and Disease

Recently, the post-translational processing of the carboxyl
terminus of prelamin A has attracted considerable attention
(10, 29, 57, 64, 65). When ZMPSTE24 is absent, the final endo-
proteolytic cleavage step does not occur, leading to an accumu-
lation of farnesyl-prelamin A (59, 60). The farnesyl-prelamin A
is targeted to the nuclear lamina and accounts for a number of
disease phenotypes resembling those in progeria (e.g. slow
growth, osteolytic lesions, alopecia, and loss of adipose tissue).
Complete loss of ZMPSTE24 in humans causes restrictive der-
mopathy, a perinatal-lethal progeroid disorder. HGPS, a pedi-
atric progeroid syndrome, is caused by an accumulation of a
mutant farnesyl-prelamin A (called progerin) that cannot
undergo the final ZMPSTE24 processing step that would nor-
mally release mature lamin A (66). The production of progerin
elicits multisystem disease phenotypes resembling premature
aging (e.g. atherosclerosis and osteoporosis). In mouse models
of HGPS, the disease phenotypes can be ameliorated by inhib-
iting protein farnesylation (67–72).

Regulation of Prelamin A in Brain by Brain-specific
MicroRNA

Progerin, the mutant prelamin A in HGPS, causes devastat-
ing disease involving multiple tissues, but affected patients are
spared from senile dementia and neurodegenerative disease.
Why HGPS leads to disease in some tissues but not others has
been a mystery. However, in a recent study, Jung et al. (15)
proposed a simple explanation: that the brain might synthesize
mainly lamin C and little of the other splice isoform, prelamin
A. Indeed, this is the case, at least in the laboratory mouse. In

most peripheral tissues, lamins A and C are found in roughly
similar amounts, but the situation is quite different in the brain
(Fig. 4A). Lamin C is abundant in neurons and glial cells of the
brain, whereas lamin A is restricted to vascular endothelial and
meningeal cells (15).
The distinct expression pattern of lamins A and C in the

brain is not due to alternative splicing. In lamin A-only
knock-inmice (in which alternative splicing is absent, and all of
the output of the Lmna gene is channeled into prelaminA tran-

FIGURE 4. Distinct expression patterns of lamins A and C in mouse brain
and down-regulation of lamin A expression by miR-9, a brain-specific
microRNA. A, Western blot of tissue extracts from a wild-type (Lmna�/�)
mouse and a mouse model of HGPS (LmnanHG/�). Lamins A and C are
expressed highly in wild-type mouse liver, heart, and kidney, but the cerebel-
lum and cortex express mainly lamin C, with negligible amounts of lamin A.
LmnanHG/� mice, which have one wild-type Lmna allele and one yielding
progerin (the truncated prelamin A in HGPS), express large amounts of lamin
A and progerin in the liver, heart, and kidney. However, those proteins are
virtually absent in the cerebellum and cortex. B, reduced expression of lamin
A in HeLa cells after transient transfection with an miR-9/enhanced GFP
(eGFP) expression vector (note the reduced lamin A expression in GFP-posi-
tive cells; arrowheads). Lamin C expression was unaffected by miR-9 expres-
sion. C, schematic of the differential regulation of lamins A and C in peripheral
tissues and in the brain. In peripheral tissues, such as liver, kidney, and heart,
the pre-mRNA for prelamin A undergoes alternative splicing to form prelamin
A and lamin C transcripts. The levels of miR-9 expression in those tissues are
negligible; hence, the levels of prelamin A transcripts remain high, and lamins
A and C are produced in roughly similar amounts. In contrast, the brain
expresses high levels of miR-9 (blue), which binds to the 3�-UTR of prelamin A
(purple) and down-regulates prelamin A expression. Lamin C expression is
unaffected (lamin C transcripts have a distinct 3�-UTR; green). As a result of
miR-9 regulation, the predominant cell types in the brain (neurons and glia)
express mainly lamin C and only negligible amounts of lamin A (15). However,
lamin A expression can be detected in capillary endothelial cells and menin-
geal cells in the brain (15). The finding of very low levels of lamin A in lamin
A-only knock-in mice and the low levels of progerin in progerin-only knock-in
mice demonstrated that alternative mRNA splicing cannot explain the low
levels of prelamin A transcripts and lamin A protein in the brains of wild-type
mice (15). The regulation of prelamin A levels by miR-9 makes it difficult to
assess prelamin A/lamin C splicing in the brain (hence the question mark in the
figure with respect to alternative splicing in the brain). Although Jung et al.
(15) have shown that miR-9 participates in the regulation of prelamin A/lamin
A in the brain, the possibility that other mechanisms also participate in the
regulation has not been excluded. A and B were reproduced, with permission,
from Ref. 15.
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scripts), lamin A expression in the brain was still extremely low
(63). Also, in “progerin-only” knock-in mice (71), the expres-
sion of progerin in the brain was very low (Fig. 4A) (15). Jung et
al. (15) went on to show that low levels of prelaminA and lamin
A expression in the brain are due to a brain-specificmicroRNA,
miR-9, which binds to the 3�-UTR of prelamin A (Fig. 4).When
miR-9 is expressed in HeLa cells and cultured fibroblasts, the
expression of prelamin A transcripts and lamin A protein is
reduced (Fig. 4B), whereas lamin A expression in neurons is
increased whenmiR-9 expression is inhibited with an antisense
oligonucleotide (15). Mutating the miR-9 seed-binding
sequences in the 3�-UTR of prelamin A abolishes the ability of
miR-9 to reduce prelamin A expression levels. The expression
of laminC (which has a distinct 3�-UTR) is unaffected bymiR-9
expression (15).
Prelamin A regulation in peripheral tissues and brain is

depicted in Fig. 4C. ThemiR-9 regulation of prelaminA expres-
sion in the brain could explain why the brain is spared in chil-
dren with HGPS and in mouse models of HGPS (69, 71).
Whether additional factors, aside from miR-9, contribute to
prelamin A regulation in the brain has not been excluded, but
this issue could easily be further investigated by creating Lmna
knock-in mice with a mutation in the miR-9-binding site in the
3�-UTR of prelamin A.
At this point, the “physiologic rationale” for low levels of

prelaminA expression in the brain is unknown; no one knows if
the expression of laminA, rather than laminC, would adversely
affect neurons or glia in the brain. Once again, appropriate
knock-in models could help to address this issue.
In addition to providing a new window into nuclear lamin

biology, the studies by Jung et al. (15) suggest a potential avenue
for treating prelamin A-related progeroid disorders. The brain
synthesizes little prelamin A/lamin A and is unaffected by
prelamin A progeroid disorders. What the brain achieves with
miR-9 (i.e. down-regulating prelamin A expression) would be
desirable for the tissues affected by disease. Thus, down-regu-
lating prelamin A expression in peripheral tissues with an anti-
sense oligonucleotide, as was suggested by Fong et al. (61),
could prove useful for treating patientswith prelaminA-related
progeroid disorders.
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Signaling by the Hedgehog (Hh) family of secreted proteins is
essential for proper embryonic patterning and development.
Dysregulation of Hh signaling is associated with a variety of
human diseases ranging from developmental disorders such as
holoprosencephaly to certain forms of cancer, including
medulloblastoma and basal cell carcinoma. Genetic studies in
flies and mice have shaped our understanding of Hh signaling
and revealed that nearly all core components of the pathway are
highly conserved. Although many aspects of theDrosophilaHh
pathway are conserved in vertebrates, mechanistic differences
between the two species have begun to emerge. Perhaps the
most striking divergence in vertebrate Hh signaling is its
dependence on the primary cilium, a vestigial organelle that is
largely absent in flies. This minireview will provide an overview
of Hh signaling and present recent insights into vertebrate Hh
secretion, receptor binding, and signal transduction.

Originally discovered for its role in Drosophila embryonic
patterning, the Hedgehog (Hh) pathway is among a handful of
signaling pathways governing the development of multicellular
organisms. Hh signaling is essential for the development of
nearly every organ system in vertebrates, from patterning the
neural tube and limbs to regulating lung morphogenesis and
hair follicle formation (1). Although the Drosophila genome
encodes a single hh gene, vertebrates harbor between three
(Sonic hedgehog (Shh), Desert hedgehog (Dhh), and Indian
hedgehog (Ihh) in birds and mammals) and six (Shh, Dhh, and
Ihh plus Tiggywinkle hedgehog (Twhh), Echidna hedgehog
(Ehh), andQiqihar hedgehog (Qhh) in fish) homologs, differing
primarily in tissue distribution (2). In vertebrates, Shh is
expressed throughout the developing nervous system and in
many epithelial tissues, Ihh functions primarily in bone devel-
opment, and Dhh expression is limited to the peripheral nerv-
ous system and reproductive organs (1). As a result of its wide-
spread expression, much of what is known about vertebrate Hh
signaling stems from work on Shh. All Hh ligands undergo a
similar series of processing events that result in the covalent
attachment of two lipid moieties and are essential for proper
signaling activity and tissue distribution (Fig. 1). Secreted Hh
ligands interact with Patched (Ptc)-coreceptor complexes on
the surface of responding cells, relieving Ptc-mediated inhibi-
tion of the signal transducer Smoothened (Smo) (see Fig. 4).
Activated Smo prevents the processing of full-length Gli tran-

scription factors (Gli-FL)2 into transcriptional repressors
(Gli-R) so as to allow Gli-FL to activate the transcription of Hh
target genes. Thus, the relative abundance ofGli transcriptional
activators and inhibitors ultimately regulates the transcription
of Hh target genes.
Although many aspects of Drosophila Hh signaling are con-

served in vertebrates, vertebrate Hh signal transduction differs
in its requirement for the primary cilium. Primary cilia are slim,
microtubule-based, non-motile structures that project from
the surface of nearly all vertebrate cells but are conspicuously
absent in most Drosophila cell types (3). The assembly and
maintenance of primary cilia require intraflagellar transport
(IFT) proteins, and several members of the IFT family are
essential for proper vertebrate Hh signaling (3, 4). Mutations in
components of the kinesin-driven IFT-B complex, whichmedi-
ates the anterograde transport ofmolecules from the base of the
cilium to the tip, lead to a complete loss of Hh signaling (3). In
contrast, mutations in members of the dynein-driven IFT-A
complex, which controls retrograde transport, lead to aberrant
Hh pathway activation (3). Nonetheless, it is not currently
known whether IFT-A and IFT-B complexes interact directly
with Hh pathway components to control their localization and
activity or if, instead, these complexes facilitate Hh signaling
simply by maintaining proper ciliary architecture. Indeed,
recent genetic studies suggest that the primary cilium may
function primarily as a scaffold for Hh signaling, arguing
against a direct role for IFT proteins in regulating the move-
ment of Hh pathway components (5).
In this minireview, we provide an overview of Hh production

and cytosolic signaling in vertebrates (for excellent reviews of
Drosophila Hh signaling, see Refs. 2 and 6). We discuss recent
insights into ligand release, receptor binding, and signal trans-
duction and attempt to incorporate these findings into existing
models of Hh signaling. Additionally, we present remaining
questions regarding Hh secretion and signal transduction that
warrant further investigation.

Hedgehog Processing and Release

The signaling activity of Hh ligands is intimately linked to a
complex sequence of post-translational modifications ulti-
mately resulting in the covalent attachment of two lipid moi-
eties, one at each terminus (Fig. 1). Following translation, the
Hh precursor peptide (�45 kDa in size) translocates into the
endoplasmic reticulum lumen, where it undergoes a cholester-
ol-dependent autocatalytic cleavage to generate a 19-kDa cho-
lesterol-modified N-terminal peptide fragment and a 25-kDa
C-terminal fragment (Fig. 1). This cleavage reaction occurs in
two steps. In the first step, the free thiol of Cys-198 (human
SHH) acts as a nucleophile, attacking the carbonyl carbon of the

1 To whom correspondence should be addressed. E-mail: chin.chiang@
vanderbilt.edu.

2 The abbreviations used are: Gli-FL, full-length Gli; Gli-R, Gli repressor; Gli-A,
Gli activator; IFT, intraflagellar transport; HS, heparin sulfate; FnIII, fibronec-
tin type III; PI4P, phosphatidylinositol 4-phosphate; PKA, protein kinase A;
GSK3�, glycogen synthase kinase 3�; CK1�, casein kinase 1�; GRK2, G pro-
tein-coupled receptor kinase 2; �TrCP, �-transducin repeat-containing E3
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preceding glycine residue and generating a thioester interme-
diate (7–10). In the second step, this thioester intermediate is
subjected to nucleophilic attack by the 3�-hydroxyl group of
cholesterol, generating a cholesterol-modifiedN-terminal frag-
ment (Hh-N) and displacing the C-terminal fragment (Hh-C).
Although Cys-198 has long been recognized for its role in auto-
catalytic cleavage, a second conserved cysteine, Cys-363, is also
required for cleavage, forming a disulfide bond with Cys-198
that likely facilitates protein folding and the reduction of which
generates the reactive thiol required for cleavage (11). As such,
mutating either cysteine residue prevents autoproteolysis ofHh
precursors (11). Although processing-deficient full-length
forms of Shh are able to illicit juxtacrine signaling in cell-based
assays (12), the significance of this finding remains enigmatic,
as Shh is found exclusively in its cleaved form during embryo-
genesis (13). Indeed, mutations disrupting the cleavage of full-
length Hh peptides have been linked to developmental disor-
ders such as holoprosencephaly (14, 15).

All of the signaling properties of Hh proteins reside within
the N-terminal fragment. The C-terminal fragment undergoes
endoplasmic reticulum-associated degradation, a process that
requires the lectins OS-9 and XTP3, the ubiquitin ligase Hrd1
and its partner Sel1, and the p97 ATPase (Fig. 1) (11). Hh-N is
subjected to a second covalent modification by Hh acyltrans-
ferase (Hhat)/Skinny hedgehog (Ski), which catalyzes the
attachment of palmitate to the free amino group of the N-ter-
minal cysteine (16–18). Thus, Hh-N has two covalently
attached lipid moieties: cholesterol at its C-terminal end and
palmitate at its N-terminal end.
One unique feature of Hh proteins is their capacity to travel

very long distances, up to 300 �m in vertebrate limb, to reach
their targets. The release and long-range signaling of cholester-
ol- and palmitate-modified Hh-N (hereafter referred to as Hh)
require the activity of Dispatched (Disp), a 12-pass transmem-
brane protein belonging to the RND family of bacterial trans-
porters (13, 19–21). Although mice and flies deficient in Disp
synthesize Hh properly, Hh accumulates in producing cells,
able to activate the pathway in neighboring cells but not com-
petent for long-range signaling (19, 20, 22–24). Although the
Hh-distributing function of murine Disp requires two pre-
sumptive proton-binding domains in transmembrane domains
4 and 10, little else is known about how Disp facilitates Hh
secretion and long-range signaling (20). Recent studies of Dro-
sophila imaginal discs indicate that Hh and Disp co-localize
within endocytic vesicles and suggest that Disp may traffic Hh
to the basolateral membrane, where it is released (24).Whether
or not the trafficking function of Disp is coupled to its Hh-
releasing function or if these two activities are distinct remains
to be shown, and additional studies are needed to determine
whether the trafficking function of Disp is conserved in
vertebrates.

Lipid Modifications Regulate Activity and Distribution of
Hedgehog

Genetic studies in flies andmice indicate that cholesterol and
palmitate are essential for the proper activity and distribution
of Hh ligands. The C-terminal cholesterol moiety is required
for the formation of multimeric Hh complexes, which are
thought to be the biologically relevant form of the morphogen
(25–27). In cells expressing a truncated form of Hh that cannot
be cholesterol-modified,Hhproteins are secreted asmonomers
in a Disp-independent manner (19, 23, 28). Although the pro-
cess by which cholesterol mediates multimerization remains
uncertain, one possibility is that by tetheringHh proteins to the
membrane, the cholesterolmoiety concentratesHhwithin spe-
cific microdomains such as lipid rafts and promotes electro-
static interactions between Hh monomers (29–31). Cholester-
ol-mediated clustering may also promote interactions between
Hh and other membrane-associated molecules such as heparin
sulfate (HS) proteoglycans, whose HS moieties are known to
interact with positively charged residues within a conserved
Cardin-Weintraub motif present in all Hh proteins (Fig. 2) (26,
27, 30, 31). In Drosophila, the HS-containing glypicans Dally
and Dally-like interact with both Hh and the hemolymph-de-
rived lipoprotein lipophorin, leading to the formation of soluble
lipoprotein complexes thatmediate patterning in thewing ima-

FIGURE 1. Hh processing and release. Hh precursor peptides 45 kDa in size
undergo a cholesterol-dependent autocatalytic cleavage in the endoplasmic
reticulum to generate a cholesterol-modified N-terminal fragment (Hh-N,
denoted by N) and a 25-kDa C-terminal fragment (Hh-C, denoted by C). Hh-C
is recognized by the lectins OS-9 and XTP3 and ubiquitylated by the ubiquitin
ligase Hrd1 and its partner Sel1. Ubiquitylated Hh-C is moved into the cytosol
by the p97 ATPase and subsequently degraded by the proteasome. Choles-
terol-modified Hh-N enters the secretory pathway, where the acyltransferase
Hhat catalyzes the covalent attachment of palmitate to the N-terminal cys-
teine. Dually lipidated Hh is targeted to the cell membrane, where cholesterol
facilitates the assembly of multimeric Hh complexes possibly by tethering Hh
to the membrane and promoting interactions with HS proteoglycans (HSPG).
Prior to its release, N- and C-terminal peptides may be cleaved by membrane-
proximal proteases such as those belonging to the ADAM family, resulting in
the removal of both lipid moieties. The 12-pass transmembrane protein Disp
facilitates the release of Hh multimers into the extracellular environment,
although the mechanistic details of this process are not well understood. Ub,
ubiquitin.
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ginal disc (27, 32). Although the addition of HS is sufficient to
induce dimerization of non-cholesterol-modified Shh in vitro,
the composition of vertebrate Hh multimers remains unchar-
acterized (30).
In addition to its role in multimerization, cholesterol also

regulates the distribution of Hh ligands (23, 33, 34). Although
there have been conflicting reports regarding how cholesterol
affects Hh distribution, the majority of data are in agreement
with a role for cholesterol in restricting the spread ofHh ligands
(23, 33, 35, 36). Nonetheless, the mechanism by which choles-
terol limits the distribution of Hh remains unclear, and the
increased range of non-cholesterol-modified Hh ligands may
be secondary to loss of multimerization or Disp-mediated
release. Such an indirect role for cholesterol in regulating Hh
distribution is supported by the finding that, in Drosophila, a
cholesterol-modified form of Hh that cannot multimerize (due
to aK132Dmutation) has a restricted distribution and signaling
range (Fig. 2) (26). Additionally, recent work in vertebrate cell
lines suggests that the cholesterol moiety of Shh is removed by
membrane-proximal proteases prior to its release (30). Taken
together, these data indicate that the role of cholesterol in
determining the range of Hh signaling may not be straightfor-
ward and warrants further investigation.
Whereas non-cholesterol-modified Hh ligands maintain

some of their signaling capacity, loss of palmitoylation abol-
ishes the signaling activity of Hh almost entirely (17, 18, 29, 37),
indicating that palmitate is absolutely required for Hh signal-

ing. Although the importance of palmitate has long been rec-
ognized, only recently have inroads been made in understand-
ing why. Recent work in vitro suggests that palmitate facilitates
the cleavage ofN-terminal amino acids bymembrane-proximal
proteases such as ADAM (a disintegrin and metalloprotease)
family members (38). Such cleavage is required for the forma-
tion of active Shh multimers, as these residues otherwise
obstruct the Zn2� coordination site on adjacent molecules, a
region that likely interacts with Ptc and is known to regulate
Shh stability and activity (Fig. 3) (39–42). Thus, in the absence
of palmitoylation (due to mutation of the N-terminal Cys), Shh
maintains the capacity to multimerize, but these multimers
have significantly reduced signaling activity due to their inabil-
ity to properly interact with Ptc (38). Although these data pro-
vide insight into the role of palmitoylation inHh signaling, they
also raise a number of questions regarding the production and
secretion of Hh. For instance, how is the cleavage of lipid moi-
eties coupled to Disp-mediated release? Are the lipid moieties
of Drosophila Hh also cleaved? Future studies are needed to
address these questions and to determine whether lipid moi-
eties are also cleaved in vivo.

Dual Roles of Patched in Hedgehog Reception and
Pathway Inhibition

The Hh receptor Ptc is a 12-pass transmembrane protein
with homology to the RND family of bacterial transporter pro-
teins. Reception of Hh by Ptc is enhanced by the presence of
additional Hh-binding proteins on the cell surface. These pre-
sumptive coreceptors include a family of immunoglobulin- and
fibronectin type III (FnIII)-containing integral membrane pro-
teins (Ihog and Boi in Drosophila and Cdo and Boc in verte-
brates) and the vertebrate-specific cell surface protein Gas1
(43–45). Although removal of a single coreceptor leads to a
modest, tissue-specific reduction in Hh pathway activity,
removal of two or three coreceptors from Drosophila or mice,

FIGURE 2. Regions of Shh important for receptor binding and multim-
erization. Shown is the structure of human SHH-N (non-cholesterol-modi-
fied N-terminal fragment; Protein Data Bank code 3M1N (99)). Residues in
green (Glu-72, Arg-73, and Lys-75) mediate electrostatic interactions between
Hh monomers and are required for multimerization (38). Arg-73 is the verte-
brate equivalent of Drosophila Lys-132, the mutation of which results in
decreased long-range signaling in the imaginal disc (26). Residues in yellow
(His-133, His-134, His-140, His-180, and His-182) are important for Ptc binding
(note that His-140 and His-182 coordinate with zinc). Residues in red (Lys-32,
Arg-33, Arg-34, Lys-37, and Lys-38) form the Cardin-Weintraub motif and
interact with HS. Note how the N terminus extends away from the globular
domain of SHH-N; some of these residues may be cleaved in the formation of
active Shh multimers (see text).

FIGURE 3. SHH-N receptor binding involves the Zn2� coordination site. a,
structure of human SHH-N in complex with HIP (Protein Data Bank code 3HO5
(39)). The L2 loop in the �-propeller domain of HIP interacts with SHH-N. b, HIP
binds the pseudo-active site in SHH-N, and Asp-383 completes the tetrahe-
dral coordination of Zn2� in SHH-N. Inset, His-140, His-142, and Arg-147 of
SHH-N coordinate Zn2�. Note that the Zn2� coordination site is also required
for binding to PTC, and PTC likely binds SHH in a manner similar to HIP (see
text).
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respectively, leads to a complete loss of signaling, underscoring
the importance of these coreceptors in Hh pathway transduc-
tion (43, 45, 46).
In addition to Boc, Cdo, and Gas1, vertebrates harbor a

fourth Hh-binding protein, Hip, which has no downstream sig-
naling function and likely acts as a decoy receptor by competing
with Ptc for Hh binding (39, 47). Analysis of the crystal struc-
ture of Hip in complex with Shh revealed that Asp-383 of Hip
displaces water and completes the tetrahedral coordination of
Zn2� in the Shh pseudo-active site (Fig. 3) (39, 40). Sequence
comparisons of Hip and Ptc revealed that Ptc contains a similar
sequence of amino acids capable of binding Shh and competing
with Hip for Shh binding, providing novel insight into Hh-re-
ceptor interactions (39). Given thatDrosophilaHh lacks a Zn2�

coordination site and is unable to directly bind Ptc, these data
also suggest that Hh-Ptc interactions differ between flies and
vertebrates (44). This possible divergence is further supported
by the finding thatDrosophilaHhbinds the second FnIII repeat
in Ihog, whereas vertebrate Hh proteins bind a third, non-or-
thologous FnIII repeat in Cdo (48). Thus, despite the conserved
function of Ptc and coreceptors in Hh signaling, the mode of
binding between Hh and these receptor complexes does not
appear to be conserved.
In addition to serving as the Hh receptor, Ptc functions as a

potent negative regulator of the Hh pathway by inhibiting the
seven-pass transmembrane protein Smo. In the absence of Hh,
Ptc localizes to the primary cilium and maintains Smo in an
inactive conformation, preventing Smo from entering the cil-
ium (49). Although early studies suggested that Ptc could
directly bind to and inhibit Smo (50), subsequent work revealed
that Ptc-mediated inhibition is non-stoichiometric, making
direct inhibition unlikely (51). The mechanism by which Ptc
inhibits Smo remains enigmatic. Sequence similarities between
Ptc and the RND family of bacterial transporter proteins have
led many to hypothesize that Ptc may regulate the flux mole-
cules that activate or inhibit Smo, a theory that is supported by
the susceptibility of Smo to modulation by small molecules
such as the steroidal alkaloid cyclopamine (52–54). Given that
Ptc is enriched around the base of the primary cilium, where
vertebrate Hh signaling likely occurs, Ptc might locally control
the abundance of Smo inhibitors or activators (49). Although a
number of Smo agonists and antagonists have been identified,
to date, none have been shown to be regulated by Ptc. Recent
work in Drosophila suggests that Ptc may inhibit Hh signaling
by regulating the synthesis of phosphatidylinositol 4-phosphate
(PI4P), revealing that increased and decreased levels PI4P lead
to Hh pathway activation and repression, respectively (55).
Importantly, by showing that cells deficient in Ptc have
increased PI4P levels, this work provides the first evidence of an
endogenous Hh activator that is regulated by Ptc. Nonetheless,
future studies are needed to determine how Ptc regulates PI4P
synthesis and to verify that PI4P activates the pathway at the
level of Smo rather than acting farther downstream.

Transcriptional Repression in Absence of Hedgehog

The zinc finger-containing Gli transcription factors are the
principal effectors of canonical Hh signaling. Depending on the
availability of Hh ligands, Gli proteins function either as tran-

scriptional activators or repressors. In the absence of Hh,
Gli-FL is proteolytically processed to yield a truncated N-ter-
minal transcriptional repressor (Gli-R) (Fig. 4a). WhereasDro-
sophila harbors a single Gli family member, Cubitus interrup-
tus (Ci), vertebrates have three, Gli1–Gli3. Of these, Gli2 and
Gli3 function as both transcriptional activators and repressors,
whereas Gli1 is a target of Hh signaling and exists only as an
activator.
Althoughmany aspects of vertebrateGli-R formation remain

enigmatic, Suppressor of Fused (Sufu), the kinesin Kif7, and the
primary cilium are required for efficient processing of Gli-FL
into Gli-R (Fig. 4a) (3, 56–59). Sufu stabilizes Gli2-FL and
Gli3-FL and sequesters both proteins in the cytosol, thus pre-
venting their nuclear translocation and activation (6, 60–62).
Sufu also promotes the phosphorylation of C-terminal residues
in Gli-FL by protein kinase A (PKA), which primes Gli-FL for
further phosphorylation by glycogen synthase kinase 3�
(GSK3�) and casein kinase 1� (CK1�) (63, 64). Phosphorylated
Gli-FL is recognized by the E3 ubiquitin ligase �TrCP, leading
to the ubiquitylation and degradation of C-terminal peptides to
generate Gli-R (63–66). In contrast to its relatively minor role
in Drosophila, Sufu is absolutely required for proper develop-
ment and is essential forGli-R formation in vertebrates (56, 67).
Mice deficient in Sufu die around embryonic day 9.5 with sig-
nificantly reduced levels of both full-length and repressor forms
of Gli and features of aberrant Hh activation that resemble loss
of Ptc (56, 67). In the absence of Sufu, Gli-FL enters the nucleus
and is converted into a labile transcriptional activator (Gli-A)
that is quickly degraded within the nucleus in a manner that
depends upon the cullin-3-based ubiquitin ligase adaptor Spop
(62, 68–70). Indeed, Sufu and Spop have been shown to com-
pete for Gli-FL binding, and loss of Spop from Sufu�/� cells
leads to a significant recovery of Gli-FL levels (62). Together,
these data indicate that Sufu regulates Gli-R formation by sta-
bilizing Gli-FL in the cytosol and preventing Spop-dependent
degradation in the nucleus. In addition to its role in Gli pro-
cessing, Sufu may also inhibit the transcription of Hh target
genes through its interaction with SAP18, a component of the
mSin3-histone deacetylase repressor complex (71). However,
this processing-independent role for Sufu was recently chal-
lenged (69), and additional data are needed to clarify the func-
tion of nuclear Sufu in Hh pathway inhibition.
In addition to Sufu, the kinesin-4 family member Kif7 also

appears to be required for optimal Gli processing (57–59, 72).
Mice deficient in Kif7 have increased levels of Gli-FL and
decreased levels of Gli-R and exhibit features of pathway dere-
pression such as polydactyly (57–59). Although themechanism
by which Kif7 promotes Gli processing remains unclear, one
possibility is that, like its Drosophila homolog Costal2 (Cos2),
Kif7 recruits PKA, GSK3�, and CK1� to phosphorylate Gli-FL
(Fig. 4a). Although Kif7 has been shown to interact with Gli,
additional data are needed to determine whether the scaffold-
ing function of Kif7 is conserved in vertebrates.
Studies both in vivo and in vitro indicate that the primary

cilium is required for efficient processing of Gli-FL into Gli-R
(3). Interestingly, the role of Sufu in Gli-R production appears
to be independent of cilia, as cells lacking both primary cilia and
Sufu exhibit aberrant Hh pathway activity akin to Sufu�/� cells
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(69, 73). By contrast, the role of Kif7 in Gli processing is cilium-
dependent, as mice lacking both cilia and Kif7 resemble cilia
mutants (57). Although the exact function of the cilium in Gli
processing remains enigmatic, the cilium may serve as a plat-
form for Gli-processingmachinery. Indeed, Kif7, PKA, GSK3�,
and CK1� are present in the primary cilia and/or basal body in
the absence of Hh signaling (57–59, 74–76). Although Sufu
cannot localize to the cilium on its own, it is likely recruited
there by Gli, as low levels of both Sufu and Gli can be observed
in the cilium even in the absence of Hh signaling (60, 61). Thus,
although Sufu-Gli complexes form throughout the cytosol, they
may be directed to the cilium by Gli for efficient processing in a
Kif7- and kinase-dependent manner.
AlthoughGli2 andGli3 both undergo partial proteolytic deg-

radation in the absence of Hh, the processing of Gli3 is signifi-
cantly more efficient than that of Gli2 (77). Consequently,
Gli3-R serves as the principal transcriptional repressor of Hh
signaling in the absence of ligand, whereas Gli2-A functions as
the predominant transcriptional activator when Hh is present
(78). The increased efficiency of Gli3 processing is due in large
part to the sequence of a 200-residue processing determinant
domain in its C terminus (79). Together with an appropriate

degron and the zinc finger domain, the processing determinant
domain forms a three-part signal that is essential for efficient
Gli3 processing (80). But what happens to Gli2-FL in the
absence of Hh? Like Gli3, the C terminus of Gli2 is phosphory-
lated by PKA in the absence of Hh. Although this phosphoryl-
ation leads to a limited amount of processing, it may also
destabilize Gli2-FL, leading to complete degradation by the
proteasome (77, 81). Such a processing-independent role of
PKA in Hh pathway inhibition is supported by recent genetic
data showing that mice lacking both catalytic subunits of PKA
(Prkaca�/�;Prkacb�/�) die midgestation with a completely
ventralized neural tube, a defect that cannot be explained by
loss of Gli processing alone and that suggests a increase in Gli
activation (75, 82). Given that PKA may also regulate the entry
of Sufu-Gli complexes into the cilium, additional studies are
required to clarify the mechanism(s) by which PKA inhibits Gli
activation and to determine to what extent Gli2 phosphoryla-
tion inhibits pathway activation (61, 75, 83).

Smoothened and Gli Activation in Presence of Hedgehog

In the presence of Hh, Ptc relieves its inhibition of Smo and
allows Smo to become activated. Despite significant sequence

FIGURE 4. Vertebrate Hh signal transduction. a, in the absence of ligand, the 12-pass transmembrane protein Ptc localizes to the primary cilium base and
maintains Smo in an inactive conformation. Gli-FL transcription factors complex with Sufu. Sufu sequesters Gli-FL in the cytosol and stabilizes the protein. Sufu
and the kinesin-4 family member Kif7 promote the phosphorylation of C-terminal residues in Gli-FL by PKA, GSK3�, and CK1�, which may occur at the basal
body of the primary cilium. Phosphorylated Gli-FL is recognized by the E3 ubiquitin ligase �TrCP, resulting in ubiquitylation and proteasomal degradation of
C-terminal residues to generate a truncated N-terminal transcriptional repressor (Gli-R) that inhibits Hh target gene transcription. b, in the presence of ligand,
Hh binding to Ptc causes Ptc to exit the cilium and relieves its inhibition of Smo. Smo is phosphorylated by CK1� and GRK2, inducing a conformational change
and enabling �-arrestin (�-Arr)- and Kif3a-dependent transport into the cilium. Within the cilium, activated Smo promotes the disassembly of Sufu-Gli
complexes. Kif7 also localizes to the cilium in the presence of Hh and likely assists Smo in this disassembly. Gli-FL accumulates in the tip of the cilium and is
shuttled into the nucleus, perhaps on cytoplasmic microtubules. Within the nucleus, Gli-FL receives additional modifications that convert it to a labile
transcriptional activator (Gli-A) that activates Hh target genes. Gli-A is subsequently degraded in a manner that requires the cullin-3-based adaptor Spop.
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differences, many aspects of Drosophila Smo activation are
conserved in vertebrates. In Drosophila, phosphorylation of
C-terminal residues by PKA, CK1�, and G protein-coupled
receptor kinase 2 (GRK2) cause Smo to adopt an open con-
formation and promote its accumulation on the membrane
(84–89). Although the C terminus of vertebrate Smo differs
significantly compared withDrosophila and lacks PKA phos-
phorylation sites, recent data indicate that vertebrate Smo is
also phosphorylated in response to Hh signaling (76, 90, 91).
CK1� and GRK2 phosphorylate the C-terminal tail of verte-
brate Smo, inducing conformational changes and facilitating its
lateral translocation into the primary cilium (Fig. 4b) (76). The
movement of Smo into the cilium is dependent upon �-arres-
tins and the kinesin-2 motor subunit Kif3a, both of which are
recruited to Smo following its phosphorylation by CK1� and
GRK2 (76, 90, 92, 93).
Activated Smo both inhibits Gli processing and promotes

additional ill-defined modifications that convert Gli-FL pro-
teins into transcriptional activators. Although the details of this
process remain somewhat enigmatic, activated Smo likely pro-
motes the disassembly of Sufu-Gli complexes that accumulate
in the cilium following pathway activation (Fig. 4b) (60–62, 94).
Kif7 may also promote Sufu-Gli disassembly, as it localizes to
the cilium in response to Hh and interacts with overexpressed
Smo in tissue culture cells (58). Indeed, such a positive role of
Kif7 in Hh signaling is consistent with the finding that mice
deficient in Kif7 exhibit features of decreased Hh pathway
activity such as reduced Ptc expression in the notochord and
floor plate (57, 58). Nonetheless, additional studies are needed
to determine whether Kif7-Smo interactions are dependent on
Smo phosphorylation, as they are for Drosophila Cos2 (95, 96).
The disassembly of Sufu-Gli complexes allows Gli-FL to enter
the nucleus, where it is converted to its activator form (Gli-A)
(61). The translocation of Gli requires cytoplasmic microtu-
bules, as microtubule-destabilizing agents such as nocodazole
have been shown to inhibit its nuclear accumulation and activ-
ity (60, 97). Although the details of Gli activation remain neb-
ulous, they may involve phosphorylation, as Gli2 and Gli3
appear to be phosphorylated within the nucleus in response to
Hh (60).Given that the nucleus is also the site of Spop-mediated
degradation, however, it is difficult to ascertain whether this
phosphorylation is coupled toGli activation or degradation (62,
69). Gli proteins might also be deacetylated in response to Hh
stimulation, as HDAC1 overexpression in tissue culture cells
leads to Gli1 deacetylation (98). Activated Gli promotes the
transcription of genes involved in differentiation, proliferation,
and cell survival as well as several negative regulators of the
pathway such asPtc andHip to down-regulate pathway activity.

Conclusions and Perspectives

Over the past 2 decades, mouse and fly genetics have been
instrumental in identifying components of the Hh pathway and
elucidating their functions, revealing a high degree of conser-
vation between the two species. However, the discovery that
vertebrate Hh signaling requires the primary cilium has signif-
icantly changed how the pathway is studied and made it some-
what more difficult to draw comparisons between vertebrates
and flies. Despite these challenges, significant progress has been

made in defining vertebrate Hh signal transduction. Nonethe-
less, several questions regarding vertebrate Hh secretion and
signal transduction remain unanswered. The mechanistic
details of Disp-mediated secretion remain elusive, as does the
composition of secreted Hh multimers. The mechanism by
whichPtc inhibits Smo continues to be amystery, and a detailed
understanding of how activated Smo promotes Gli activation is
lacking. Additional studies are needed to examine the role of
Kif7 in Gli processing and activation as well as determine to
what extent the motor function of Kif7 is important for Hh
signaling. Perhapsmost intriguing are the questions of how and
why the primary ciliumplays such an essential role in vertebrate
Hh signal transduction. As cell and developmental biologists
continue to adapt to the challenges inherent in the study of
vertebrate Hh signaling, the answers to these and other ques-
tions will undoubtedly be revealed.
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Serine is generally classified as a nutritionally nonessential
(dispensable) amino acid, but metabolically, serine is indispen-
sible and plays an essential role in several cellular processes.
Serine is the major source of one-carbon units for methylation
reactions that occur via the generation of S-adenosylmethio-
nine. The regulation of serinemetabolism inmammalian tissues
is thus of critical importance for the control of methyl group
transfer. In addition to the well known role of D-serine in the
brain, L-serine has recently been implicated in breast cancer and
other tumors due in part to the genomic copy number gain for
3-phosphoglycerate dehydrogenase, the enzyme that controls
the entry of glycolytic intermediates into the pathway of serine
synthesis. Here, we review recent information regarding the
synthesis of serine and the regulation of its metabolism and dis-
cuss the role played by phosphoenolpyruvate carboxykinase in
this process.

The regulation of methyl group transfer is critical in control-
ling cellular processes, ranging from the synthesis of key meta-
bolic intermediates, such as creatine, phosphatidylcholine, and
epinephrine, to the methylation of proteins, DNA, and RNA.
Serine, a nutritionally nonessential amino acid, plays a key role
in this process by providing one-carbon units to tetrahydrofo-
late (THF)2 to formN5,N10-methylene-THF and, subsequently,
5-methyl-THF, an intermediate in the methylation of homo-
cysteine to methionine, via homocysteine methyltransferase
(methionine synthase) (Fig. 1). This ensures sufficient methio-
nine for optimal functioning of the methionine cycle and for
synthesis of S-adenosylmethionine, the key methyl donor in all
cells. The regulation of the cellular levels of S-adenosylmethio-
nine in response to metabolic changes and the role of the
enzyme glycine N-methyltransferase in this process have been
discussed recently in a minireview by Luka et al. (1). This mini-
review was particularly timely because it details the pioneering
work on methyl group transfer of Conrad Wagner and
colleagues.
Serine is also involved in the ultimate disposal of methionine

carbon by condensing with homocysteine to form cystathio-

nine, a reaction that is catalyzed by cystathionine �-synthase.
Cystathionine is subsequently split into cysteine and �-ketobu-
tyrate by cystathionine�-lyase. This cascade of cysteine synthe-
sis has been termed the “transsulfuration pathway” (Fig. 1).
Over the past decade, the importance of the two enzymes of this
pathway in the generation of hydrogen sulfide has been recog-
nized. In addition, the metabolism of serine has been linked to
the growth of breast cancer cells (2). The scope of the metabo-
lism of sulfur-containing compounds in the generation of
hydrogen sulfide and the role of the latter in the control of blood
pressure and the reduction of ischemia/reperfusion injury have
been reviewed in detail elsewhere (3–6). Here, we focus on the
key role of serine in methyl group transfer and the factors that
regulate its metabolism.

Metabolism of Serine in Vivo and Sources of Serine
Carbon

The metabolic importance of serine is underscored by its
indispensable role as a major contributor to the one-carbon
pool and in the formation of glycine, cysteine, taurine, and
phospholipids and of D-serine; the latter plays a critical role as a
neuromodulator in the brain. The clinical phenotype and the
therapeutic response to exogenous serine in serine deficiency
syndromes suggest that the de novo synthesis of serine is critical
and that dietary serine is insufficient to meet the demands of
whole body serine homeostasis (7). Studies with humans using
stable isotopic tracers suggest that virtually all of the methyl
groups used for the total body remethylation of homocysteine
are derived from serine (8). The pathways that maintain serine
flux and serine levels in various tissues are thus of critical
importance in sustaining the methylation potential of all cells.
The rate of appearance of serine following an overnight fast

in humans is estimated to be �150 �mol kg�1 h�1 (9, 10); of
this, �40 �mol are derived from protein breakdown, and the
remaining 110�mol from de novo synthesis, including 30�mol
of serine that is derived from glycine (9, 11). Thus, 73% of the
serine rate of appearance that is determined in fasting humans
is the result of serine synthesis; this number is in close approx-
imation to the fraction of serine synthesis from pyruvate (69%)
that was measured in our studies using fasted rats (12). The
route of disposal of serine is instructive because it illustrates the
broad scope of metabolic influence of this amino acid. The syn-
thesis of glycine (and therefore, the generation of one-carbon
units) accounts for 26�mol, ofwhich 5�mol are involved in the
methylation of homocysteine, and 21 �mol are used for thymi-
dylate (dTMP) synthesis (8, 9, 11). Serine is the source of carbon
for the synthesis of cysteine (total flux of cysteine, �40 �mol
kg�1 h�1; contribution of serine, �5 �mol kg�1 h�1 (13)).
Finally, 35 �mol of serine kg�1 h�1 are converted to protein,
and �12 �mol kg�1 h�1 are oxidized to CO2 (9). Thus, almost
50% of the disposal of serine in a healthy adult remains unac-
counted for. It is of interest that glycine is a significant source of
serine, but it is also synthesized from serine, suggesting serine/
glycine carbon cycling. The quantitative estimates of serine
turnover in healthy adults are presented in Fig. 2.
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As noted above, the rate of appearance and the rate of dis-
posal of serine in fasted humans are high (9, 10); the estimated
rate of appearance and the rate of de novo synthesis would be
even higher if one takes into consideration the dilution of the
isotopic tracer in the various extra- and intracellular pools of
this amino acid in the body (10, 14). Measurements of arterial-
venous concentration gradients in humans and rats show that
the kidney is the primary (perhaps the only) site of serine syn-
thesis during fasting (15–17). The release of serine by the kid-
ney and its uptake by other tissues were not altered by the intra-
venous infusion of amino acids (15). In addition, the release of
serine by the rat kidney, asmeasured by blood flow and arterial-
venous difference, does not respond to dietary serine or to the
intravenous infusion of serine (16). What then is the source of
carbon for the net synthesis of serine in the kidney?On the basis
of the stoichiometric relationship between glycine uptake and

serine release by the kidney, Lowry et al. (17) showed that
glycine accounts for no more than 15% of serine released. Inhi-
bition of the cytosolic form of phosphoenolpyruvate carboxy-
kinase (PEPCK-C) by 3-mercaptopicolinate caused a 55% de-
crease in serine efflux from the kidney, with a decrease in the
influx of glutamine and no significant change in glycine influx
into the kidney. In contrast, inhibition of the glycine cleavage
system reversed glycine flux into the kidney but hadno effect on
the release of serine (17). Although plasma glycine and other
small peptides cleared by the kidney were suggested by these
authors to be the possible precursors of serine, the above data
indicate that the generation of phosphoenolpyruvate via
PEPCK provides the triose phosphates used for the ultimate
synthesis of serine. Using deuterium labeling of the whole body
water in the rat, we have recently shown thatmost of the carbon
for de novo synthesis of serine is derived from pyruvate (12).

FIGURE 1. Pathways of serine metabolism in mammals. The pathways for the synthesis and metabolic fate of serine are shown. The intermediates in the
pathways shown in blue are involved in the synthesis of serine, either from glucose via glycolysis or from the triose phosphate pool, where carbon is generated
from citric acid cycle intermediates. The latter pathway involves PEPCK (step 1), which is a major cataplerotic enzyme in the synthesis of serine. The conversion
of 3-phosphoglycerate to phosphohydroxypyruvate is catalyzed by the enzyme 3-phosphoglycerate dehydrogenase (step 2). The final steps in the synthesis of
serine involve the transamination of phosphohydroxypyruvate to L-phosphoserine (step 3) and the conversion of L-phosphoserine into serine by phosphoser-
ine phosphatase (step 4). The pathway involved in methyl group transfer is shown by the red arrows, and the transsulfuration pathway is shown in orange. OAA,
oxalacetate; PEP, phosphoenolpyruvate; MS, methionine synthase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; C�S, cystathionine �-synthase;
C�L, cystathionine �-lyase.

FIGURE 2. Quantitative estimates of serine flux in humans. The contribution of precursors to the synthesis of serine and the estimated contribution of serine
to its degradation products in human subjects during fasting are presented. The units are �mol kg�1 h�1 (derived from the data in Refs. 8 and 10). Please note
that �72 �mol of serine disposal kg�1 h�1 are not accounted for in the figure. See the discussion in text.
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The source of pyruvate in mammalian tissues during fasting is
from lactate or is, more importantly, derived from the carbon
skeletons of amino acids (Fig. 1). By this scenario, carbon flow
for the synthesis of serine is similar to that which occurs in both
gluconeogenesis and glyceroneogenesis, i.e. the triose phos-
phate pool is fed by the phosphoenolpyruvate that is generated
by PEPCK from citric acid cycle anions.

Effect of Protein Restriction on Serine Metabolism

Dietary isocaloric protein restriction or proteinmalnutrition
results in unique changes inmethionine and serinemetabolism
in both humans and animal models. This is especially relevant
considering the widespread proteinmalnourishment in human
populations due to dietary patterns (vegetarians), drought, or
economic disparities. Ingenbleek et al. (18) observed that pro-
tein malnutrition (as evidenced by lower plasma transthyretin
levels) in humans was associated with hyperhomocysteinemia.
Interestingly, even though the plasma concentration of most
essential amino acids was lower in these subjects, the concen-
tration of methionine was in the normal range, suggesting an
independent regulation of plasma methionine levels, possibly
because of its critical role in cell metabolism. A similar obser-
vation was reported by the same investigators to occur in a
vegetarian population that had a lower intake of protein and
sulfur amino acids (19); this population also had lower levels of
cysteine and glutathione. These results were interpreted as
being due to an inhibition of the transsulfuration pathway and
possibly an increased transmethylation caused by the decrease
in protein intake. Limiting rats to 6% protein in their diet for
7–10 days (compared with 24% in control animals) but main-
taining caloric intake by pair-feeding the animals caused a
marked set of metabolic adaptations (12). Most notable was a
doubling of the concentration of serine in the blood and livers
of the rats fed the protein-restricted diet, as well as a 50%
increase in thede novo synthesis of this amino acid, asmeasured
by isotopic tracer dilution. There was no change in the concen-
tration of serine in the kidneys of the protein-restricted rats.
Although the whole body rates of turnover of phenylalanine
andmethionine (measures of protein turnover) were not differ-
ent, there was amarked decrease in the concentration of essen-
tial amino acids in the skeletal muscle and a decreased expres-
sion of genes encoding urea cycle enzymes in the livers of
protein-restricted animals. The activity of the enzymes of the
transsulfuration pathway was lower in the protein-restricted
animals, although the isotopic tracer-measured transsulfura-
tion flux was unchanged. Also of interest was the marked drop
in the concentration of taurine in the liver (from 6.5 to 2.5
�mol/g of liver). Taurine is synthesized from cysteine, which
itself is derived from serine in the transsulfuration pathway
(Fig. 1). In addition to a possible decrease in the rate of its
synthesis, the low intracellular levels of taurinemay be due to its
efflux from cells as an osmotic response. One interpretation of
these findings is that isocaloric protein restriction results in
increased production of serine in the liver, but not in the kidney,
due to an increase in its rate of synthesis. There are a number of
studies demonstrating that restricting dietary protein (or
removing it completely from the diet) increases the concentra-
tion of serine in the blood (20–22). The exactmechanismor the

possible signals that cause these responses in the biosynthesis of
serine are not known.
Restricting dietary protein for 7–10 days induced the hepatic

expression of the genes for several of the enzymes involved in
serine synthesis (12, 21). Under normal circumstances, serine is
not synthesized in the liver because a key enzyme in the path-
way of synthesis of this amino acid, 3-phosphoglycerate dehy-
drogenase (3-PGDH), is absent or at negligible levels of activity
in this organ (23). However, dietary protein restriction caused
an 8-fold induction of the mRNA for this enzyme, as well a
3-fold increase in the mRNA for phosphoserine aminotrans-
ferase, another enzyme involved in the synthesis of serine from
triose phosphates (12, 21). Earlier studies by Mauron et al. (24)
reported that increasing the protein content of the diet fed to
rats induced the hepatic activity of serine dehydratase, the key
enzyme in the degradation of serine, and decreased the expres-
sion of 3-PGDH. The effect of dietary protein on the latter
enzyme was ascribed to the effect of dietary methionine and
cysteine on the levels of the enzyme. Achouri et al. (23) found
that feeding rats a protein-free diet (but not starving the ani-
mals) induced the appearance of mRNA for 3-PGDH in the
liver, and the administration of eithermethionine or cysteine to
the animals reduced the abundance of 3-PGDH mRNA by
�50% after 8 h. The observed effect was not due to an alteration
in transcription of the gene for 3-PGDH, as determined by
nuclear run-off assays, but rather to a destabilization of the
mRNA for the enzyme, in particular by cysteine. In addition,
when added to hepatocytes in culture, glucagon alone inhibited
transcription of the gene for 3-PGDH, whereas insulin stimu-
lated gene transcription. These responses are interesting when
one considers the source of carbon for serine synthesis via
PEPCK because they suggest that in the insulin-induced ana-
bolic states, when serine biosynthesis is stimulated and PEPCK
is suppressed, glucose may be the primary source of serine car-
bon.We conclude from these studies that the level of cysteine in
the liver can control the rate of synthesis of serine by altering
the stability of themRNA for the initial enzyme in the synthesis
of serine, 3-PGDH. This is especially important because cys-
teine ismade from serine and can act as feedback regulator of its
own synthesis by limiting the amount of serine synthesized
from triose phosphates, particularly in the liver.
Finally, the concentration of serine itself can also act as a key

regulator of its own synthesis by inhibiting phosphoserine
phosphatase, the final and irreversible step in the synthesis of
serine (25). Serine blocks the formation of the phosphoenzyme
complex, a critical part of the reaction mechanism of the
enzyme. In a control analysis of the pathway of serine synthesis,
Fell and Snell (26) stressed the importance of the concentration
of serine in the regulation of its synthesis. This story is con-
founded by the observations that serine in rats (16, 17) or amino
acids in humans (15) did not decrease the efflux of serine from
the kidney.

Serine and the Fetus

The biological significance of the unique metabolism of ser-
ine in the uteroplacental unit and the fetus is not understood. It
is interesting to note that in late gestation, serine flux in
the sheep fetus, as measured by isotopic tracer dilution, is
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extremely high (�2700 �mol kg�1 h�1) (27, 28). In addition,
most of the serine in the fetal circulation is produced by hepatic
synthesis from glycine (28). Although there is a significant
uptake of maternal serine by the placenta, it is converted to
glycine by the placenta and released into the fetal circulation as
glycine in equimolar quantities (28–30). A unique interorgan
flux of serine and glycine is evident in the sheep fetus, where
glycine is taken up by the fetus from the placenta and converted
to serine in the fetal liver. A small quantity of serine from the
fetal circulation is also taken up by the placenta and converted
to glycine (28). These data suggest a very high methylation
demand by the sheep fetus (placenta) in late gestation.Whether
such a situation also exists in humans is not known, except the
whole body rate of transmethylation is significantly increased
late in pregnancy, and there is limited transfer of serine from
the mother to the fetus (31).

Serine and Metabolism of Cancer Cells

After being in the shadow of molecular genetics for decades,
metabolic research has risen like a phoenix in the current era
and has been employed in studies of disorders as seemingly
diverse as obesity and cancer. A number of studies have empha-
sized the key role of the anaplerosis of citric acid cycle interme-
diates in the metabolism of tumor cells, which have been
described as being “addicted” to glutamine (32). Serine now has
joined glutamine in a complex story of metabolism and tumor
cell growth. A high rate of serine biosynthesis, i.e. an increased
activity of 3-PGDH, was reported in human colon carcinoma,
rat sarcoma, and rat hepatoma cell lines during the proliferative
phase in the pioneering research on serine metabolism by Snell
et al. in the 1980s (33–35). Recently, using a novel negative-
selection method for identifying cancer targets, Possemato et
al. (36) noted that expression of the gene for 3-PGDH was
markedly higher in several breast cancer cell lines and in estro-
gen receptor-negative breast cancers. The mechanism respon-
sible for the increased levels of 3-PGDH has not been investi-
gated in detail, except for the work of Locasale et al. (37), who
noted that particularly inmelanoma cells, there is an amplifica-
tion of the pericentromeric region of chromosome 1, where the
gene for 3-PGDH resides. Interestingly, suppression of the level
of 3-PGDHmRNA using shRNA did not decrease the concen-
tration of serine in breast cancer cells but did lower the levels of
�-ketoglutarate. The conversion of 3-phosphopyruvate to
3-phosphoserine involves transamination, a process that gen-
erates �-ketoglutarate; the glutamate used in this transamina-
tion is proposed to come from glutamine (36). In some breast
cancer cell lines studied (but not all cell lines), 50% of the
anaplerotic flux of glutamate carbon into the citric acid cycle is
derived as a byproduct of the biosynthesis of serine (36). It has
been proposed that in certain breast cancer cell lines, cell
growth is dependent on serine and that 3-PGDH should be
considered as a potential anticancer target.
From ametabolic view point, the suggestion that the �-keto-

glutarate synthesized from serine is critical for tumor cell
growth is not easy to understand because there are a number of
potential sources of this compound (i.e. it is generated from the
transamination of a variety of amino acids and is synthesized
directly in the citric acid cycle). As for anaplerosis, the conver-

sion of pyruvate to oxalacetate by pyruvate carboxylase and the
transamination of aspartate to form oxalacetate via aspartate
aminotransferase coupled with the oxidation of glutamate to
�-ketoglutarate or the conversion of propionyl-CoA (generated
largely from the breakdown of methionine, isoleucine, or
valine) to succinyl Co-A can all contribute to the formation of
new citric acid cycle anions. Locasale et al. (37) found that the
metabolism of glucose via glycolysis provides the 3-phospho-
glycerate for serine biosynthesis, but the actual stoichiometry of
this pathway was not investigated, except for the comment that
a “substantial portion” of the glucosemetabolized byHEK293T
cells (a kidney-derived cell line) is converted to serine. Intui-
tively, onewould predict that amajor role of serine in tumor cell
metabolism would be to generate the methyl groups that are
required for cell proliferation and other biological functions
(i.e. protein synthesis) that are critical in rapidly dividing cells.
This conclusion is confounded by the fact that added serine
does not alter cell survival, suggesting a defect in the cellular
uptake of serine (36). Other studies have shown a higher
expression of the transporter for serine, alanine, cysteine, and
threonine (SLC1A4) in highly metastatic breast cancer cells
(38). Despite these questions, it is clear that serine is a major
amino acid in the overall metabolism of a number of tumor-
derived cell lines and is critical for cell growth and proliferation.

Role of Cataplerosis and PEPCK in Serine Synthesis

A key point from the studies reviewed above is the impor-
tance of understanding the metabolic pathway that provides
3-phosphoglycerate for the synthesis of serine. This compound
can be generated from glucose via glycolysis or from pyruvate
via an abbreviated version of gluconeogenesis. Our data from
studies in the rat show that pyruvate entry into the gluconeo-
genic pathway is themajor route for the synthesis of serine (12).
This pathway would require the active role of the citric acid
cycle and both anaplerosis and cataplerosis of the cycle inter-
mediates to provide the carbon for serine synthesis.
The function of the citric acid cycle involves two general

processes. This first is its classical role in the oxidation of acetyl-
CoA to carbon dioxide with the subsequent generation of
NADH and FADH2, which are then reoxidized via the electron
transport chain to produce ATP. The second process involves
biosynthesis; pathways such as gluconeogenesis, fatty acid syn-
thesis, glyceroneogenesis, and now serine synthesis begin with
intermediates from the citric acid cycle. The latter process has
two elements that deserve to be stressed. 1) If citric acid cycle
anions, such as malate (gluconeogenesis) and citrate (lipogen-
esis), leave the cycle as part of a biosynthetic pathway, theymust
be replaced to ensure the continued functioning of the cycle.
The replacement of citric acid cycle anions is termed anaplero-
sis. Quantitatively, the most important anaplerotic reaction in
eukaryotes is pyruvate carboxylase, which synthesizes oxalac-
etate from pyruvate and carbon dioxide in the mitochondria.
There are, however, several other anaplerotic reactions, includ-
ing glutamate dehydrogenase, which generates �-ketoglutarate
from glutamate, and aspartate aminotransferase, which makes
oxalacetate from aspartate and is anaplerotic when coupled
with glutamate dehydrogenase to convert the glutamate
formed in transamination to �-ketoglutarate. The cycle is the
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recipient ofmany of the carbon skeletons of amino acids as part
of their degradation, so citric acid cycle anions are generated
from a wide variety of reactions, and 2) they must be removed
from the cycle (cataplerosis) to ensure its continued function.
Therefore, the citric acid cycle anions must be transported out
from the mitochondria to the cytosol of cells and converted to
end products such as glucose, fatty acids, glyceride-glycerol,
and serine or form pyruvate, which can be decarboxylated to
acetyl-CoA in themitochondria by the pyruvate dehydrogenase
complex and subsequently oxidized. The details of the pathway
of cataplerosis have been reviewed previously (39, 40).
The carbon skeletons of amino acids enter the citric acid

cycle and exit as malate and are subsequently converted to tri-
ose phosphates; as mentioned above, PEPCK is a key enzyme in
this process. Serine synthesis diverges from gluconeogenesis at
the step where 3-phosphoglycerate is converted to 3-phospho-
hydroxypyruvate by 3-PGDH, a key enzyme in the pathway of
serine synthesis from glycolytic/gluconeogenic intermediates.
The 3-phosphohydroxypyruvate thus formed is transami-
nated to 3-phosphoserine by an aminotransferase and then
converted to serine by 3-phosphoserine phosphatase. The
major route for the breakdown of serine is serine dehydra-
tase, a highly regulated enzyme that responds to a number of
signals, including the levels of serine in tissues.

Conclusions

For a nonessential amino acid, serine plays an indispensable
role inmetabolism.Normally synthesized almost entirely in the
kidney, a limitation in the availability of protein causes a
marked induction of serine synthesis in the liver. This involves
the transcription of the gene for 3-PGDH, a protein that is vir-
tually undetectable in the adult rat liver when dietary protein is
consumed at normal levels (i.e. 20%of dietary calories). There is
surprisingly little information on the details of the regulation of
transcription of the gene for 3-PGDH in the liver considering its
importance in metabolism; control of gene expression in the
brain has beenmore extensively studied, presumably due to the
importance of D-serine as a neurotransmitter and the associ-
ated clinical syndrome caused by a D-serine deficiency. In this
minireview, we have also stressed the importance of PEPCK in
serine synthesis. Once considered solely a gluconeogenic
enzyme, the metabolic role of PEPCK has greatly expanded
over the years. We can now add a pathway (perhaps we could
call it “serinoneogenesis”) that, like glyceroneogenesis, is essen-
tially an abbreviated version of gluconeogenesis that generates
triose phosphate for biosynthesis (of serine). This may help
explain the long-standing conundrum of the metabolic role of
PEPCK in tissues that do not make glucose or are not involved
in triglyceride synthesis. In our view, PEPCK should be classi-
fied as a cataplerotic enzyme; the metabolic fate of the carbon
after it exits the citric acid cycle to become a triose phosphate
(i.e. the conversion of oxalacetate to phosphoenolpyruvate)
depends on the tissue and themetabolic status of the organism.
Serine represents another example of a seemingly simple com-
pound that has been underrated over the years. Serine synthesis
is indeed indispensable, and serine metabolism is critical for
survival.
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DNA repair and transcription process complex nucleic acid
structures. The mammalian cell can cross-utilize select compo-
nents of either pathway to respond to general or special situa-
tions arising in either path. These functions comprise activity
networks capable of addressing unique requirements for each
process. Here, we discuss examples of such networks that are
tailored to respond to the demands of both DNA repair and
transcription.

The mammalian genome encodes many damage-responsive
elements. It is established that p53, AP-1, and GADD45, for
example, among numerous other mammalian proteins, have
increased expression following DNA damage (reviewed in Ref.
1). It is not the goal here to examine the regulation of gene
expression in response to genome damage or stress; rather, the
goal is to note the role of proteins that act in both DNA tran-
scription and repair. Although a proteinmay have been studied
historically for DNA repair or transcription, the two pathways
share functions to enact complex cellular processes and may
reflect a common processing path.
In the course of our recent NIH-Nuclear Receptor Signaling

Atlas (NURSA) multi-investigator project, our own extensive
immunoprecipitation/MS study of coregulator complexes
involved in transcription and DNA repair revealed substantial
numbers of protein-protein interactions that occur between
these classes of molecules (2). From overall coverage that
extends into �40% of the proteome, we recovered �200 gene
products that are involved in DNA repair and �900 gene prod-
ucts that were annotated as transcriptional regulators by Gene
Ontology (GO) and NURSA consortia. In our study alone,
strong evidence from reciprocal co-immunoprecipitations sug-
gests that at least 2500 unique pairwise protein associations
bridge these major nuclear processes: DNA transcription and
DNA repair (2). Thus, this unbiased analysis indicated that pro-
teins long identified as “repair” or “transcription” proteins
showed tight interaction. In concert with interactions for pro-
teins previously found to participate in both transcription and
repair in small-scale studies, our evidence demonstrates that
cross-talk between these two networks clearly occurs at physi-
cal and functional levels. In the remainder of this minireview,
we summarize seven selected published examples that high-
light this conclusion.

Transcription-coupled Repair: CSA and CSB

Early evidence that transcription might be directly involved
with DNA repair came from studies of Cockayne syndrome
(CS)2 cells demonstrating that there is a prolonged delay in the
resumption of RNA synthesis after UVdamage inCS cells com-
pared with normal human cells (3, 4). CS cells show sensitivity
toUV light comparedwith normal human fibroblasts, although
they have normal nucleotide excision repair (NER) (5).
The resolution of this apparent inconsistency came from

observations that DNA repair occurs more rapidly in actively
transcribed genes (6). These observations gave rise to the con-
cept of global genomic repair (GGR) and transcription-coupled
repair (TCR). TCR occurs on the actively transcribed strand of
the genome (reviewed in Ref. 7). The human genes that are
needed for TCR were found to be defective in the two comple-
mentation groups of CS cells; without the CS factors (CSA and
CSB) that couple repair to transcription, repair of the tran-
scribed strand occurs at the slower rate of GGR (8, 9).
TCRdiffers from theNERofGGR in the initiation step and in

recognition of the DNA damage, with the prototypic damage
being the cyclobutane pyrimidine dimer resulting from UV
light. Models for TCR assume an arrested RNA polymerase II
(RNAPII) when transcription encounters a lesion. The hin-
drance of the massive transcription apparatus effectively pre-
cludes access of the repair proteins. Initiation of repair in TCR
depends on recruitment of the CSB protein, which binds to
RNAPII and recruits additional factors: CSA, p300, and
HMGN1. Transcription factor (TF) IIS associates with arrested
RNAPII, as shown by ChIP studies, and appears to stimulate
reverse translocation of RNAPII in the presence of CSB (7, 8).
CSA is a component of a ubiquitin ligase complex and may
promote remodeling of chromatin to assist “bubble” formation
(10). In combination with the infrastructure of NER proteins,
repair proceeds. However, XPC and XPE proteins, normally
required for lesion recognition and for creating a small bubble
at the site in NER, are not needed for TCR (11). Overall,
although TCR uses the CSA and CSB proteins not needed for
normal transcription, the process demonstrates a clear interde-
pendence of transcription and repair and highlights the use of
transcription proteins for maintenance of genome stability
(Fig. 1).

NER: XPB and XPD, Components of TFIIH

NER deals with bulky adducts in the genome. Primary obser-
vations by Cleaver in the 1960s (reviewed in Ref. 12) linked
deficiency of NER to the disease xeroderma pigmentosum (XP)
and carcinogenesis. Understanding the complex NER pathway
in mammals came decades later, awaiting the merger of inde-
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pendent lines of studies involving yeast mutants deficient in
repair (reviewed in Refs. 13 and 14), categorization of XP
patients into complementation groups that indicated distinct
genetic defects (reviewed in Ref. 15), and rodent cell systems
with high DNA transformation efficiency (reviewed in Ref. 16).
Unexpectedly, when mammalian genes responsible for the
defects inXPwere identified, two of themwere found to be core
components of the initiating TFIIH: XPB andXPD (17). Both of
these proteins are helicases; XPB proceeds 3�–5�, andXPDpro-
ceeds 5�–3�, unwinding the DNA duplex in an ATP-dependent
process. At the site of the DNA adduct, XPB and XPD relax the
DNA enough for repair to proceed. TheXPDhelicase activity is
required for NER but is dispensable for transcription (18). The
other subunits of TFIIH also appear to be utilized for NER.
These observations demonstrate that major components of the
transcription machinery are specifically required for normal
genome maintenance and repair.

Non-homologous End Joining and Regulation of
Transcription: DNA-dependent Protein Kinase, Ku70,
Ku86, and Topoisomerase II�

In contrast to the observations demonstrating that compo-
nents of transcription act in NER, components of DNA repair
also have been shown to be active in transcription. Non-homol-
ogous end joining (NHEJ) is a repair response for DNA double-
strand breaks (DSBs) that leads to rejoining of DNA strand
ends.Defects inNHEJ also produce immunedeficiency second-
ary to failure of V(D)J recombination. NHEJ utilizes the DNA-
dependent protein kinase (DNA-PK) catalytic subunit and pro-
teins Ku70 and Ku86, along with other proteins, including
XRCC4 (x-ray repair cross-complementing component 4)/
ligase 4 (reviewed in Refs. 19–21). DNA-PK is a very abundant
nuclear protein in all cell types, and its kinase activity is stimu-
lated 500-fold by DSBs (22).
DNA-PK has also been implicated in the regulation of tran-

scription. We noted a requirement for DNA-PK phosphoryla-
tion of the progesterone receptor during transcription at a pro-
gesterone-regulated promoter (23), and additional similar
evidence has since been reported (24–26). Transcription at
endocrine nuclear receptor-binding sites has been shown to
require DNA topoisomerase II� (topoII�) and Ku70/Ku86 in
addition to DNA-PK (27). topoII� alters the linking number
(excess turns of the duplex over the helical structure) of the

DNA in units of two, reducing supercoiling via double-strand
cleavage and religation, and has been speculated to have a num-
ber of roles, including genome stability (28). The function of
topoII� in regulation of transcription may be relaxation of the
supercoil structure at the promoter, facilitating RNAPII access
to the site. topoII� is required for transcription of several addi-
tional genes investigated, including the androgen receptor, ret-
inoic acid receptor, and thyroid receptor genes (27). Because
topoII� catalyzes incision and resealing, XRCC4/ligase 4 are
not required, as would be the case in DSB repair. Thus, tran-
scription initiation differs significantly from NHEJ while using
core components of the NHEJ/DSB repair path. These findings
demonstrate that proteins known to be required for NHEJ are
required for transcription

ADP-ribosylation in Transcription and Repair:
Poly(ADP-ribose) Polymerase

Poly(ADP-ribose) polymerase (PARP) is a DNA repair
enzyme that was identified almost 50 years ago (29). In humans,
there are 18 genes in the family, with PARP-1 being the proto-
type and most abundant (30). In response to DNA damage,
PARP-1 catalyzes attachment of ADP-ribose moieties from
NAD� substrate to proteins in polymers up to a length of 200
bases (“PARylation”). PARP-1 is a nuclear protein present at
high concentrations in cells (up to 2 million copies/cell) and
attaches to and is stimulated 500-fold by DNA termini or cru-
ciforms (30–33). DNAdamage causes PARP-1 to bind to either
DNA single-strand breaks or DSBs via its zinc finger motifs,
where it may act as a sensor or signal molecule to recruit repair
proteins and also PARylate proteins after undergoing extensive
post-translational modification (PTM) (34, 35).
Despite the attention to DNA damage, it had been suspected

for some time that the function of PARP-1 might not be
restricted to DNA repair (36). During the past decade, numer-
ous interactionswith other proteins, includingDNA-PK, topoi-
somerases, core histones, histone H1, NF-�B, and p53, have
indicated roles for PARP-1 function in chromatin structure,
inflammation, and transcription. PARP proteins modulate
chromatin structure by PARylation of histones (37). In partic-
ular, the association of PARP-1 and DNA-PK suggests a regu-
latory interaction; PARP can stimulate DNA-PK activity via
PARylation, and PARP can be phosphorylated by DNA-PK
(38).

FIGURE 1. DNA transcription and repair as an overlapping process. The parallel lines represent the DNA helix with breaks indicated. A given DNA repair
process is indicated above the line. Multiple-use proteins are noted below the repair response. Non-transcription repair is to the left of the promoter; the
promoter region is represented by the shaded box, and transcription is indicated to the right. RPA, replication protein A; HRR, homologous recombination
repair; LigIV, ligase 4; RNAPolII, RNA polymerase II; Ac, acetylated. TFIIH is the transcription preinitiation complex, and TFIIS is the transcription elongation
complex.
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PARP-1 enables transcription at promoter sites for estrogen-
responsive genes (27). It appears that PARP-1 is part of a core-
pressor complex with nucleolin, nucleophosmin, and Hsp70 in
the non-induced state but is also part of a coactivator complex
when the ligand is present (27, 39). ChIP studies indicate a
general role for PARP-1 in all transcription, as analysis by
genomic microarrays demonstrated that PARP-1 binds to 90%
of RNAPII promoters (40). However, it appears that only
�3–4% of the transcriptome is regulated directly by PARP-1,
primarily positively (41).
Given the very high concentration of PARP-1 as a nuclear

protein and its utilization of NAD� as a cofactor, PARP-1
appears to be a major regulator of NAD� levels in the cell.
PARP-1 regulates the activity of the histone deacetylase SIRT1
by NAD� pool management (42); PARP-1 and SIRT1 are in
competition for the available NAD�. In addition, PARP-2
directly affects transcription of SIRT1 as a negative regulator of
the SIRT1 promoter (43). Overall, it appears that the PARP-1
and SIRT proteins may counter-regulate both by manipulation
of NAD� pool size and direct promoter modification and by
possible bidirectional regulatory ADP-ribosylation.
The findings show that PARP-1, a “repair protein,” is a pri-

mary factor in transcription and PTM of proteins. PARP-1 also
might control transcription indirectly by modification of chro-
matin structure and is a central actor in energy metabolism by
regulation of NAD� levels and sirtuin transcription.

Orphan Nuclear Receptors: NR4A

The NR4A orphan nuclear receptors are transcriptional
coregulators that do not have known ligands and are constitu-
tively active (44, 45). The NR4A group participates in genome
stability, and its members are tumor suppressors (45). Isolation
of proteins interacting with NR4A shows that DNA-PK is asso-
ciated but does not apparently influence the transcriptional
activity of NR4A (46). However, phosphorylation by DNA-PK
is required for NR4A action inDNA repair. NR4A expression is
increased with DNA damage (DSBs) and NR4A localizes to
nuclear foci along with numerous repair proteins, dependent
on PARP-1 (46). Depletion of NR4A produces increased DSBs
after cellular DNA strand breaks caused by inhibition of topo-
isomerase I (46). However, the DNA-binding domain of NR4A,
required for transcription, is not required for DSB response.
These findings demonstrate that the NR4A nuclear receptors
(transcriptional coregulators) are required for normal DSB
repair and must be modified by both DNA-PK and PARP-1 for
activation and localization in the DNA repair process.

Protein Acetylation: Tip60

Histone acetylases (HATs) comprise components of histone-
remodeling complexes that acetylate histones at specific sites to
regulate transcription (reviewed in Refs. 47 and 48). This action
constitutes a complex code for regulation of gene activation.
Acetylation of histones also occurs after DNA damage, perhaps
to allow access or recruit DNA repair enzymes, serving a signal-
ing function (49, 50).
HAT activities have been demonstrated to target proteins

other than histones. As an example, the HAT Tip60, an HIV-1
Tat-interactive protein, has a wide range of activities (51, 52).

Tip60 is a component of the chromatin-remodeling complex
Nu4A and a member of the MYST protein family and acts as a
transcriptional coregulator. HAT proteins can acetylate
nuclear receptors (47, 53, 54), and Tip60 directly acetylates the
androgen receptor, enhancing transcription (55). Thus, Tip60
acts to regulate transcription indirectly as a regulator of chro-
matin structure and directly as a transcriptional coactivator for
specific promoters.
HATs as a class of enzymes also act in genome repair and

stability. Tip60 is known to have specific functions in the DNA
damage response; it acetylates ATM (ataxia telangiectasia
mutated) prior to ATM autophosphorylation, and the acetyla-
tion is a required step for the checkpoint and repair functions of
ATM (56, 57). This finding demonstrates a direct role in DNA
repair for Tip60. We found that Tip60 acts in the repair of
interstrand cross-linking (ICL) and that depletion of Tip60
leads to cellular sensitivity to DNA-cross-linking agents.More-
over, Tip60 can promote apoptosis after ICL damage (58, 59). A
possible basis for the role in ICL repair might be that Tip60
modulates chromatin structure in the region of DSBs, a func-
tion apparently required for ICL repair (52). These findings
show that Tip60, a HAT, is active in chromatin remodeling and
protein acetylation, regulating transcription, but is also
required for DNA repair and normal genome stability.

Tumor Suppressors: BRCA1 and BRCA2

The breast tumor suppressor genes BRCA1 and BRCA2 do
not have simple, precisely identified functions but appear to act
in genome stability, DNA repair, and regulation of transcrip-
tion and chromatin structure (60–63). We found that cells
depleted of BRCA1 or BRCA2 demonstrate genome instability,
even without DNA damage (64, 65). BRCA1 and BRCA2 are
transcriptional coregulators, and genomic studies have defined
promoter binding (66, 67). Because BRCA1 and BRCA2 are
tumor suppressors, it may be postulated that increased tran-
scriptional activity of oncogenes is one basis for carcinogenic
effects following mutations causing loss of function of the
BRCA1 or BRCA2 protein. BRCA2 is also negatively regulated
by PARP, suggesting anothermechanismwhereby PARPmight
influence transcription (68).
BRCA1 associates with numerous DNA repair proteins, as

shown by the BASC (BRCA1-associated genome surveillance
complex) complex, identified by co-immunoprecipitation (69).
We also have identified protein interactions of BRCA1 and
BRCA2 by mass spectroscopy, defining a set of interactive pro-
teins,minimal endogenousmodules (2). Together, these results
support roles in DNA repair and genome stability for BRCA1
and BRCA2. Indeed, the BRCA2 gene is part of the Fanconi
anemia pathway and has been identified as the FANCD1 gene
(70). BRCA1 also acts in the ICL repair response, functioning
downstream of the FANCD2-FANCI ubiquitinated dimer (71,
72). These findings demonstrate that the BRCA proteins have
protean primary roles in transcriptional regulation and inDNA
repair and genome stability.

Summary and Perspective

From the foregoing examples of systems acting in both tran-
scription and genome repair, several points stand out. First, it
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appears artificial to separate DNA repair and transcription.
Rather, they are processes that deal with similar or identical
nucleic acid structures and shared mechanisms. These pro-
cesses might be better thought of as activity networks than
pathways. For such networks, somemembers will be promiscu-
ous and act in other networks. Such second network activity
may not require certain functions of the protein needed for the
first network. For example, the action of NR4A in DNA repair
versus its action in transcription requires differential PTM.

Second, components of modular protein assemblies may act
selectively inmore than one process of transcription or genome
repair. For example, Tip60 can act as a chromatin-remodeling
agent or as a protein acetylase, with ATM as the target. For
other processes such as NER, substitutions may occur in the
protein modules, such as with the XPD function that is needed
for the repair activity of TFIIH, but not for transcription.
Third, for modular protein assemblies, specialized proteins

may allow the network to execute a select function, as in the
case of theCSA andCSB proteins enablingNER components to
support TCR activity. In such a circumstance, the specialized
pathway protein may eliminate the need for some of the origi-
nal network components, as, for example, XPC and XPE not
being needed for TCR.
Finally, regulation of energy metabolism and transcriptional

elements appear to be closely linked. PARP-1 is a node in both
processes, interacting with and likely counter-regulating sir-
tuins and DNA-PK. At the same time, PARP-1 acts selectively
in transcription and broadly in PTMof proteins to enable DNA
repair and transcription.
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Circular proteins havenowbeendiscovered in all kingdomsof
life and are characterized by their exceptional stability and the
diversity of their biological activities, primarily in the realm of
host defense functions. This thematic minireview series pro-
vides an overview of the distribution, evolution, activities, and
biological synthesis of circular proteins. It also reviews
approaches that biological chemists are taking to develop syn-
thetic methods for making circular proteins in the laboratory.
These approaches include solid-phase peptide synthesis based
on an adaption of native chemical ligation technology and
recombinant DNA approaches that are amenable to the in-cell
production of cyclic peptide libraries. The thioester-mediated
native chemical ligation approach mimics, to some extent, ele-
ments of the natural biosynthetic reaction, which, for disulfide-
rich cyclic peptides, appears to involve asparaginyl endopepti-
dase-mediated processing from larger precursor proteins.

Conventional proteins are synthesized on the ribosome as
topologically linear chains of amino acids that typically then
fold into complex three-dimensional shapes that are deter-
mined by the linear sequence of amino acids. The shapes of
folded proteins have a major role in function because shape
determines the nature of specific interactions with target mol-
ecules, whether they be smallmolecules, other proteins, nucleic
acids, or membranes.
Circular proteins (1–3) differ from linear proteins in that

their backbones have one additional peptide bond that joins the
N and C termini to make a topologically circular backbone.
This simple addition typically does not change the global
protein shape but gives the circular protein some significant
advantages over its linear counterpart. The most significant
advantage is enhanced stability, including stability against
unfolding at high temperatures, in the presence of chemical
chaotropes, or, most notably, against breakdown by proteolytic
enzymes. Other advantages include the enhanced potency that
can arise from locking the protein rigidly into its bioactive form,
thereby reducing entropic penalties associatedwith the binding
of flexible protein ligands. These biochemical advantages ben-
efit the organism that produces the circular protein in its native
environment and are also advantageous when circular proteins
are used in agricultural, diagnostic, or pharmaceutical applica-
tions, where stability, potency, and target selectivity are impor-
tant attributes.
This series of minireviews describes the discovery, biological

activities, biosynthesis, and applications of circular proteins in

bacteria and higher organisms and the approaches that biolog-
ical chemists are taking to synthesize head-to-tail cyclic peptide
chains. Nonribosomal cyclic peptides (such as cyclosporin) that
have revolutionized organ transplant therapy because of their
immunosuppressive properties fall outside the scope of this
series. Like many previously known cyclic peptides, cyclo-
sporin is biosynthesized by complex peptide synthetases
that typically incorporate non-proteogenic amino acids. By
contrast, our focus here is on ribosomally synthesized pro-
teins that are enhanced by post-translational cyclization.We
use the term circular proteins to emphasize their topology
and proteinaceous nature, even though many are not much
larger than cyclosporin. Like cyclosporin, the ribosomally
synthesized circular proteins have great potential as drugs.
In the first minireview in the series, Göransson and col-

leagues provide an overview of circular proteins in fungi and
plants, which appear to be particularly profligate users of native
peptide cyclization. The authors focus on three circular protein
families: cyclotides and sunflower trypsin inhibitors from
plants and Amanita toxins from fungi. They place a particular
emphasis on the biological origin, structure, and activity of
these peptides, which range from 12 to 40 amino acids in size.
Cyclotides are the largest class of circular proteins known and
are particularly stable because they have both a cystine knot and
a cyclic backbone.Membranes appear to be the common target
of cyclotides, which are able to disrupt liposomes, bacterial
membranes, and membranes of enveloped viruses. Because of
this activity, cyclotides are able to disrupt the midgut mem-
branes of caterpillars that have ingested cyclotides, accounting
for their insecticidal activity. The biosynthetic pathways of cyc-
lotides and other plant cyclic peptides are not yet fully under-
stood, but it is clear that they are processed from precursor
proteins and that asparaginyl endoproteinases, which are cys-
teine proteases, have an important role in the processing and
cyclization (4, 5).
In the second minireview, Maqueda and colleagues focus on

bacterial circular proteins, including pilins, bacteriocins, and
cyanobactins. Here, there is a much greater understanding of
the biosynthetic pathways that lead to the cyclic proteins than
there is in higher organisms. This knowledge extends to exten-
sive characterization of the gene clusters involved in producing
not only the precursors but also the auxiliary proteins involved
in processing, maturation pathways, and export from the pro-
ducing organism.These circular proteins have a range of poten-
tial applications. For example, the bacteriocins are highly toxic
to bacteria other than the producing strain; some are used as
food preservatives, and others show potential in the medical or
veterinary treatment of bacterial infections.

1 To whom correspondence should be addressed. E-mail: d.craik@
imb.uq.edu.au.
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In the third minireview, Lehrer and colleagues describe the
only known ribosomally synthesized circular proteins in ani-
mals, namely the �-defensins. Here, the biosynthetic origin is
very surprising indeed. It seems that two truncated �-defensin
genes encode precursors that each contribute just 9 amino
acids to the 18-amino acid mature cyclic peptides. Cyclization
arises from stitching the two nonapeptide fragments together
in a double head-to-tail ligation whose mechanism is not
known. The �-defensins are expressed in the leukocytes of Old
Worldmonkeys as part of the innate immune system to provide
protection against invading bacteria. Humans appear to have
lost the ability to make these cyclic peptides but still harbor
pseudogenes corresponding to �-defensin sequences. Synthetic
retrocyclin peptides corresponding to these gene sequences are
potent anti-HIV agents and have also been shown to protect
mice from the severe acute respiratory syndrome (SARS) coro-
navirus andBacillus anthracis spores. It is an ironic twist of fate
that we have lost the ability to intrinsically express such useful
peptides, butman-made synthetic analogs are showing promise
as topical microbicides to prevent sexually transmitted HIV-1
infections.
A common theme among the various classes of circular pro-

teins is that they are heavily involved in defense functions (apart
from bacterial pilins, which function at the opposite end of the
social spectrum, i.e. attraction rather than deterrence). Their
toxic effects against other organisms are dramatic. For exam-
ple, theAmanitamushroom cyclic peptide toxins have an LD50
of 0.1 mg/kg, so a single mushroom can kill a human, and a
single bite of such a mushroom is likely to be sufficient to deter
natural herbivores.
A key difference between the different classes of circular pro-

teins is the absence of disulfide bonds in bacterial cyclic pep-
tides, although recent discoveries suggest that there are new
families of plant peptides that also lack disulfide bonds (6). The
key similarity among all families of circular proteins is their
exceptional stability. This stability is the primary reason that
they have attracted the attention of biological chemists and
drug designers. Thus, the final two minireviews move from the
context of cyclic proteins produced by nature to focus on how
biological chemists are making synthetic versions of naturally
occurring circular peptides and how we can exploit some of
their properties for pharmaceutical or agricultural applications.
In bothminireviews, themain focus is on the cyclotide family of
circular proteins.
In the penultimate minireview, Tam andWong describe the

importance of entropy-mediated cyclization in the solid-phase
peptide synthesis of cyclic peptides to overcome the entropy
barrier of coupling the N- and C-terminal ends of large peptide
chains for head-to-tail cyclization. A common theme linking
man-made approaches for circular protein production and
those of nature is the use of thioester chemistry via native
chemical ligation in reaction vessels or intein-based approaches
in recombinant cells or via cysteine protease-mediated cycliza-
tion in nature. The supernucleophilicity of a thiol side chain at
the N terminus of a peptide chain combined with a C-terminal
thioester is the key element in the approach described by Tam
andWong, based on native chemical ligation (7). This approach

is particularly effective for disulfide-rich peptides, where the
reaction is effectively accelerated by the presence of multiple
intermediate cysteine thiols in a “thia-zip” process.
In the last minireview of the series, Aboye and Camarero

describe how cyclization reactions can be achieved using
recombinant DNA expression techniques. Several approaches
have been successfully used, including “expressed protein liga-
tion,” intein-mediated protein trans-splicing, protease-cata-
lyzed transpeptidation, and genetic code reprogramming. Sev-
eral of these approaches can conveniently be used to make
genetically encoded libraries of cyclic peptides within cells that
can be screened for their ability to modulate intracellular
processes.
We hope that the articles in this series will raise awareness of

circular proteins and stimulate readers to discover new exam-
ples, explore the repertoire of biosynthetic mechanisms avail-
able, and develop new applications that exploit the stability
advantages of circular proteins. One of us (D.J. C.) has some-
what flippantly described conventional proteins as nature’s
unfinished business because they are one peptide bond short of
a full complement of bonds between all amino acids in the pep-
tide chain. With increased knowledge of natural circular pro-
teins and with an array of chemical and biological methods for
making artificial examples, biological chemists can now assist
in completing this unfinished business by chemically reengi-
neering interesting proteins to join their ends and make them
more stable.
Remaining challenges in the field include the need to develop

assays that will rapidly and specifically detect the presence of
cyclic proteins in biological specimens (because their lack of
termini confound conventional proteomic sequencing meth-
odologies) and the need to delineate their biosynthetic mecha-
nisms. Nevertheless, it is clear that the recent advances in the
ability to synthesize cyclic peptides will providemany opportu-
nities to develop novel peptide-based therapeutic and diagnos-
tic reagents.
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Circular proteins, defined as head-to-tail cyclized polypep-
tides originating from ribosomal synthesis, represent a novel
class of natural products attracting increasing interest. From a
scientific point of view, these compounds raise questions of
where and why they occur in nature and how they are formed.
Froma rational point of view, these proteins and their structural
concept may be exploited for crop protection and novel phar-
maceuticals. Here, we review the current knowledge of three
protein families: cyclotides and circular sunflower trypsin
inhibitors from the kingdom of plants and the Amanita toxins
from fungi. A particular emphasis is placed on their biological
origin, structure, and activity. In addition, the opportunity for
discovery of novel circular proteins and recent insights into
their mechanism of action are discussed.

The destiny of proteogenic amino acid building blocks is to
be joined into chains via their N- and C-terminal ends. Hence,
one could argue that linear proteins with free termini are unfin-
ished, whereas head-to-tail cyclized proteins with a full circle of
amide bonds represent the only “complete” polypeptides.
Circular proteins have now been reported from all kingdoms

of life. This minireview focuses on plant and fungal circular
proteins of ribosomal origin, i.e. sequences that are genetically
encoded. Currently, three such classes are known: theAmanita
toxins from fungi and the cyclotides and sunflower trypsin
inhibitors from plants. The sources, genes, and protein struc-
tures of these proteins are summarized in Fig. 1. Their diverse
origin and characteristics highlight that nature has foundmany
ways of producing circular proteins, suggesting that more
classes are yet to be discovered.

Fungal Circular Proteins

Amatoxins and phallotoxins are themajor toxins of the lethal
mushrooms of the family Amanitaceae (1, 2). Specifically, these
toxins have been isolated from Amanita species from the sec-
tion Phalloidae (including the death cap (Amanita phalloides)
and the destroying angel (Amanita virosa)). The existence of

“alkaloid-like” toxic compounds in Amanita has been known
for almost two centuries, but their ribosomal origin was estab-
lished only recently (3). Presently, the amatoxins constitute a
suite of nine different 8-residue long circular peptides; the
structure of �-amanitin is shown in Fig. 1a. All nine amatoxins
are post-translationally modified products of the protein
sequence encoding �-amanitin or �-amanitin. The post-trans-
lational process incorporates hydroxylations and an unusual
cross-link between a Trp and a Cys residue via a sulfoxide. The
phallotoxins are seven-membered protein circles that originate
from phallacidin or phalloidin protein sequences. In analogy to
amatoxins, they are stabilized by an extra cross-link; in this
case, a sulfide links the Trp and Cys residues.
Amatoxins and phallotoxins share their genetic origin in that

they are both products of the same gene family,MSDIN (3). The
AMA1 and PHA1 genes, which encode �-amanitin and phallo-
idin, respectively, are expressed as 33- and 32-residue linear
precursor proteins, respectively. All members of the family
contain Pro residues N- and C-terminal of the mature
sequence, which are likely required for the release and cycliza-
tion of the mature toxin domain by a prolyl oligopeptidase (4).
Although genetics predicted 19 mature toxin sequences, only
four of these have been found in modified versions at the pro-
tein level (�- and �-amanitin, phallacidin, and phalloidin).
Those four sequences are the only ones containing Cys and Trp
residues and thus are the only members that can contain the
sulfoxide/sulfide cross-link. This suggests that the cross-link is
important either for the stability and longevity or for the folding
and cyclization of the peptides. However, several additional
Amanita toxins lacking the link have been found at the protein
level, but in contrast, the biosynthetic origin of these is
unknown. For example, this is the case for antamanide (cyclo-
(VPPAFFPPFF)), which contains only unmodified proteogenic
amino acids and is likely also of ribosomal origin from a gene
that still awaits discovery.
The amatoxins and phallotoxins are highly potent toxins. In

fact, amatoxin-containing species are responsible for �90% of
all fatal cases of mushroom poisoning (2). The fact that toxins
survive the digestive tract is testament to the stability afforded
by their cross-linked structure. The LD50 in humans for
�-amanitin is �0.1 mg/kg, meaning that a single mushroom
can contain a lethal dose. The drastic effect of these compounds
is mediated through inhibition of transcription by specific
interactions with RNA polymerase II (5) (Fig. 2a). This binding
relies heavily on the post-translational decoration, with the
constrained Trp and hydroxyl groups forming close interac-
tions with the protein (5). Polymerases from different organ-
isms show varying degrees of sensitivity, and the potency of the
different amatoxins varies. The latter is illustrated by the LD50
values in mice: �-amanitin has an LD50 value 0.3 mg/kg, but
amanullin, which lacks two hydroxyl groups, is two orders of
magnitude less toxic. The phallotoxins bind to F-actin to stabi-
lize the structure of assembled filaments (1). Phalloidin has thus
become a valuable molecular tool used for cellular and molec-
ular imaging when conjugated with fluorescent labels (6).
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FIGURE 2. Mechanisms of action. a, the crystal structure (Protein Data Bank code 3CQZ) shows �-amanitin binding deep in the substrate-binding channel of
the large multisubunit RNA polymerase II. b, SFTI-I binds tightly to the trypsin active site (Protein Data Bank code 1SFI). A number of studies have demonstrated
the ability of cyclotides to interact with and disrupt biological membranes. c, schematic model of the interaction between cycloviolacin O2 and E. coli inner
membranes comprising phosphatidylglycerol (PG) and PE lipids. Accumulation of cyclotides, driven by electrostatic interaction ((i)), leads to membrane
thinning ((ii)) through selective binding to and extraction of PE lipids ((iii)) and increased flip-flop of PE lipids from the inner leaflet.

FIGURE 1. Sources, genes, and structures of circular proteins from plants and fungi. a, amatoxins are embedded in �30-amino acid long precursors.
Structures highlight the Cys-Trp bond and hydroxylations. b, albumin is hijacked for SFTI-1/SFT-L1 biosynthesis. The �-sheet structure is stabilized by one
disulfide bond. Alb. s.u., albumin subunit. c, gene expression differs between cyclotide-expressing plant families. In Fabaceae, the gene is expressed within an
albumin. Violaceae and Rubiaceae share the features of an endoplasmic reticulum (ER) signal, followed by the Pro region, the N-terminal repeat (NTR), the
mature cyclotide domain, and a conserved tail region. Structures demonstrate cyclotide subfamilies and the positions of the sequence loops.
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Plant Circular Proteins

SunflowerTrypsin Inhibitors—Isolated from sunflower (Heli-
anthus annuus) seeds, sunflower trypsin inhibitor-1 (SFTI-1)4
is a 14-residue cyclic peptide with subnanomolar inhibitory
activity against trypsin (7). The three-dimensional structure of
SFTI-1 reveals a well defined and rigid arrangement of two
antiparallel �-strands that are stabilized by a single disulfide
bond and an extensive internal network of hydrogen bonds (8).
SFTI-1 forms a tight binding complexwith bovine trypsin by an
extended �-sheet across active site residues P1–P4 (trypsin/
SFTI-1 Ki � 0.1 nM) (Fig. 2b) and shares a common conforma-
tion in its active loop with other serine proteases of the Bow-
man-Birk inhibitor family. The backbone circle in SFTI-1 is
completed by a hairpin loop, which is termed the secondary
loop.
The contributions made by both the circular backbone and

the disulfide bond to the SFTI-I structure and activity have been
examined. Synthetic disulfide-deficient but cyclic SFTI-1 is
more flexible and less active than native SFTI-1, indicating a
greater loss in entropy in binding to trypsin compared with
native SFTI-1 (9). In contrast, the potency andhydrolysis rate of
acyclic SFTI-1 opened between Asp14 andGly1 are only slightly
reduced relative to cyclic SFTI-1. The cyclic and acyclic SFTI-1
structures are essentially identical, with the exception of the
loss of one hydrogen bond in the secondary loop in acyclic
SFTI-1 (8). Thus, the disulfide bond, together with hydrogen
bonds in the secondary loop, provides enough stability tomain-
tain the �-sheet structure and, in turn, the rigidity of the bind-
ing loop (9). However, removal of both the disulfide and the
circular backbone results in complete loss of trypsin inhibitory
activity and disruption of the native-like fold (9). An alanine
scan has also shown that the scaffold is tolerant to sequence
modifications, with all non-cysteine residues able to be
replaced without losing structural stability, with the exception
ofAsp14, which is involved in a hydrogen bonding network (10).
Recently, it became evident that SFTI-1 is derived from a

151-residue albumin seed storage protein and that it is also
found in other Helianthus species (11). Transgenic experi-
ments indicate that an asparaginyl endopeptidase, responsible
for processing for the albumin, releases and cyclizes SFTI-1
(11). Subsequently, it was shown that another 12-residue cyclic
peptide termed SFT-L1 (or SFTI-Like1) is located within the
spacer region of another albumin gene. SFT-L1 currently rep-
resents the smallest plant circular protein known.
Cyclotides—The unique cyclotide structure was first

described in the mid-1990s when the NMR spectroscopy anal-
ysis of kalata B1 fromOldenlandia affinis revealed the presence
of both a circular peptide backbone and a so-called cystine knot,
inwhich three conserved disulfide bonds are arranged such that
one disulfide penetrates an embedded ring formed by the two
other disulfides and their interconnecting backbone. Further
discoveries established them as a family, and the term cyclo-
tides (cyclo-peptides) was coined (12). Current indications
point to cyclotides being one of the largest protein families
known, with tens of thousands of members (13).

Structural Features—A typical cyclotide consists of �30
amino acids, with only 6 strictly conserved residues, the cys-
teines. The residues between each cysteine are defined as loops
(1–6) and, in contrast, are generally highly interchangeable
(Fig. 1c). The cystine knot, in combination with the additional
cross-bracing afforded by the circular backbone, locks the chain
into the cyclic cystine knot motif, which renders the structure
as close to indestructible as a proteinaceous substance is ever
likely to be. Kalata B1 in its oxidized form is fully resistant to all
proteases tested, as well as thermal denaturation by boiling or
unfolding by chaotropic agents (14). Numerous cyclotides have
been structurally characterized, primarily by NMR spectros-
copy (e.g.Ref. 15) but also by x-ray crystallographic studies (16).
These studies have revealed a number of conserved features.
The cyclotide backbone is tightly folded and comprises a large
number of intramolecular hydrogen bonds (15). These bonds
stabilize elements of secondary structure, including a�-hairpin
and, in the bracelet cyclotides, a short 310 helix, which are con-
nected by a series of well defined tight turns. The division of
cyclotides into two subfamilies, Möbius and bracelets, is based
on the former comprising a conserved conformation of the turn
in loop 5, which includes a cis-Pro bond creating a conceptual
twist of the peptide backbone (12).
A Glu residue in loop 1 is conserved throughout the family,

with only a single exception among the�200 cyclotides known
(17). ThisGlu has been found to coordinate a network of hydro-
gen bonds to amide protons in loop 3 via its carboxyl group (15,
18). This interaction is clearly a prerequisite for both structure
and function of cyclotides, as replacement or modification
results in both a compromised structure and significantly
reduced bioactivity (19, 20).
The internal core of the cyclotide proteins is almost fully

occupied by the conserved cystine knot, which gives the cyclo-
tides a peculiar feature, namely a large number of surface-ex-
posed hydrophobic residues. As a result, cyclotides typically
have a highly amphiphilic character.
Occurrence of Cyclotides—Despite the high predictions for

the number of cyclotides present in nature, to date, they have
been found only in a few plant families, primarily in Violaceae
and Rubiaceae. Although Rubiaceae is a large plant family, cy-
clotides are found only in aminority of species (13). In contrast,
cyclotides have been found in all Violaceae species screened;
hence, the family can be regarded as a rich source of cyclotides
(21). Recently, cyclotides were also reported in one species of
the Fabaceae family, Clitoria ternatea (22). Furthermore, two
cyclic cystine knot peptides have been described inMomordica
cochinchinensis of the Cucurbitaceae family (23), but these
trypsin inhibitors are more closely related to linear squash pro-
tease inhibitors than other cyclotides. The four cyclotide-bear-
ing plant families are phylogenetically distant, which suggests
that their distribution in the plant kingdom is wider than cur-
rent knowledge suggests.
Biological Activities and Mechanism of Action—Numerous

biological activities havebeen reported for cyclotides, e.g.utero-
tonic, hemolytic, inhibition of neurotensin action, anti-HIV,
cytotoxic, molluscicidal, anthelmintic, and antifouling effects
(24). Cyclotides are also active against different bacteria (25, 26)
and the insect larvae Helicoverpa punctigera and Helicoverpa

4 The abbreviations used are: SFTI-1, sunflower trypsin inhibitor-1; PE,
phosphatidylethanolamine.
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armigera (27). Insecticidal and antimicrobial activities suggest
that the native role of cyclotides in plants is as components of
the innate defense system (28). Anumber of studies have shown
that cyclotides interact with membranes. For example, cyclo-
tides insert into micelles (29) and disrupt liposomes (30), bac-
terialmembranes (31, 32), andmembranes of enveloped viruses
(31).
In our view, the interaction between cyclotides and themem-

brane has three components: (i) electrostatic interactions
between charged residues and charged lipid headgroups, (ii)
insertion into the membrane governed by the surface-exposed
hydrophobic patch, and (iii) a specific interaction between the
cyclotide and a lipid headgroup (Fig. 2c). Importantly, the con-
tribution of each of these components to the overall affinity
differs depending on the cyclotide in question and the compo-
sition of the targeted membrane, explaining differences in the
bioactivity observed for different cyclotides in different assays.
(i) Electrostatic interactions between cationic peptides and

anionic bacterial membranes are a key factor governing the
selectivity ofmany antimicrobial peptides against pathogens. In
contrast to the highly cationic peptides such as defensins,
cyclotides carry only a few cationic residues and normally pos-
sess a net charge of �2 or less. Although this may suggest that
the electrostatic effect would play little role in the mechanism
of action, there is a clear correlation between overall charge and
antimicrobial activity. Cyclotides such as kalata B1 and kalata
B2, which carry overall charges of 0 and �1, respectively, show
little activity in antibacterial assays, whereas cycloviolacin O2
(�2) and hedyotide B1 (�3) have low micromolar activity
against several bacteria, including Escherichia coli (25, 26).
Removal of the charges reduces the antimicrobial activity of
cycloviolacin O2 (25), whereas addition of charges to kalata B1
can improve bioactivity (33).
(ii) The surface-exposed hydrophobic patch is ideally suited

for insertion into membranes, and there is some correlation
between the size of the hydrophobic patch and the activity in
hemolytic assays (32, 34). The introduction of positive charges
into the hydrophobic patch of kalata B1 has been shown to
reduce bioactivity (33).
(iii) Recent studies utilizing liposome leakage assays, ellip-

sometry, and surface plasmon resonance techniques using
model membranes with various lipid compositions demon-
strated that both kalata B1 and cycloviolacin O2 have a distinct
preference for membranes containing phosphatidylethano-
lamine (PE) lipids (31, 32). Kalata B1 can also increase the trans-
membrane recruitment of PE lipids from the inner leaflet (31).
An alanine scan of kalata B1 has identified a region centered
around the conservedGlu residue as critical for bioactivity (20).
It was initially speculated that this region was critical for the
self-association of kalata B1 to form membrane pores (20).
However, titrations between kalata B1 and PE head groups
monitored by NMR spectroscopy clearly identify this region as
the site of interaction with PE. A perfect correlation between
biologically inactive Ala mutants of kalata B1 and lack of bind-
ing to PEmembranes demonstrates the importance of this spe-
cific interaction (31). It is possible that other cyclotides may be
selective for other headgroups, allowing the targeting of differ-
ent types of membranes.

The precise mechanism generating membrane leakage by
cyclotides is not entirely clear. Peptide multimer formation
producing a defined pore structure has been suggested based on
stepwise current increase in a patch-clamp experiment (35).
However, the mechanism for the cyclotide cycloviolacin O2
seems to be of amore general character. In this case, the peptide
accumulation results in membrane thinning and curvature
stress (32), which ultimately result in perforations of a more
transient and toroidal character. These types of perforations
are the predominate lytic mechanism for antimicrobial pep-
tides, where defined multimeric pores are rare. For cycloviola-
cin O2, the membrane integrity was also compromised by
selective PE lipid depletion from the membrane by lipid-spe-
cific micellization (32).

Reasons to Make Ends Meet

It is clear that the biosynthesis of the circular proteins
described above must come with an extra cost in terms of
energy for production. So what benefits do they confer to the
organism that express them, and what is the role of these com-
pounds in nature? The arguments in favor for the host defense
theory are convincing. The presence of trypsin inhibitors pro-
tects against herbivores, as do themushroom toxins. In the case
of cyclotides, their insecticidal and antimicrobial effects sup-
port their role in host defense (28). In addition, phytotoxic
activity and activity against soil bacteria have been demon-
strated (36). The fact that cyclotides are expressed in a tissue-
specific manner may be a reflection of the allelopathic role of
cyclotides (37). Transgenic expression of these host defense
proteins may be a potent means of crop protection (38).
The development of circular proteins coincides with the

increasing interest in protein and peptides as drugs. Much of
the attention attracted by circular proteins is due to one of the
advantages they offer, namely their superior stability. They are
thermally, chemically, and biologically stable. The circular
backbone is one component underlying that stability; another
key factor is side chain cross-links (14, 39). As proteins that can
also accommodate a large structural diversity, these com-
pounds have become subjects for protein design.
SFTI-1 is an appealing candidate for drug design because of

its small size. The current drug design applications of SFTI-1
have significance in the field of anticancer therapeutics. For
example, SFTI-1 was engineered to produce a selective inhibi-
tor of KLK4 (Ki � 3.59 � 0.28 nM), a protease associated with
prostate cancer progression (40). Despite being larger than
SFTI-1, cyclotides also are amenable to solid-phase peptide
synthesis (41). Kalata B1 has been successfully grafted to con-
tain anti-angiogenic activity (42), and MCoTI-II to display
activity against foot and mouth virus (43).
In parallel to the chemical approach, an expression system of

recombinant cyclotide libraries has been developed in E. coli
(44) using MCoTI-II as a scaffold. Although only two relative
small libraries were built in that study, proof of concept has
been demonstrated that promises generation of larger libraries
suitable for drug screening in a high throughput manner.
Another approach is to design stable drugs by introducing a

circular backbone into naturally linear proteins. Remarkably,
joining the ends of a conotoxin with a potent analgesic effect
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has been shown not only to increase resistance to proteolysis
and to increase the protein half-life in plasma but also to allow
oral administration (45).

The Never Ending Quest for Circular Proteins

Plants and fungi represent an overwhelming biological diver-
sity. The two kingdoms together contains 2 million species (of
which plants represents 400,000), each of which has its own
unique setup of primary and secondary metabolites. Discovery
of the proteins reviewed here is the result of observations of
bioactivity, followed by targeted searches for analogous com-
pounds. The history of the Amanita toxins dates back to early
history of man and the observations of mushroom poisoning.
SFTI-1 was discovered in a directed search for plant serine pro-
tease inhibitors using affinity chromatography on immobilized
trypsin (7). The first cyclotide, kalata B1, was revealed to be the
active compound in an herbal drug: a decoction of O. affinis
used to accelerate childbirth in certain parts of central Africa
(46).
But howdo you target biodiscovery toward circular proteins?

To determine whether a peptide or protein is cyclic at an early
stage of the discovery process remains a challenge.Modern day
screens for cyclotides utilize their high retention on reversed-
phase HPLC, molecular weight, and cystine content (13).
Recently, genetic information has been used to a larger extent:
screening for cyclotide-encoding RNA has become routine.
The first expressed sequence tag library ofO. affinis revealed 31
cyclotide precursor expressed sequence tags (47). In compari-
son, only 19 cyclotides have been found at the protein level.
Such discrepancies between gene and protein expression are
commonly encountered; for example, cyclotide-like genes have
been found in the Poaceae family, but no protein has been
detected (48). In this context, it should be noted that the infor-
mation from the genome sequencing was the key to uncovering
the ribosomal origin of the Amanita toxins (3). Maybe genome
mining for ribosomal natural products (49) and/or proteomic
approaches based onmass spectrometry (50) will accelerate the
discovery process in the future. It remains a problem that iden-
tification is biased toward compoundswith characteristics sim-
ilar to known compounds, e.g. primers are designed on con-
served sequences, and only certain retention times and masses
are investigated. The protein still needs to be fully sequenced
before definite proof of its cyclic structure can be obtained.

Conclusions

Nature is a proven source for the discovery of new drugs and
new chemical entities. In the currentminireview, we have dem-
onstrated that natural productsmay also play a role in the phar-
maceutical and medical research of today, in which protein-
based drugs become more and more important. It is clear that
plant and fungi are underexplored, and many more diverse cir-
cular proteins await discovery, but the field is mushrooming.
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Over recent years, several examples of natural ribosomally
synthesized circular proteins and peptides from diverse organ-
ismshave beendescribed. They are a groupof proteins forwhich
the precursors must be post-translationally modified to join the
N and C termini with a peptide bond. This feature appears to
confer a range of potential advantages because these proteins
show increased resistance to proteases and higher thermody-
namic stability, both of which improve their biological activity.
They are produced by prokaryotic and eukaryotic organisms
and show diverse biological activities, related mostly to a self-
defense or competition mechanism of the producer organisms,
with the only exception being the circular pilins. This minire-
view highlights ribosomally synthesized circular proteins pro-
ducedbymembers of thedomainBacteria: circular bacteriocins,
cyanobactins, and circular pilins.Wepay special attention to the
genetic organization of the biosynthetic machinery of these
molecules, the role of circularization, and the differences in the
possible circularization mechanisms.

Most proteins are synthesized as linear polymers, whose free
ends are often flexible or unclearly defined, and routinely tar-
geted by exopeptidases that weaken the stability of the mole-
cule. Over the past decades, a unique family of circular pro-
teins/peptides with a well defined three-dimensional structure
has been described. Their N- and C-terminal ends are joined
with a conventional amide bond to form a circular backbone
(1–4). Despite the efforts expended on this subject, the role of
circularization in proteins remains unclear, although evidence
indicates that it contributes to their stability and potency and
provides a range of potential advantages (5–7). Some circular
proteins/peptides have emerged as good therapeutic candi-
dates due to their broad range of biological activities and
potency (3, 8, 9). It bears noting that circular proteins have been
discovered in bacteria, plants, fungi, and animals. Circular pro-
teins fromhigher organisms are typically shorter and contain at
least one disulfide bond, further bracing the structure and bol-
stering stability (10). CyBase Database describes and updates
sequence information on these proteins (11). This minireview

focuses on the circular proteins and peptides produced by
bacteria.
During evolution, prokaryotic organisms have developed

diverse strategies to adjust to their particular ecological niche,
such as the production of pili (12, 13), or to give them a com-
petitive advantage over other inhabitants of the same environ-
ments, i.e. by producing antagonistic substances like bacte-
riocins or cytotoxic peptides. In contrast to antibiotics,
bacteriocins constitute a family of ribosomally synthesized pro-
teins with variable molecular weight, genetic origin, biochemi-
cal properties, andmode of action, capable of targeting bacteria
either within the same species or from different genera. In gen-
eral, these proteins have low eukaryotic toxicity (14). Bacterio-
cins produced by lactic acid bacteria are highly useful to the
food industry for food safety (15). In addition, they can comple-
ment or, in certain cases, replace antibiotics and chemical pre-
servatives, the use of which is increasingly being called into
question (14, 16). Moreover, some bacteriocins have demon-
strated a remarkable therapeutic potential for the treatment of
local and systemic bacterial infections (17, 18).
A large family of bacterial cytotoxicmodified cyclic peptides,

ranging in size from 6 to 20 amino acids and collectively called
cyanobactins, has been identified in species belonging to the
phylum Cyanobacteria (19, 20). They exhibit diverse biological
effects and are a promising source of post-translational modi-
fying enzymes to synthesize new products with potential appli-
cations (20).

Prokaryotic Circular Proteins

Competition-related Molecules: Circular Bacteriocins and
Cyanobactins—The most common antagonistic mechanism
among bacteria is the production of specific molecules, such as
bacteriocins. The circular bacteriocins described so far are pro-
duced exclusively by Gram-positive bacteria from the phylum
Firmicutes. To date, 10 different globular circular bacteriocins,
ranging from58 to 70 amino acids, have been reported (Table 1)
(21–29). They are often cationic and amphiphilic molecules
that kill bacterial cells by accumulation or insertion into the
membrane, thereby causing increased permeability and loss of
barrier functions. Circular bacteriocins differ from other
smaller nonribosomal cyclic peptides, such as cyclosporin A
and polymyxin B1, which bacteria and fungi produce by peptide
synthetases (30).
Subtilosin A from Bacillus subtilis is a smaller anionic pep-

tide (35 amino acids) that is extensively post-translationally
modified by three covalent thioether bonds, besides the linkage
between the N and C termini (Table 1) (31). For this reason, is
now considered the prototype of a new (sub)class of bacterio-
cins known as sactibiotics (32).
Bacteriocin production requires the coordinated expression

of several genetic determinants involved in maturation (cleav-
age/circularization) and secretion via different transporter sys-
tems, as well as the immunity mechanisms to ensure self-pro-
tection (Fig. 1, panel 1). These gene clusters are chromosomally
encoded, except those of gassericin A/reutericin 6 and acidocin

* This is the second article in the Thematic Minireview Series on Circular
Proteins.
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B (21, 27, 34), garvicin ML (28), and AS-48 (1), which are plas-
mid-located. As an exception, the AS-48RJ variant is encoded
on the chromosome (35). The clusters are organized either into
polygenic operons transcribed from a promoter located
upstream of the structural gene or into two quite compressed
gene modules (Fig. 1, panel 1). For a detailed discussion of the
genetic characteristics of these bacteriocins, see the recent
reviews in Refs. 1, 2, and 4.

The major feature of these molecules is their circular struc-
ture. Despite their unquestionable interest, only the three-di-
mensional structures of AS-48 (9), carnocyclin A (33), and sub-
tilosin A (36) are available (Fig. 2A). Additional secondary
structure prediction and homology modeling analysis of circu-
lar bacteriocins indicate that even though they have low
sequence identities, they are organized into a well defined
three-dimensional structure (33, 37). The longest of the circular

TABLE 1
Characteristics of bacterial circular proteins
Signal sequences are shown in boldface letters. In the cyanobactins, the leader peptide has not been included. A.A., amino acids.
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bacteriocins (AS-48, circularin A, and uberolysin A) are orga-
nized into five �-helices, whereas the shortest ones (carnocy-
clin A, lactocyclicin Q, and leucocyclicin Q) contain just four
amphipathic tightly packed �-helices connected by well
defined loops, which encompass a compact hydrophobic core
with the common architecture of the saposin fold (1, 2, 4, 26).
The head-to-tail union occurs within one �-helix, as has actu-
ally been confirmed for AS-48 and carnocyclin A. Thismay be a
key factor in the maturation process and may be a determinant
for protein folding (37). In contrast, subtilosin A contains sev-
eral small amino acids that are distributed throughout themol-
ecule, although as a consequence of its circular structure and
sulfide bridges, the conformational space of the backbone is
severely constrained. Thus, subtilosin A assumes a twisted
bowl-like structure, with most side chains pointing toward the
solvent (Fig. 2A) (36).
Most circular bacteriocins have an asymmetrical distribution

of the positive charges, where basic residues are clustered in
some helices, and a hydrophobic surface configures the rest of
the molecule (Fig. 2, A and B). The positively charged residues
are probably responsible for attracting polypeptides to the sur-
face of the negatively charged bacterial membranes (Fig. 2C).
Analysis of the AS-48 oligomeric structure in the crystals, how-

ever, involves a transition from the water-soluble dimer form I
(DF-I)2 to themembrane-bounddimer form II (DF-II) (Fig. 2B).
It has been shown that AS-48 causes nonselective pores in the
lipid bilayers, thereby allowing the free diffusion of ions and low
molecular weight solutes across themembrane (9). By contrast,
carnocyclin A does not form dimers in solution and causes
anion-selective channels in the lipid bilayer in a voltage-depen-
dent manner (33).
The group of cyanobactins, recently demonstrated to be

ribosomally synthesized, encompasses �100 different back-
bone-cyclized peptides produced by awide variety of cyanobac-
teria (19, 20). They have a long predicted highly conserved hel-
ical leader peptide that is assumed to participate in the targeting
of the post-translational machinery (38). In addition, they
undergo other post-translationalmodifications, such as hetero-
cyclization or prenylation of amino acids and epimerization.
Genome mining and heterologous expression studies have
revealed that they are encoded in a cluster �10 kb in size that
contains between 7 and 12 genes. The cyanobactin gene clus-
ters are exemplified here by that of patellamide A produced by
Prochloron spp. (Fig. 1, panel 2). This cluster includes the struc-
tural gene patE, which is transcribed with patA and patG,
involved in patellamide circularization. The cluster also
encodes PatD, an enzyme thought to be involved in heterocycle
formation, and hypothetical genes with an unassigned function
(patB, patC, and patF). Similar organization is observed in ana-
cyclamide from Anabaena sp. or trichamide from Trichodes-
mium erythraeum (Fig. 1, panel 2).
Structural Proteins: TrbC and T-pilins—Pili are proteina-

ceous appendages present in Gram-negative bacteria (phylum
Proteobacteria). They perform several functions, including

2 The abbreviation used is: DF, dimer form.

FIGURE 2. A, three-dimensional structures of AS-48 (Protein Data Bank code
1E68), carnocyclin A (code 2KJF), and subtilosin A (code 1PXQ). The red arrow
indicates the head-to-tail peptide bond location. Blue and yellow patches indi-
cate charged and hydrophobic moieties, respectively. B, DF-I and DF-II of
AS-48 (codes 1O83 and 1O84, respectively). In DF-I, charged helices are
exposed, whereas in DF-II, hydrophilic helices interact, exposing the hydro-
phobic core. C, proposed mechanism of action of AS-48. The electrostatic
attraction guides DF-I to the membrane, in which the conditions promote the
transition to the conformation DF-II, which is more stable in a hydrophobic
environment.

FIGURE 1. Schematic organization of gene clusters involved in produc-
tion of some bacterial circular proteins. Panel 1, structural genes encoding
pre-circular bacteriocins are shown in red, putative biosynthetic and process-
ing genes are shown in blue, and those involved in immunity are shown in
green and yellow stripes. The ATP-binding cassette transporters are shown in
green, known regulatory genes are shown in purple, and genes with unas-
signed functions are shown in white. Black arrows indicate promoters. Panel 2,
gene clusters encoding patellamide, anacyclamide, and trichamide are
shown. Genes encoding proteases are shown in turquoise, those encoding
the precursor peptides are shown in red, and genes involved in the matura-
tion are shown in orange. Conserved hypothetical ORFs are shown in white.
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facilitating pathogenesis, contributing to adhesion to specific
receptors, providing receptors for bacteriophage, and provid-
ing limited cellular locomotion. In addition, they are essential
to establish contact between cells during conjugation and as
components for the type IV secretion channel (39–41). Circu-
lar pilins are protein subunits that are assembled into a pilus
protruding from the surface of Escherichia coli or Agrobacte-
rium tumefaciens containing the RP4 or Ti plasmid (TrbCRP4
and VirB2Ti) (Table 1). Despite being very similar in function
and size (78 versus 74 amino acids), TrbC and T-pilin do not
have a high degree of sequence similarity, although conserved
Gly residues are dispersed along both polypeptides.
VirB2 (121 residues) is themajor pilin subunit of theA. tume-

faciens VirB/VirD4 T-pilus and an essential component of the
secretion channel (40, 41). The VirB2 pilin is processed by
cleavage of an unusually long leader peptide (47 amino acids) to
produce the T-pilin, whereas the TrbC pilin (145 residues)
undergoes multiple processing for maturation (see below). The
T-pilus is composed of T-pilin andVirB5 subunits (39, 40). The
resulting pilins are assembled into flexuous filaments project-
ing from the bacterial cell wall via expression of a large set of
genes (41). T-pili are generated when A. tumefaciens cells are
naturally induced by plant phenolic compounds or induced in
vitro, which leads to the expression of the virB operon (11
genes) located on the resident Ti plasmid (39).
The RP4 pili are fragile filamentous structures rarely

observed as discernible pili on the surface of RP4-bearing bac-
teria (�1 in 50 cells). These cells contain the 11 genes of the
mating pair formation system necessary for pilus biogenesis:
one gene for DNA metabolism (tra1) and 10 tra2 genes of the
RP4 plasmid (12, 41).

Maturation of Circular Prokaryotic Proteins: A Matter for
Review

The biosynthesis of circular proteins involves the combined
action of diverse enzymes, many of which are assumed to be
encoded in the same gene cluster. However, in some cases, the
expression of mature proteins seems to require the existence of
host chromosomal determinants (40, 43). A common feature
among bacterial circular proteins is that they are derived from
precursors with an N-terminal leader peptide of different
lengths. Thus, they are unusually short for subtilosin A, ubero-
lysin A, carnocyclin A, garvicin ML, circularin A, lactocyclicin
Q, and leucocyclicin (eight, six, four, three, three, two and two
amino acids, respectively), compared with the extended leader
peptides for AS-48, acidocin B, gassericin A/reutericin 6, buty-
rivibriocin AR10, and T-pilins (Table 1) and cyanobactins (20).
Leader sequences containing information specifying the choice
of the targeting pathway, translocation efficiency, cleavage tim-
ing, and even post-cleavage functions have been proposed (44).
Recently, Oman and van der Donk (45) have reviewed the dif-
ferent roles of the leader peptides. The most common function
is that of a secretion signal, but these leaders have also been
postulated as a recognition signal for the post-translational
modifying enzymes or as a cis-acting chaperone that actively
assists during the post-translational modification process.
However, the comparative analysis of the leaders of the circular
bacteriocins reflects remarkable differences in length and

sequence, as well as the absence of conserved motifs among
them (Table 1), hindering a consensus sequence between their
cleavable sites. On the whole, the removal of the leader peptide
and the covalent union of the N/C-terminal residues are
required to form the active/functional mature circular protein
(Fig. 1) (1).
Circularization with a C-terminal Signal—Maturation of the

TrbCRP4 precursor involves a multistep process with at least
three components (Fig. 3A). TrbC prepilin is post-translation-
ally truncated at theC terminus (27 residues) by an unidentified
chromosomal protease, followed by the removal of the signal
peptide (36 residues) by the host-encoded signal peptidase
LepB. Finally, the inner membrane-associated IncP TraF
replaces a four-amino acid C-terminal peptide (AEIA) with the
truncated N terminus (46).
In cyanobactins, the structural gene patE encodes a prepep-

tide with a 37-mer N-terminal leader sequence and two core
peptides called cassettes I (VTACITFC) and II (ITVCISVC).
Both cassettes are flanked by N- and C-terminal recognition
sequences consisting of G(L/V)E(A/P)S and AYDG(E), respec-

FIGURE 3. Proposed maturation processes of bacterial circular proteins.
A, TrbC pilin. An unknown C-terminal host protease (CTP) truncates part of the
C terminus (orange). The propeptide is then directed to the membrane, where
LepB releases the leader peptide (red) and inserts the propilin (green) with
the C-terminal signal (blue) still attached. The serine protease TraF cleaves the
C-terminal signal and catalyzes the cyclization. B, cyanobactins. The prepep-
tide, containing diverse cyanobactin sequences, is enzymatically modified by
PatD or other protein(s) with unassigned function encoded in the gene clus-
ter (Pat?). PatA then releases the leader peptide (red) and the propeptides
(green or pink) with the C-terminal signal (blue) attached. PatG cuts off the
C-terminal signal and catalyzes the cyclization. C, circular bacteriocins and
T-pilin. Cleavage of the leader peptide (red) by an unknown leader peptidase
(LPase) releases the proprotein (green), which could require a C-terminal acti-
vation step (star) before a cyclase produces the circular protein.
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tively. The leader peptide shows a hydrophobic surface that has
been proposed to be the site of the initial binding with modify-
ing enzymes (38). The serine protease PatA plays a role in the
cleavage of the prepeptide at the N termini of cassettes I and II
(Fig. 3B). The other subtilosin-like serine protease, PatG, in
addition to removing the C-terminal recognition sequences of
both cassettes, also catalyzes macrocyclization. A proposed
chemical reaction mechanism is that a serine residue at the
active site of PatG and the carboxyl group of the C-terminal
amino acid in the core peptide form a covalent acyl-enzyme
intermediate, followed by nucleophilic attack of theN-terminal
amino group of the activated acyl moiety in the intermediate.
Subsequently, the cyclic peptide is released from the enzyme,
and cassettes I and II are converted into mature patellamides C
and A, respectively (20). The formation of the new peptide
bonds between the N and C termini may use energy released
upon removal of theC-terminal signal catalyzed by the protease
itself. Similarly, cyclotides contain an N-terminal leader pep-
tide and diverse domains, namely an N-terminal repeat, the
cyclotide sequence, and a C-terminal signal (GLP) (3). The
main difference is that the enzyme involved in cyclotide matu-
ration is a cysteine protease (asparaginyl endopeptidase) not
encoded in the cyclotide cluster, whereas in pilins and cyano-
bactins, the analogous enzyme is a serine protease located adja-
cent to the structural gene (TraF and PatG, respectively) (Fig.
3). In addition, theC-terminal signal and the first three residues
of the cyclotides are the same, thus fitting into the enzyme
active site, whereas in cyanobactins, they are unrelated, allow-
ing for a putative stronger tolerance of the cyclase for a different
substrate sequence (Fig. 3).
Circularization without a C-terminal Signal—In the case of

circular bacteriocins and VirB2 protein, no C terminus is trun-
cated during maturation (Fig. 3C). Both preproteins are pro-
cessed by leader peptide cleavage, presumably during the trans-
location step, followed by the covalent linkage of the N and C
termini (47).
The lack of homology in the residues involved in the pro-

cessing of the leader peptide, together with the high sequence
variability in the surrounding residues, points to the existence
of more than one circularization mechanism. However, the
comparative analysis of the sequences shows homology
between the last residues located in the C-terminal region.
Thus, an aromatic residue (Trp or Tyr) is found in �50% of the
linear propeptide, either as the last amino acid (AS-48, lactocy-
clicin Q, uberolysin A, and circularin A) or at a subterminal
position (subtilosin A) (Table 1). In butyrivibriocin AR10, gar-
vicin ML, gassericin A, and acidocin B, circularization occurs
via a conserved Ala (C terminus), thus suggesting the impor-
tance of these C-terminal residues in circularization (37).
The residues directly involved in maturation provide clues

concerning the processing steps leading to circular proteins.
Site-directed mutational experiments were performed on
AS-48 (48) in which single amino acid replacements were spe-
cifically introduced into the recognition site for the leader pep-
tidase (His-1 and Met1) and into those involved in circulariza-
tion (Met1 and Trp70). In theW70Amutant, linear derivatives
coexist with circular forms, a fact that has never been described
before in thewild-type strain. This demonstrates that the intro-

duced change has no effect on the leader peptide cleavage and
points to the requirement of a separate biosynthetic enzyme/
domain once the non-mature pro-AS-48 is excised from its
precursor. The enzyme/domain involved in the circularization
reaction may require the proximity of an -NH2 group at the N
terminus of the proprotein. This group acts as a nucleophile in
the circularization reaction with the specific, although not
essential, Trp70 residue because circular forms are also pro-
duced (48). In fact, it has been proposed that the hydrophobic
environment that surrounds the curl connecting the four or five
�-helices into which thesemolecules are organizedmay be cru-
cial. In the mutational study on AS-48, it was also confirmed
that His-1 has a key part in the cleavage reaction, as no AS-48
molecules were detected in the H-1I mutant. On the other
hand, Met1 is critical to the correct processing because of the
lowered circularization efficiency demonstrated for M1A
mutants (37, 48). Similarly, it has been demonstrated that the
specificity of the TrbC cyclization reaction resides mainly in
Gly112–Ile117 (46).
A recent study on subtilosin A has revealed that the S-adeno-

sylmethionine enzyme AlbA, encoded by the sbo-alb operon, is
responsible for the thioether bond formation in a reaction that
is leader peptide-dependent. This leader is later cleaved off by a
putative protease (either AlbE or AlbF). In the last step, the
peptide backbone is circularized by one of the two proteases,
and the resulting subtilosin A is subsequently exported by the
putative ATP-binding cassette transporter AlbC (49).

Conclusions

The ribosomal origin of the bacterial circular proteins
enables strategies to modify the peptide sequence and to create
variants with altered biological and physicochemical proper-
ties. It is noteworthy that, compared with their linear counter-
parts, they are not only more stable but also more active (10,
37). This fact has also been shown with other cyclized peptides
using lanthionine rings (45), but no clear relationship has been
established between circularization and increased potency.
Thus, the interest in bacterial circular proteins is dual: on one
hand, the study of their bioactivity (especially formedical appli-
cation) and, on the other hand, the elucidation of the circular-
ization mechanism for biotechnological application of the
enzyme(s) responsible for these modifications. However, there
are still several unanswered questions concerning the mecha-
nismof action of some of thesemolecules, and studies involving
their medical applicability are not yet available.
Analysis of the maturation of circular bacteriocins and T-

pilins supports the existence of different circularization mech-
anisms, in which the enzymes joining the N and C termini
would require some energy or activation of the propeptides due
to the absence of a C-terminal signal sequence. In addition, the
data suggest that the leader peptide plays a major role in the
correct processing of the propeptides, probably assisting in
folding of the precursors (50). All in all, the great potential of
the leader peptide directing the post-translational modifica-
tions offers exciting insights into basic biological processes and
provides opportunities to exploit these striking expression sys-
tems to produce new natural products for therapeutic use.
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7. Montalbán-López, M., Spolaore, B., Pinato, O., Martínez-Bueno, M., Val-
divia, E., Maqueda, M., and Fontana, A. (2008) Characterization of linear
forms of the circular enterocin AS-48 obtained by limited proteolysis.
FEBS Lett. 582, 3237–3242

8. Jagadish, K., and Camarero, J. A. (2010) Cyclotides, a promisingmolecular
scaffold for peptide-based therapeutics. Biopolymers 94, 611–616

9. Maqueda,M.,Gálvez, A., Bueno,M.M., Sanchez-Barrena,M. J., González,
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�-Defensins, the only cyclic peptides of animal origin, have
been isolated from the leukocytes of rhesus macaques and
baboons. Their biogenesis is unusual because each peptide is an
18-residue chimera formed by the head-to-tail splicing of non-
apeptides derived from two separate precursors. �-Defensins
havemultiple arginines and a ladder-like tridisulfide array span-
ning their two antiparallel �-strands. Human �-defensin genes
contain a premature stop codon that prevents effective transla-
tion of the needed precursors; consequently, these peptides are
not present in human leukocytes. Synthetic �-defensins with
sequences that correspond to those encoded within the human
pseudogenes are called retrocyclins. Retrocyclin-1 inhibits the
cellular entry of HIV-1, HSV, and influenza A virus. The rhesus
�-defensin RTD-1 protects mice from an experimental severe
acute respiratory syndrome coronavirus infection, and retrocy-
clin-1 protectsmice from infection byBacillus anthracis spores.
The small size, unique structure, and multiple host defense
activities of �-defensins make them intriguing potential thera-
peutic agents.

Antimicrobial Peptides

A complex immune system enables vertebrate animals to
resist challenges from potential pathogens. Some immune sys-
tem components, such as antibodies and T-cells, show exqui-
site specificity. Others, like antimicrobial peptides (AMPs),2 act
more broadly. Most AMPs are small (1–5 kDa), positively
charged, and amphipathic. Two types of AMPs are pertinent to
this minireview: cathelicidins and defensins. Both have ancient
roots, with cathelicidins having been traced back to hagfish and
�-defensins to bony fish.

Cathelicidins

These structurally diverse peptides share a conserved prodo-
main called “cathelin” (1).Whereas cattle and pigs express 10 or
more different cathelicidins, mice and humans express only

one. Porcine protegrins are cathelicidins with many structural
similarities to �-defensins (Fig. 1). These include having 18 res-
idues, a �-hairpin backbone, intramolecular disulfides, and
multiple arginines. Unlike the �-defensins, protegrins lack a
cyclic backbone, unless one is imparted in the laboratory (2).

Defensins

In vertebrates, these peptides comprise three subfamilies
called �-, �, and �-defensins. All of these defensins have six
conserved cysteines, three intramolecular disulfide bonds, a net
positive charge, and �-sheet regions. The cysteines in �- and
�-defensins differ in their spacing and pairing (3), and some
�-defensins (but no �-defensins) contain a short �-helical
region.
Other peptides have also been called defensins based on their

structural and functional similarities to those of vertebrates.
Plectasin, from the saprophytic fungus Pseudoplectania
nigrella, shows remarkable homology to the defensins of drag-
onflies (Aeschna cyanea) and mussels (Mytilus galloprovincia-
lis), lineages that diverged over 1 billion years ago (4). It is pos-
sible (5), but unproven, that fungal defensins are ancestral to
vertebrate �-defensins.

The human genome contains �30 different �-defensin
genes, and mice have even more (6). However, research has
focusedmostly on human�-defensin-1–3, which are expressed
by epithelial cells throughout the body. Certain other human
and rodent�-defensins are expressed in localized regions of the
male genitourinary tract and participate in events related to
reproduction (7).
Polymorphonuclear neutrophils (PMNs) are white blood

cells that can ingest and kill intruding pathogens. PMNs from
cattle (8) and chickens (9) contain multiple �-defensins, but
primate PMNs contain �-defensins instead. The presence of
�-defensins in basal mammals and marsupials indicates that
these genes arose before the groups diverged, some 130million
years ago (10).

Human �-Defensins

Humans express six different �-defensin peptides. Three of
these, humanneutrophil peptides (HNPs) 1–3, constitute 5–7%
of total PMNprotein. TheDEFA1 andDEFA3 genes for HNP-1
(Fig. 1a) and HNP-3 have duplicated, and extensive copy num-
ber polymorphism exists. Consequently, some people carry
four copies of both genes (i.e. two on each chromosome),
whereas others have 11 copies of both (11). Human PMNs also
have small amounts of another �-defensin, HNP-4, which is
identical to HNP-1–3 in only 11 of 29–30 residues. Human
�-defensin-5 and -6 are secreted primarily by Paneth cells in the
small intestine.
HNP-1 prepropeptides contain a 19-residue signal sequence,

a 45-residue anionic propiece, and a 30-residue defensin
domain (Fig. 1). Removing the N-terminal residue from either
HNP-1 or HNP-3 creates HNP-2, whose first and last residues
are both cysteines that are joined by a disulfide bond, a common
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mode of cyclization. One more evolutionary event led to the
backbone cyclic peptides described below.

Rhesus �-Defensins

Much of our knowledge about these peptides appeared in the
report describing rhesus �-defensin-1 (RTD-1) (20). The
authors purified an extract of rhesusmacaque PMNs and tested
its components for bactericidal activity against Escherichia coli,
a common urinary tract pathogen, and the clinically temperate
502A strain of Staphylococcus aureus. They found eight AMPs,
seven �-defensins, and one smaller (2082 Da) peptide. Bio-
chemical characterization of the small AMP led to the cyclic
structure illustrated in Fig. 1. Further studies demonstrated
that this 18-residue peptide was heterodimeric, formed by the
fusion of two nine-residue peptide fragments. Each of its initial
monomers was the product of a mutated �-defensin gene con-
taining a premature stop codon (Fig. 1b, red arrow) in its defen-
sin domain. Because of the codon’s position, the initial defensin
domain products had only 12 residues and required proteolytic
removal of a C-terminal tripeptide to create a nonapeptide
“building block” with three cysteines, including one at its C
terminus (Fig. 1b). Two such nonapeptides were converted into
a �-defensin by two peptide bonds that spliced them in a head-
to-tail manner.
Rhesus macaques have three �-defensin (DEFT) genes that

encode different nonapeptides. For simplicity, we will call the
different nonapeptides A, B, and C. Because the nonapeptides
in a �-defensin can be identical (AA, BB, and CC) or different
(AB, AC, and BC) (12, 13), two different DEFT genes can pro-
duce three different peptides (AA, AB, and AC), and three dif-
ferent DEFT genes can produce six (AA, BB, CC, AB, AC, and
BC). All six potential �-defensin peptides exist in rhesus PMNs

(14), but their relative amounts differ greatly, with RTD-1 being
the most abundant. Because n differentDEFT genes could pro-
duce (n/2)(n � 1) peptides (12), the four DEFT genes of olive
baboons (Papio anubis) could produce 10 different peptides.
Five of these were identified at the peptide level (15).

Human Retrocyclins

These humanized �-defensins resulted from a combination
of cloning, peptide synthesis, and molecular archeology. One
decade before RTD-1 was described, Vladimir Kokryakov and
colleagues at the Institute for Experimental Medicine in St.
Petersburg, Russia, and UCLA discovered protegrins (PGs)
(Fig. 1d) in extracts of porcine PMNs (16). The peptide had
unusually potent and broad antimicrobial properties, and an
analog named IB367 (17) entered human trials as a topical agent
intended to prevent oralmucositis associatedwith cancer treat-
ment. A phase III trial of IB367 failed (18), partly due to the
peptide’s inherent cytotoxicity, a property thatmight have been
mitigated by cyclizing its backbone (2), as shown in Fig. 1d.
The same Russian-UCLA group later found a small AMP in

rhesus macaque blood. Because its mass and composition
resembled those of PG-1, cDNA cloning studies were done to
identify it. Rhesus bone marrow expressed only one cathelici-
din, but as it was too large (37 residues) and lacked cysteines, it
was unrelated to the rhesus PG-like peptide (19). Subsequently,
six rhesus �-defensin-like genes were cloned, including three
whose C-terminal defensin domains would have ended after
only 12 residues had been translated. The putative dodecapep-
tides were called “demidefensins,” but the investigators were
unable to figure out how 12 � 12 might equal 18. After the
epiphany (20), the investigators followed the advice of Efraim
Racker, a distinguished biochemist (1913–1991), who said, “It

FIGURE 1. Panel a shows the layout of the prepropeptide of a human �-defensin, HNP-1, as well as the sequence (seq.) of its C-terminal defensin domain. The
red arrow represents a stop codon. Panel b shows the corresponding layout and sequences for RTD-1. An additional stop codon (red arrow) limits the initial
defensin domain peptides to 12 residues, three of which will be removed during subsequent post-translational processing. The mature cyclic RTD-1 peptide
is composed of two different nine-residue precursors. Panel c shows the human counterparts of RTD-1. The transcripts contain an additional stop codon in the
signal sequence domain. This mutation aborts translation of the �-defensin peptide precursors. Panel d shows simplified structural diagrams of five structurally
related antimicrobial peptides. In these diagrams, arginines are red, lysines are orange, and cysteines are blue. Asterisks signify amidated C-terminal arginines.
Polyphemusin-2 was isolated from the white blood cells of the horseshoe crab Limulus polyphemus. It has impressive antimicrobial properties and is active
against HIV-1 (50, 51). The other four peptides are discussed in text.

MINIREVIEW: �-Defensins

AUGUST 3, 2012 • VOLUME 287 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 27015



doesn’tmatter if you fall down as long as you pick something up
from the floor when you get up.”
Although human PMNs lacked any �-defensin peptides,

human bone marrow contained mRNA that closely resembled
the mRNA of rhesus �-defensin precursors. However, the
human mRNA contained an additional stop codon in its signal
sequence, indicating its derivation from an expressed pseudo-
gene. Although this mRNA seemed useless for in vivo �-defen-
sin production, it provided sequence information that allowed
the investigators to recreate the lost �-defensin by solid-phase
peptide synthesis. They christened the resurrected peptide
“retrocyclin-1” (Fig. 1d), from “retro,” meaning backwards in
time, and “cyclin,” referring to its cyclic backbone.

Antimicrobial Properties

Retrocyclin-1 (RC-1) and RTD-1 (21) killed E. coli in the
same way as human �-defensins (22), by permeabilizing its
membranes. Rhesus �-defensins were expressed in the PMNs
andmonocytes ofmacaques and baboons, butmore abundantly
in the former (16, 21). RTD-1 killed E. coli ML-35 in medium
with physiological concentrations of NaCl, Ca2�, or Mg2� that
inhibited �-defensins. The antimicrobial effects of RTD-1–3
and PG-1 were tested against E. coli, S. aureus 502A, and Can-
dida albicans (an opportunistic fungus) to determine the min-
imal microbicidal concentration (MMC), i.e. the peptide con-
centration that killed at least 99.9% of the organisms in a 2-h
incubation period in low salt medium. RTD-1 and RTD-2 had
MMCs of 1–2 �g/ml against all three organisms. RTD-3 had
somewhat higher MMCs (1.5–3.0 �g/ml), and PG-1 had lower
ones (0.3–1.0 �g/ml). Addition of 154mMNaCl to themedium
increased the MMCs of RTD-1–3 against S. aureus above 10
�g/ml, without increasing the MMC of PG-1. Whereas PG-1
had significant cytotoxic and hemolytic properties, RTDs
caused little cytotoxicity, and even at 100 �g/ml did not hemo-
lyze human red blood cells.

Antitoxic Properties

Just as human �-defensins can inhibit various bacterial exo-
toxins (23), �-defensins can do this as well. The susceptible
toxins include anthrax lethal factor (24) and cholesterol-depen-
dent lytic toxins, such as listeriolysin O from Listeria monocy-
togenes and anthrolysin from Bacillus anthracis (25, 26). List-
eriolysin O permits ingested Listeria to escape confinement
and destruction in the phagocytic vacuoles of macrophages by
entering themore congenial cytoplasmic space, where they can
replicate and hitchhike to adjoining cells. Inactivating listerio-
lysin traps Listeria in the vacuole and helps control the infec-
tion (25). Although the pathogenic role of anthrolysin is less
certain, similar eventsmay take place with B. anthracis because
RC-1 not only prevents the germination of its spores (24), but
also facilitates their destruction by macrophages (27).

Activity against HIV-1

RC-1 has an impressive ability to protect human target cells
from infection by HIV-1 in vitro (28). It is hardly necessary to
explain why this effect could be important, so instead we will
explain its mechanism. The process whereby the AIDS virus
enters a cell usually involves gp120, a viral surface glycoprotein

(carbohydrates account for 55% of its mass) that engages two
receptors on surface of the target cell. One receptor is CD4, and
the second can be either CXCR4 or CCR5. Following this initial
binding, another viral surface glycoprotein, gp41, undergoes
conformational changes to form a six-helix bundle structure
that mediates viral entry.

Mechanism of Anti-HIV Activity

RC-1 neither damaged target cells nor directly inactivated
the virus, so cytotoxic or virotoxic effects were unlikely mech-
anisms. RC-1 did inhibit the formation of proviral DNA, indi-
cating that it acted early, most likely by preventing viral entry
(29). RC-1 was not effective against HIV-2 and simian immu-
nodeficiency virus type 1, related retroviruses that infect blood
mononuclear cells or primary fibroblasts independently of
CXCR4 or CCR5 (30). Because RC-1 protected human CD4-
positive lymphocytes from infection by HIV-1 strains that used
either co-receptor, the investigators initially speculated that it
might bind gp120 or CD4.
Surface plasmon resonance experiments revealed that RC-1

bound both, with dissociation constants (Kd) of 35.4 nM for
gp120 and 31 nM for CD4. RC-1 also showed high affinity bind-
ing to galactosylceramide (Kd � 24.1 nM), a surface glycolipid
also implicated in HIV-1 binding. This high affinity binding of
RC-1 required both its cyclic backbone and intact disulfide
bonds. A cyclic analog of RC-1 whose three disulfide bonds
were reduced and alkylated bound gp120 andCD4 ineffectively,
as did a noncyclic analog that contained three disulfide bonds.
Neither analog protected cells from HIV-1 infection.
RC-1 also bound with high affinity to fetuin, an extensively

glycosylated protein in fetal calf serum, but showed much less
effective binding to bovine serum albumin or to nonglycosy-
lated gp120. Experiments with glycosidase-treated fetuin,
gp120, and CD4 suggested that both O-linked and N-linked
sugars provided binding sites for gp120. In a panel of 18 retro-
cyclin variants, binding to immobilized gp120 and CD4 was
highly correlated to each other and to the ability to protect
human peripheral blood mononuclear cells from infection by
HIV-1. These experiments suggested that the ability of RC-1 to
bind carbohydrate-containing surface molecules was integrally
related to its ability to protect cells from HIV-1 infection.
To further elucidate themechanism, fusion assays were done

using susceptible target cells and effector cells that expressed
envelope glycoproteins ofHIV-1 (32). RC-1 completely blocked
fusion mediated by HIV-1 envelopes that used CXCR4 or
CCR5, but had little effect on cell fusion mediated by HIV-2 or
simian immunodeficiency virus envelope proteins. RC-1 inhib-
ited HIV-1 envelope-mediated fusion without impairing the
lateral mobility of CD4. It also inhibited the fusion of CD4-
deficient cellswith cells bearingCD4-independentHIV-1 enve-
lopes. Thus, RC-1 could prevent HIV-1 entry without either
cross-linking membrane proteins or inhibiting gp120-CD4
interactions (32).
Timing studies indicated that RC-1 acted late in the HIV-1

fusion process, but before six-helix bundle formation (31).
Binding experiments showed that retrocyclin bound the ect-
odomain of gp41 with high affinity in a glycan-independent
manner and also that it bound selectively to the C-terminal
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heptad repeat of gp41 (31). Other analyses revealed that RC-1
prevented six-helix bundle formation. This mode of action
resembles that of peptidic entry inhibitors containing portions
of the gp41 sequence (30) and enfuvirtide, a clinically used pep-
tide agent that blocks HIV-1 entry. Most single site mutations
of the viral heptad repeat residues predicted to bind retrocyclin
decreased or abolished the intrinsic infectivity of HIV-1 (32,
33).
In another study, the anti-HIV-1 activity of RTD-1 was com-

pared with those of human �-defensin HNP-1 and �-defensin.
All showed activity, but their mechanisms differed. All three
defensins decreased CXCR4 expression on the target cell sur-
face, but only RTD-1 inhibited viral entry. HNP-1 and human
�-defensin-2 inactivated the X4 and R5 strains of HIV-1, but
RTD-1 inactivated only strains that used the CXCR4 co-recep-
tor (34).

Activity against Influenza A Virus

RC-1 neutralized influenza A virus (IAV) by impairing hem-
agglutinin-mediated viral entry (35) and by inducing viral
aggregation that enhanced ingestion of IAV by neutrophils
(36). Retrocyclin-2 (RC-2), which differs from RC-1 only by
having an additional arginine, was more effective than RC-1, as
was RC-101, which differs from RC-1 by having a single Arg-
to-Lys substitution. RC-2 inhibited IAV infection by blocking
hemagglutinin-mediated membrane fusion. It could act late in
the fusion process, even after hemagglutinin-induced mem-
brane hemifusion had occurred. Like RC-1, RC-2 is also a mul-
tivalent lectin, and it prevented IAV entry by creating a network
of cross-linked immobilized surface glycoproteins. RC-2 also
inhibited fusionmediated by Sindbis virus and baculovirus. The
former is an enveloped mosquito-borne virus, and the latter is
an insect pathogen (35). Although the therapeutic effects of
retrocyclins on IAVhave yet to be tested inmammals, RC-2was
reported to protect chicken embryos from infection by the
avian H5N1 strain of influenza A (37).

Activity Versus Herpes Simplex Viruses

Twenty �-defensins were tested in vitro to determine their
ability to prevent infection of cervical epithelial cells by HSV-1
and HSV-2 (38). RC-1, RC-2, and RTD-3 were all protective,
but only RC-2 did not require preincubation with the virus.
RC-2 boundHSV-2 glycoprotein B with aKd of 13.3 nM and did
not bind deglycosylated HSV-2 glycoprotein B. Temperature
shift experiments indicated that RC-2 and human �-defensins
HNP-1–3 protected cells from HSV-2 by different mecha-
nisms. RC-2 blocked HSV attachment, but HNP-1–3 had little
effect on binding, and they were effective if added later.

Structural Studies

The three-dimensional structures of RTD-1 and its open
chain analog were determined by two-dimensional NMR (39).
RTD-1 and the noncyclic analog had similar extended �-hair-
pin structures inwater, withwell defined flexible turns at one or
both ends. Their �-sheet strands showed some flexibility,
despite the three disulfide bonds that connected them. Unlike
more typical AMPs, RTD-1 lacked an amphiphilic character.
Some amide protons of RTD-1 that should have been solvent-

exposed inmonomeric�-sheet structures had low temperature
coefficients, consistent with the presence of weak intermolec-
ular hydrogen bonds. From biophysical studies with model
membranes, it was concluded that cyclic RTD-1 induced stabi-
lized lipid peptide domains more efficiently than did its open
chain analog (40). In SDS micelles, the two-dimensional NMR
structure of RC-2 showed a well defined �-hairpin structure
braced by three disulfide bonds (41). Analytical ultracentrifu-
gation and NMR data indicated that RC-2 self-associated and
formed trimers in a concentration-dependent manner. By
increasing the valence of retrocyclins, such self-associationmay
contribute to their high affinity binding to glycoproteins and
also enable them to cross-link these and other structures that
they bind. The orientation (tilt and rotation) of RC-2molecules
within model membranes has also been studied by advanced
solid-stateNMR techniques (42). Among the findingswere that
RC-2 selectively disrupts the orientational order of anionic
membranes (which exist in most bacteria) while leaving intact
zwitterionic membranes (which are more representative of
mammalian membranes).

Phylogeny

Among the world’s 7 billion people, might some human
groups have retained intact DEFT genes? Rather than testing
this directly, a phylogenetic studywas performed (43), revealing
that humans and their closest ape relatives (gorillas, chimpan-
zees, and bonobos) all had �-defensin genes with an identical
stop codon mutation in the signal sequence. In the orangutan,
six DEFT genes were intact, and one was defective. Only intact
DEFT genes were found in several Old World monkeys and in
the siamang (Hylobates syndactylus), a lesser ape. No DEFT
genes were found in DNA from six New World monkeys and
five prosimians. This evidence suggests that DEFT genes and
�-defensins arose in Old World monkeys and that intact genes
lasted in our own lineage until it diverged from orangutans,
some 7.5 million years ago. These considerations make it
unlikely that any human populations express retrocyclins
spontaneously.
However, human cells can express �-defensins when cul-

turedwith an aminoglycoside that enables the translation appa-
ratus to misread and bypass the premature stop codon (44).
When human cells or cervicovaginal tissues were so treated in
vitro, they produced intact RC-1, showing that the trimming
and splicing steps needed to produce �-defensins are available
(44). In addition to finding �-defensin mRNA transcripts in
human bone marrow and spleen, smaller amounts were
detected in thymus, testis, and skeletal muscle (43). In contrast,
Northern blot analysis of RTD-1 expression in rhesus macaque
tissues demonstrated abundant transcripts only in bone mar-
row, but not in these other sites (3). Because different methods
were used in these studies, these interspecies differences may
be more apparent than actual.

Musings

Did humans lose �-defensins because an ancestor was dealt
only the pseudogene cards from the gene deck? Were they
made redundant by the multiply duplicated �-defensin genes?
Although RTDs may be more potent than �-defensins, their
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mode of production is less efficient than the standard assembly
line production of �-defensins. “Quantity has a quality all its
own” was Stalin’s rationale for urging production of massive
numbers of low quality tanks to confront the more potent Ger-
man tanks. This aphorism and the abundance of �-defensins in
human PMNs may be relevant to the absence of �-defensins in
these cells, despite the many desirable qualities of these “lost”
peptides.

Possibilities

At present, a main focus has been developing �-defensins as
topicalmicrobicides to prevent sexually transmittedHIV-1 and
HSV infections (44–47). If their production can be scaled up
(48, 49), systemic applications will deserve testing to determine
how best to benefit from their impressive array of host defense
properties.
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Circular proteins, once thought to be rare, are now commonly
found in plants. Their chemical synthesis, once thought to be
difficult, is now readily achievable. The enablingmethodology is
largely due to the advances in entropic chemical ligation to over-
come the entropy barrier in coupling the N- and C-terminal
ends of largepeptide segments for either intermolecular ligation
or intramolecular ligation in end-to-end cyclization. Key ele-
ments of an entropic chemical ligation consist of a chemoselec-
tive capture step merging the N and C termini as a covalently
linked O/S-ester intermediate to permit the subsequent step of
an intramolecularO/S-N acyl shift to form an amide.Many liga-
tion methods exploit the supernucleophilicity of a thiol side
chain at the N terminus for the capture reaction, which makes
cysteine-rich peptides ideal candidates for the entropy-driven
macrocyclization. Advances in desulfurization and modifica-
tion of the thiol-containing amino acids at the ligation sites to
other amino acids add extra dimensions to the entropy-driven
ligation methods. This minireview describes recent advances of
entropy-driven ligation to prepare circular proteins with or
without a cysteinyl side chain.

Circular proteins and their smaller versions, cyclic peptides,
have a characteristic head-to-tail or end-to-end peptide back-
bone structure. The absence of both N and C termini in these
macrocycles confers resistance to exopeptidase and heat deg-
radation, enhances their conformational stability, and maxi-
mizes epitope display upon their circular contiguous sequences
for interactions with other molecules. These advantages have
provided incentives to engineer circular proteins by grafting
linear bioactive peptides or epitopes into various structural
scaffolds for therapeutic applications (1).
For the purpose of this minireview, we refer to a cyclic pep-

tide of�15 amino acids as a “circular protein” or “miniprotein.”
This arbitrary cutoff point has two justifications. First, many
cyclic peptides of �15 amino acids are derived from nonribo-
somal synthesis, and the substrate specificity of a cyclase
enzyme such as tyrocidine thioesterase could accommodate
precursors of 6–14 amino acids in length (2). Second, circular
proteins are gene-encoded and processed by specific enzymes
from their linear precursors containing a signal peptide and one
or more prodomains (3). Cyclic peptides and circular proteins

are frequently found in bacteria (microcin), fungi (cyclosporin),
animals (�-defensins), and more commonly, plants (cyclotides)
(4–7).
From a synthetic standpoint, chemical synthesis of circular

proteins has been a formidable challenge using the traditional
enthalpic methods, which require partially or globally pro-
tected linear precursors and a strong enthalpic activation of the
C-terminal residue for the cyclization reaction (Fig. 1A). Strong
activation of the C-terminal moiety is necessary to overcome
the entropy barrier in the coupling reactions and often leads to
epimerization of the C-terminal amino acid residue and oligo-
merization to dimers and trimers. Work prior to 1997 show-
cased the challenges associated with enthalpy-driven cycliza-
tion of peptides of �15 amino acids. In 1997, we reported the
total synthesis of circular proteins of 31 amino acids, cyclotides
circulin B and cyclopsychotride, and in the following year, two
other cyclotides (8, 9). These studies represented a break-
through because they were the first reports on a successful
chemical synthesis of naturally occurring circular proteins
using an entropy-driven ligation chemistry, which is conceptu-
ally different and operationally much simpler than the conven-
tional enthalpy cyclization method.
Many review articles have been published over the last few

years, with a majority articulating the occurrence, chemistry,
and biological functions of cyclic peptides (10–13). Here, we
will focus on contemporary entropy-driven ligation chemistry
for the synthesis of circular proteins.

Entropy-driven Ligation Chemistry

During the 1990s, there was a paradigm shift in the synthesis
of large peptides and proteins (14–18). The sea change was
driven by the discovery of entropic activation in convergent
peptide synthesis using unprotected peptides as building blocks
to enable an efficient coupling reaction (ligation) of theN andC
termini of two peptide segments (intermolecular ligation) or a
single peptide segment (macrocyclization). The conceptual dif-
ference between an entropic and an enthalpic ligation is that the
entropic ligation is proximity-driven to overcome the entropy
barrier, merging the N and C termini as a covalent intermedi-
ate, usually as an O- or S-ester, to permit an intramolecular
proximity-driven O-N or S-N acyl shift to form an amide (Fig.
1B). As such, it eliminates the risk of the C-terminal epimeriza-
tion in peptide synthesis, a major side reaction that results in a
side product that is difficult to remove by chromatographic
methods.
Although the principles of entropy-driven reactions are well

established in the cyclization of small molecules in organic syn-
thesis, Kemp and co-workers are pioneers and strong advocates
of entropic chemical ligation in the arena of large molecules,
including peptide synthesis. In the 1980s, they demonstrated its
feasibility by placing both peptide segments on rigid organic
templates to facilitate an O-N acyl shift in organic solvents to
form a peptide bond (14). Kemp’s template-based ligation
approach was limited to general applications due to the use of a
tricyclic organic template and the attendant slow rates of the
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O-N acyl shift reactions mediated by a large 12-member ring
intermediate. In 1994, our laboratory reported an entropy-
driven chemical ligationmethod.Without the use of an organic
template, we used an N-terminal Cys-, Ser-, or Thr-containing
peptide segment with a C-terminal fragment bearing an ester
aldehyde (15, 16). The ligationwas performed inwater, without
the use of protecting groups or a coupling reagent. The key
element of our approach is a chemoselective capture, forming a
covalent ester between two peptide fragments to enable an
intramolecular O-N acyl shift mediated by a small five-member
ring intermediate to form an amide bond and, in our case, a
pseudo-proline bond. In the same year, Kent and co-workers
(17) reported a cysteine-based ligation with another segment
bearing a C-terminal thioester and an S-N acyl shift through a
five-member ring intermediate to forman amide bond. Because
cysteine is regenerated at the ligation site, they called their liga-
tion method native chemical ligation. The supernucleophilic
cysteinyl thiol of an unprotected peptide permits a rapid thiol-
thioester exchange at a basic pH to form a covalent thioester
intermediate, and the rate of S-N acyl shift is faster than the
corresponding O-N acyl shift. Both factors contribute to the
effectiveness of native chemical ligation, which our laboratory
confirmed shortly after Kent’s communication (18). Indeed, the
use of a C-terminal thioester in the chemoselective capture
step, first reported byWieland and Schneider in 1953 (19), is an
excellent choice for chemical ligation. The combined work of
Kemp’s group and the early ligation studies published in the
1994 and 1995 period provided the conceptual framework of

the entropic ligation approach for nearly all subsequent chem-
ical ligation methods developed in the past 16 years (14–18).
Interestingly, we found that an N-terminal His-containing seg-
ment could also be exploited for chemical ligation because of
the exceptional reactivity of its nucleophilic imidazole side
chain. Under acidic conditions, the imidazole-based capture of
another peptide segment containing a C-terminal thioester
derivative affords a covalent acyl imidazole intermediate, lead-
ing to an N-N acyl shift to form a histidine peptide bond at the
ligation site (20).
Two congruent but independent developments accelerated

the acceptance of entropy-driven ligation during the 1990s. Xu
et al. (21) found that the intein-mediated protein splicing pro-
cess could undergo four acyl shift reactions, three of which are
catalyzed by the intein enzyme in the early stages. The final acyl
shift involving either an O-N or S-N acyl shift to form the pep-
tide bond between the spliced extein fragments is uncatalyzed
and spontaneous. This O-N or S-N acyl shift reaction is also
mediated by a five-member ring intermediate, similar to the
entropic chemical ligation reactions described in the 1994–
1995 articles (15–18). In 1998, Severinov and Muir (22) devel-
oped “expressed protein ligation,” a semibiosynthetic approach
for protein synthesis to generate a peptide thioester using the
intein-mediated splicing mechanism. The ability to generate
building blocks of the N-terminal Cys-containing and C-termi-
nal thioester-containing segments by either chemical or recom-
binant methods further facilitates protein synthesis of all

B. Entropy-driven ligationA. Enthalpy-driven 
cyclization

Partial 
deprotection

1. Activation
2. NT deprotection

Cyclization

Deprotection

Capture reaction

Acyl shift

C. Entropy-driven cyclization 
(Thia zip cyclization)

= Protecting group Z = O/S intermediate moiety

FIGURE 1. Chemical ligation and cyclization schemes. A, enthalpy-driven cyclization based on C-terminal activation. OA, active ester. B, entropy-driven
ligation via an S-N acyl shift between the C-terminal thioester and N-terminal Cys. X and Y represent a nucleophile and electrophile pair. Z is the bond of the
capture intermediate. R represents side chains. C, thia-zip cyclization mechanism for forming a circular protein through stepwise ring expansion of thiolactone
intermediates to an end-to-end thiolactone to enable lactam formation via an S-N acyl shift. NT, N-terminal.
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shapes and sizes by the entropic chemical ligation approach for
various biological studies (23).

Chemical Ligation and Macrocyclization Based on
Entropic Ligation

With the development of entropy-driven ligation, the syn-
thesis of circular proteins became approachable in the late
1990s. This was timely, as many cysteine-rich peptides consist-
ing of 30–60 amino acids had been identified from natural
sources, and their pharmacological evaluations were limited by
suitable methods of chemical synthesis (24, 25). Their charac-
teristic signature of a multiple-cystine structure, which is a lia-
bility in conventional chemical synthesis, becomes an asset in
entropic chemical ligationmethods. An example is the family of
cyclotides, which contain 28–37 residues, six cysteines, and a
circular peptide backbone. For cyclotides, there are six possible
X-Cys ligation sites, and the choice is often governed by choos-
ing the least hindered amino acid to serve as the C-terminal thio-
ester. Thus, the order preference for X is Gly � Ala � Leu, Phe,
Ser � Thr, Val, Ile �� Pro. The C-terminal thioesters of Asp and
Glu are unstable and seldom used for ligation reactions.
The thiol-thioester exchange reaction in the capture reaction

of a thiol-based ligation also plays an essential role in facilitating
the entropy-driven macrocyclization of cysteine-rich peptides
(Fig. 1C). We found that the internal cysteines enhance the
cyclization rates of cyclotides kalata B1, cyclopsychotride, and
circulins A and B, which contain six cysteines (26). The cycli-
zation rate was fast under denaturing conditions of 6 M guani-
dine HCl. In the enthalpic activation, the cyclization is per-
formed at high dilution to prevent oligomerization. In contrast,
we observed that there was no dimer or oligomer formation
even at peptide concentrations up to 0.5mM.We proposed that
the rate enhancement and lack of oligomerization of the Cys-
rich cyclotides could be attributed to the thia-zip cyclization
mechanism (26, 27). Thia-zip cyclization involves two reac-
tions: the reversible thiol-thioester exchanges through intra-

molecular transthioesterifications as thiolactones and the irre-
versible S-N acylmigration of theN-terminal thiolactone to the
lactam (amide). The facile and reversible intramolecular trans-
thioesterifications lead to the ring expansion as discrete thio-
lactone intermediates, pulling the two ends successively into
close proximity as the end-to-end N-terminal thiolactone to
permit an S-N acyl shift via a five-member ring to form an
end-to-end circular protein. As a result, the thia-zip-assisted
cyclization, through small discrete intermediates, is entropy-
driven and more efficient than the corresponding one-step
end-to-end cyclization. Along the same line of reasoning, we
demonstrated the use of silver ions in assisting cyclization
between the N-terminal Ser/Thr/Asn/Gly and a C-terminal
thioester. In this approach, the silver ion captures and brings
two ends into close proximity for an acyl transfer to occur.
Furthermore, the silver ion forms a complex with the thiol
group on the thioester, making it a better leaving group in the
acyl transfer reaction (Table 1, Method 14) (28).
Given the advances of chemical ligation, the synthesis of cir-

cular proteins, both designed and naturally occurring, became
routinely achievable. Naturally occurring circular proteins,
including cycloviolacin O2, hedyotide B1, and rhesus �-defen-
sin-1, have been successfully prepared (6, 29, 30). Several groups,
includingCraik andCamarero, have extensively applied cysteine-
based ligation to prepare cyclotides and their analogs for bio-
chemical and biophysical studies (31–33). For designed circular
proteins, Yu et al. (34) employed cysteine ligation to introduce
an end-to-end cyclic backbone into an �-defensin. The circu-
larized defensin leads to improved stability against exopepti-
dases, increased conformational stability, and enhanced toler-
ance to high salt sensitivity in antimicrobial assays.

Cysteine-free Ligation and Macrocyclization

The occurrence of cysteine (1.7%) in proteins is lower than
the other amino acids, and its absence is common in naturally
occurring cyclic peptides. Furthermore, there is also a need to

TABLE 1
Summary of entropic ligation methods

Starting materials
Refs.N-terminal C-terminal

Site-based ligation methods
1. Pseudo-Proa Cys/Ser/Thr Ester aldehyde 15, 16, 55
2. Cysb Cys Thioester 17, 18
3. His His Perthioester 20
4. Metc Hcy Thioester 35
5. Alad Cys Thioester 38
6. Phed �-Mercapto-Phe Thioester 40
7. Vald Penicillamine Thioester 41
8. Vald �-Mercapto-Val Thioester 42
9. Ser/Aspe Thiosugar Ser/Asp Thioester 56
10. Pseudo-Lysc Cys Thioester 57
11. Glyf N-Auxiliary Gly Thioester 58
12. Lysd �-Mercapto-Lys Thioester 36
13. Ser/Thre Ser/Thr Ester salicylaldehyde 59

Other ligation methods
14. Ag�-assisted Ser/Thr Ser/Thr/Asn/Gly Thioester 28
15. Staudinger Azido amino acids Phosphanyl thioester 60, 61
16. Subtiligase Met/Ala/Lys/Leu/Arg Glycolated phenyl ester 44

a Thiazolidine/oxazolidine ligation without (Method 1) or with (Method 13) a subsequent chemical manipulation.
b Native chemical ligation.
c S-Alkylation after ligation.
d Desulfurization after ligation.
e Removal of thiosugar (Method 9), O-auxiliary (Method 13), and N-auxiliary (Method 11) group after ligation.
f Deprotection step required after ligation.
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increase the flexibility of entropic ligation methods that use
non-cysteinyl N-terminal amino acids. Over the past 16 years, a
suite of ligationmethods has emerged to meet these needs, and
they are summarized in Table 1. Many employ a combination
strategy of entropic ligation and a follow-up chemical modifi-
cation step. They include the use ofN-terminal cysteinemimet-
ics (Table 1, Methods 4–8 and 12) or thiol auxiliary groups on
or near the N-terminal amino acids (Methods 9 and 11). These
methods generally adhere to the principle of the thiol-based
ligation but use various forms of N-terminal thiols to facilitate
the capture reactions by thiol-thioester exchange reactions
with C-terminal esters and then an S-N acyl shift to form an
amide. The resulting thiolate side chain or auxiliary group at
the ligation site is followed by an additional step, either a chem-
ical modification or removal to give rise to a different amino
acid (Table 1).
An example of combining thiol-based ligation and chem-

ical modification is methionine ligation. It employs homo-
cysteine (Hcy)2 to replace Cys as the N-terminal amino acid
(35). The S-alkylation of Hcy by a methylating agent at the liga-
tion site smoothly converts it to methionine (Table 1, Method
3). The combination of using an N-terminal Cys or Hcy for
ligation followed by an alkylation reaction has been extended to
pseudo-Lys, pseudo-Asp, and pseudo-Glu (Table 1,Method 10)
(36, 37).
A promising approach is the combination of thiol-based

chemical ligation and desulfurization of the resulting thiol. Yan
and Dawson (38) exploited cysteine-based ligation in the syn-
thesis of a cyclic peptide and then converted the resulting cys-
teinyl residue to alanine through a metal-based desulfurization
by Raney nickel or palladium/Al2O3. Metal-based desulfuriza-
tion of small proteinsmay not be practical, as it often requires a
large excess of metal, which produces side reactions and irre-
versible peptide loss due to aggregation and absorption onto
themetal surfaces. To address these limitations,Wan andDan-
ishefsky (39) developed a nonmetal desulfurization of cysteine
via reaction with a free radical using tris(2-carboxyethyl)phos-
phine, a thiol, and the radical initiator 2,2�-azobis(2-(2-imid-
azolin-2-yl)propane) dihydrochloride in water. Desulfurization
was extended toN-terminal �-mercaptophenylalanine,�-mer-
captovaline (penicillamine) and �-mercaptovaline, and �-mer-
captolysine to afford Phe, Val, and Lys, respectively (Table 1,
Methods 6–8 and 12) (36, 40–42). A limitation of this
approach and the N-terminal auxiliary approach is that few
such building blocks (except for Cys toAla and penicillamine to
Val) are commercially available and thusmay require consider-
able synthetic expertise for their preparation.

Chemo-enzymatic Macrocyclization

The use of enzymes for peptide coupling reactions through
reverse proteolysis was described by Bergmann and Fruton
over 70 years ago (43). Over the past few decades, enzymatic
coupling of peptide segments has been explored as an alterna-
tive to enthalpic ligation (44, 45). Jackson et al. (46) reported the
use of subtiligase in peptide cyclization in 1995 (Table 1,
Method 16). The linear peptide precursor was synthesized as a

C-terminal glycolate phenylalanylamide ester for subtiligase
recognition, which results in end-to-end backbone cyclization
(46). Another chemo-enzymatic method was reported by Tan
et al. (47), who exploited subtiligase to catalyze the hydrolysis or
aminolysis of a peptide glycolate ester substrate as a hydrothio-
lase in the synthesis of peptide thioacids for peptide ligation. In
the circular trypsin inhibitor family, trypsin can play the role as
a cyclase to cyclize a linear synthetic precursor to a circular
protein such as the sunflower trypsin inhibitor (48) and the
cyclic trypsin inhibitor MCoTI-I (49).

Oxidative Folding of Cysteine-rich Peptides

Because many circular proteins are cysteine-rich, the oxida-
tive folding step in forming the correct connectivity of disulfide
bonds is another key step in their synthesis. However, forming
the native disulfide bonds under oxidative folding conditions
remains empiricalwith unpredictable outcomes. Therefore, the
chemoselective method was introduced for the synthesis of
cyclotides in 1997 (8). With a pair of hydrofluoric acid-stable
cysteine-protecting groups such as the acetamidomethyl
group, it greatly reduces the number of disulfide isomers
formed. This method had been used in the synthesis of many
cysteine-rich peptides such as engineered protegrins and
defensins. A variation of the chemoselective method was
reported by Alewood and co-workers (50) in their work on
conotoxins, in which they replaced a pair of cysteines with
selenocysteine. As selenium is much more reactive than sulfur,
the diselenide bond forms almost spontaneously to confer its
selectivity over cystines.
In addition to chemoselectivemethods, global oxidative fold-

ing has also been employed in the folding of cysteine-rich pep-
tides. This reaction involves concurrent reduction (S-S break-
age) and oxidation (S-S formation) in the presence of both
reducing and oxidizing agents, forming a redox pair that can
reshuffle and rearrange the disulfide pairs into the native disul-
fide bonds and presumably one of the stable conformational
states. The reaction is mediated by the thiol-thiol exchange
reaction that takes place at basic pH to generate active thiols for
the S-S exchange reactions. This method involves fewer syn-
thetic steps than the chemoselective method.
The global oxidative folding of cysteine-rich peptides gener-

ally requires high dilution of peptides in a suitable combination
of solvents to prevent aggregation and precipitation. It also
requiresmaintaining a proper redox potential such as GSH and
GSSG in a basic buffer to minimize the accumulation of dead
end products (51–53). Interestingly, the use of a combination of
aqueous and hydrophobic organic solvents appears to work
well for the oxidative folding of cyclotides, which display an
unusual hydrophobic side chain arrangement due to the bulky
interior disulfide core. A hydrophobic organic solventmay pre-
vent aggregation during the folding process, as the hydrophobic
side chains are being externalized to the solvent surface in
forming the cystine knot. Such a rationale was used successfully
in the oxidative folding of the Möbius cyclotide kalata B1 by
Daly et al. (54), who used an aqueous hydrophobic solvent com-
bination containing 50% 2-propanol. Under such a condition,
they found thatmuch higher yields of cyclic oxidized cyclotides
were obtained by allowing the backbone cyclization to proceed2 The abbreviation used is: Hcy, homocysteine.

MINIREVIEW: Chemical Synthesis of Circular Proteins

AUGUST 3, 2012 • VOLUME 287 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 27023



prior to the folding compared with the reverse order of folding
first and then oxidation. In general, this order of synthetic oper-
ation, cyclization first and then oxidation, has been employed
for the synthesis of circular proteins irrespective of the disul-
fide-forming strategy. However, the use of the solvent combi-
nation containing 50% 2-propanol in the oxidative folding of
the bracelet family of cyclotides was found to be unsuccessful.
For the successful oxidative folding of the bracelet cyclotide
cycloviolacin O2, Aboye et al. (29) reported the use of a high
percentage of Me2SO and the detergent Brij 35 in a solvent
combination to fold it with a reasonable yield. In a systematic
study, various parameters for the oxidative folding of a bracelet
cyclotide were examined, and the key parameter was found to
be the concentration of an organic co-solvent. It appears that
the more hydrophobic cyclotides may require a strong hydro-
phobic solvent combination to fold the circular protein suc-
cessfully. Hedyotide B1, one of the most hydrophobic bracelet
cyclotides, requires a combination of solvents containing 70%
2-propanol for its optimal folding (30).

Conclusions

The development of entropic ligation and macrocyclization
protocols based on the thiol capture of an N-terminal cysteine
enables the chemical synthesis of many circular proteins in
recent years. The combination of ligation and chemical modi-
fications would likely extend entropic coupling methods to
includemost of theN-terminal aliphatic amino acids as ligation
sites in the macrocyclization of circular proteins. Thus, the
availability of a suite of ligation methods would permit the
chemical synthesis of circular proteins of any size for biochem-
ical, biophysical, and pharmacological studies in the laboratory
and for evaluation of biologics as potential drug candidates.
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Here, we review the use of different biochemical approaches
for biological synthesis of circular or backbone-cyclized pro-
teins and peptides. These methods allow the production of cir-
cular polypeptides either in vitro or in vivo using standard
recombinant DNA expression techniques. Protein circulariza-
tion can significantly impact protein engineering and research
in protein folding. Basic polymer theory predicts that circular-
ization should lead to a net thermodynamic stabilization of a
folded protein by reducing the entropy associated with the
unfolded state. Protein cyclization also provides a valuable tool
for exploring the effects of topology on protein folding kinetics.
Furthermore, the biological production of cyclic polypeptides
makes possible the production of cyclic polypeptide libraries.
The generationof such libraries,whichwaspreviously restricted
to the domain of synthetic chemists, nowoffers biologists access
to highly diverse and stable molecular libraries for probing
protein structure and function.

Protein engineering is usually defined as the modification of
the primary sequence of a protein to change in a defined way its
three-dimensional structure and biological function. Site-spe-
cificmutagenesis using either recombinantDNA technology or
chemical synthesis has been successfully applied to numerous
proteins. Another useful approach to protein engineering
involves changing backbone topology. Backbone cyclization or
circularization (i.e. the covalent linkage of the N-terminal
amino and C-terminal carboxylic groups) is a powerful tool for
the study and manipulation of protein structure and function.
The introduction of a covalent bond between the N and C ter-
mini of a protein provides a more stable topological constraint
than the use of disulfide bonds. Hence, in proteins whoseN and
C termini are close in the native structure (a surprisingly com-
mon feature in folded proteins, particularly in single-domain
proteins (1)), backbone cyclization should stabilize the protein
fold by reducing the backbone entropy associated with the
unfolded state of a protein. Backbone cyclization also has the
added benefit of making proteins more resistant to proteolytic
degradation, in particular against exoproteases (2, 3), which
should increase both the in vitro stability of industrial enzymes
and the in vivo stability of proteins with interesting pharmaco-
logical properties. In addition, protein cyclization provides a

valuable tool for exploring fundamental questions in protein
folding, in particular how topology affects the kinetics of pro-
tein folding (4).
Backbone peptide cyclization has also been widely used in

bioorganic and medicinal chemistry to improve the biochemi-
cal and biophysical properties of flexible and labile peptides in
the development of peptide-based drug candidates (2, 3). The
cyclization of flexible linear peptides reduces their conforma-
tional freedom and creates constrained structural frameworks
that often confer high receptor binding affinity, specificity, and
enhanced stability (2, 3).
Backbone-cyclized polypeptides (ranging from small pep-

tides to small proteins) are also found throughout nature from
bacteria to animals serving in a variety of functional roles (5).
Many of these are synthesized bymultienzyme complexes such
as cyclosporine from fungi and daptomycin from bacteria.
However, an increasing number of circular polypeptides are
being discovered that are ribosomally produced as precursors
and then post-translationally modified by cyclization (5). For
example, �-defensins are broad-spectrumantimicrobial 18-res-
idue circular peptides expressed in blood leukocytes and bone
marrow of OldWorld monkeys and represent the only circular
peptides found in mammals to date. Backbone-cyclized poly-
peptides are also found in plants. Sunflower trypsin inhibitor-1
(SFTI-1),2 for example, is a bicyclic 14-residue peptide found in
sunflower seeds with potent trypsin inhibitory activity. Cyclo-
tides comprise a novel family of well folded small globular back-
bone-cyclized microproteins (�30 residues long) found in
plants. Naturally occurring cyclotides have been characterized
with insecticidal, uterotonic, anti-HIV, antimicrobial, antitu-
mor, and antihelminthic activities (see Refs. 6 and 7 for recent
reviews) and have been reported to cross cell membranes (8, 9).
These properties make cyclotides highly attractive for the
development of novel peptide-based therapeutics (10, 11).
Despite the fact that the chemical synthesis of backbone-

cyclized peptides and small protein domains has been well
explored and a number of different approaches involving solid-
phase or liquid-phase chemistry exist (12), recent advances in
the fields of molecular biology and protein engineering have
nowmade possible the biosynthesis of cyclic polypeptides using
standard expression systems (13). The biological synthesis (i.e.
the production of polypeptides mediated by ribosomal transla-
tion) of circular polypeptides offers many advantages over
chemical synthesis. Although the chemical synthesis of poly-
peptides is limited to sequences no longer than 100–150 resi-
dues long, biological approaches do not present such limita-
tions. Biological approaches also allow, using standard
molecular biology tools, the generation of large combinatorial
libraries of circular polypeptides that can be screened inside
living cells for their ability to attenuate or inhibit cellular pro-
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cesses analogous to the way that the yeast two-hybrid technol-
ogy works (14).
Different approaches have been described for the biological

generation of circular polypeptides, including the use of
expressed protein ligation (15), intein- and enzyme-mediated
protein trans-splicing reactions (16), and genetic code repro-
gramming (17). In this minireview, we examine these methods
as well as their potential applications, which are summarized in
Scheme 1 and Table 1.

Backbone Cyclization Using Expressed Protein Ligation

Expressed protein ligation (EPL) (18) is an extension of native
chemical ligation (NCL), a chemoselective ligation approach
for the chemical synthesis of proteins (19). In this reaction, a
fully unprotected peptide with an �-thioester at the C terminus
reacts chemoselectively under neutral aqueous conditions with
another unprotected peptide containing anN-terminalCys res-
idue to form a native peptide bond (19). It is also well estab-
lished that when these two reactive groups are located in the
same linear polypeptide precursor, the chemical ligation can
proceed in an intramolecular fashion, therefore giving rise to a

backbone-cyclized polypeptide (20). This reaction has been
successfully used for the chemical synthesis of circular peptides
and small protein domains (20).
Recent advances in protein engineering, aswell as the discov-

ery of protein splicing, have also made possible the production
of recombinant proteins containing an N-terminal Cys residue
and/or the C-terminal �-thioester functionality. These impor-
tant developments have made it possible to performNCL reac-
tions between recombinant and/or synthetic polypeptides. This
technology, called EPL, has provided access to a multitude of
chemically engineered proteins, including backbone-cyclized
polypeptides (see Ref. 20 for a recent review).
The use of EPL-mediated backbone cyclization for the bio-

synthesis of circular polypeptides (Fig. 1A) was first reported by
Camarero and Muir in 1999 (21) using the N-terminal SH3
domain of the c-Crk protein as amodel system. In thiswork, the
SH3 domain was fused to a modified Saccharomyces cerevisiae
vacuolarmembrane ATPase intein at the C terminus and to the
MIEGRC motif (which contains a factor Xa proteolysis site) at
theN terminus. The intein fusion construct was then expressed
inEscherichia coli, purified, and cleavedwith factorXa, produc-

SCHEME 1. Summary of methods employed for biological production of backbone-cyclized peptides. Left panel, these approaches rely on the ribosomal
synthesis of a polypeptide precursor that undergoes cyclization mediated by inteins or proteases. Middle panel, shown are three-dimensional structures of
three examples of naturally occurring circular peptides with potential biotechnological value. MCoTI-II and SFTI-1 are powerful protease inhibitors and are
attractive scaffolds for the introduction of other biological activities. RTD-1 is a �-defensin that has strong antimicrobial and anti-inflammatory properties. All
have been successfully expressed in biological systems (see Table 1). Right panel, the potential biotechnological applications of circular polypeptides, which
include pharmacological, agrochemical, and diagnostic applications, are summarized. Molecular structures were generated using the structures of MCoTI-II
(Protein Data Bank code 1IB9), SFTI-1 (code 1JBN), and RTD-1 (code 1HVZ).
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ing an N-terminal Cys-containing SH3-intein fusion protein,
which spontaneously reacted in an intramolecular fashion to
yield the fully active circular SH3 domain (21). The cyclization
reactionwas extremely efficient and clean. It is also worthmen-

tioning that in contrast to standard EPL protocols, which usu-
ally require denaturing conditions and the presence of thiol
cofactors (18), the cyclization reaction was performed under
physiological conditions at neutral pH in the absence of thiol

TABLE 1
Examples of backbone-cyclized polypeptides produced by ribosomal synthesis
These were produced using EPL, PTS, SML, genetic reprogramming, and protease-mediated ligation. The sizes of the polypeptides shown range from small peptides (eight
residues) to proteins (263 residues).

Protein/peptide No. of residues Method Application Ref./source

c-Crk SH3 57 EPL Stability 21
Folding kinetics 49

TEM-1 �-lactamase 263 EPL Stability 24
PTS 34

Kalata B1 29 EPL Natural product 27
MCoTI-I/II 34 EPL Natural product 28

Library scaffold 29
Trypsin-mediated cyclization Natural product 42

Cryptdin-4 32 EPL Stability and improved activity 31
SFTI-1 14 EPL Natural product and library scaffold 30

Trypsin-mediated cyclization Natural product and mutants 9,41
Genetic reprogramming Natural product and library scaffold 46

RTD-1 18 EPL Natural product 50
Genetic reprogramming Natural product and library scaffold 46

Pseudostellarin F 8 PTS Natural product 16
HIV protease inhibitors 6 PTS Library scaffold and screening 33
GFP 238 EPL Stability 25

SML 38
IFN�2 188 SML Thermal and serum stability 39
Histatin-1 38 SML Improve biological activity 40

FIGURE 1. Three most common approaches for biological production of backbone-cyclized polypeptides using EPL (A), PTS (B), and SML (C).
IC, C-intein; IN, N-intein.
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cofactors. This was attributed to the close proximity of the
�-thioester and N-terminal Cys residue in the folded state of
the SH3 domain, which increased the local concentration of the
reacting groups, thus facilitating the cyclization reaction. This
effect has also been found in the cyclization of other small pro-
tein domains (22, 23). A similar approach has also been used by
Iwai and Plückthun for the biosynthesis of circular �-lactamase
(24) and GFP (25). The resulting circular proteins were biolog-
ically active and found to be more resistant against thermal
denaturation (24, 25).
Inspired by the high efficiency of the in vitro cyclization of

the SH3 domain (21), Camarero et al. (26) used a similar
approach to explore the cyclization of the SH3 domain inside
living cells. This work provided the first demonstration of
polypeptide chemical ligation reactions performed inside the
complex cytoplasmic environment of a living cell. In-cell pro-
duction of circular polypeptides makes possible the generation
of genetically encoded libraries that can be assayed in the
intracellular milieu for rapid screening of biologically active
compounds.
More recently, our laboratory has used this approach for the

recombinant production of cyclotides using standard bacterial
expression systems (27, 28). Cyclotides are small globular
microproteins with a head-to-tail cyclized backbone, which is
further stabilized by three disulfide bonds forming a cystine
knot. This cystine knot motif gives cyclotides exceptional
resistance to physical, chemical, and biological degradation.
Our group has also pioneered the use of EPL-mediated back-
bone cyclization for the biosynthesis of fully folded cyclotides
inside bacterial cells using standard expression systems (28, 29).
We have recently used this approach for the generation of a
small library based on the cyclotideMCoTI-I, inwhich all of the
residues except Cys and those located in loop 6 were replaced
by different residues (29). The resulting library was screened
for biological activity and the ability to adopt a cyclotide fold,
indicating that most of the residues in the cyclotide scaffold
could be replaced without significantly affecting the ability
of the resulting sequences to fold correctly (29). These
results highlight the robustness of the cyclotide scaffold for
generating large genetically encoded libraries of cyclotides
that can be screened in-cell using high throughput
techniques.
EPL-mediated backbone cyclization of polypeptides has also

been recently used for the biosynthesis of the Bowman-Birk
inhibitor SFTI-1 (30). The biosynthesis of other cyclic peptides
such as backbone-cyclized �-defensins (31) and naturally
occurring �-defensins (50) has also been produced in our labo-
ratory using bacterial expression systems, thus showing the
general applicability of this method for the production of nat-
urally occurring or engineered circular polypeptides.

Backbone Cyclization Using Intein-mediated Protein
Trans-splicing

Anothermethod to generate cyclic peptides in vivo is by pro-
tein trans-splicing (PTS) (Fig. 1B). This approach utilizes a self-
processing intein that is split into two fragments, an N-intein
and a C-intein. This technique was first reported by Benkovic
and co-workers (32) using the naturally occurring Synechocystis

sp. PCC6803DnaE split intein. PTS is a post-translationalmod-
ification similar to protein splicing with the difference that the
intein self-processing domain is split into two fragments (N-in-
tein and C-intein). The split intein fragments are not active
individually; however, they can bind to each other with high
specificity under appropriate conditions to form an active pro-
tein-splicing or intein domain in trans. By rearranging the order
of the intein fragments through fusing theN- andC-intein frag-
ments to the C and N termini of the polypeptide to be cyclized,
the trans-splicing reaction results in the formation of a back-
bone-cyclized polypeptide (Fig. 1B). This methodology, often
called SICLOPPS (split intein circular ligation of proteins and
peptides), has been successfully used for the generation of sev-
eral naturally occurring cyclic peptides as well as large geneti-
cally encoded libraries of small cyclic peptides (16). More
recently, Schultz and co-workers (33) reported the use of this
technology in combination with nonsense codon suppressor
tRNA technology to build large libraries of cyclic hexapeptides
using an expanded set of non-natural amino acid building
blocks. These libraries were then used to screen for an inhibitor
ofHIVprotease using a selection based on cellular viability (33).
This was accomplished by linking cellular viability to the activ-
ity of HIV protease. In this particular case, the HIV protease
cleavage sitewas introduced into the flexible hinge region of the
tetracycline resistance gene (Tn10-HIV). The introduction of
this sequence does not affect significantly the biological activity
of Tn10-HIV; however, when it is coexpressed with HIV prote-
ase, resistance to tetracycline is abolished. Hence, cells coex-
pressing Tn10-HIV and HIV protease would be able to grow in
medium containing tetracycline only if the HIV protease was
inhibited. The authors used this elegant approach for screening
surviving cells coexpressing HIV/Tn10-HIV and transformed
with a genetically encoded library of cyclic peptides. Under
these conditions, only cells expressing cyclic peptides able to
inhibit HIV protease were able to grow to saturation (33). The
authors were able to select different cyclic hexapeptides con-
taining the non-natural amino acid p-benzoylphenylalanine,
which contains a keto group and is able to inhibit HIVwith IC50
values in the lowmicromolar range (33). These interesting find-
ings suggest that the use of an expanded genetic code using
novel chemical functionalities not present in nature such as a
keto group could confer an evolutionary advantage in response
to selective pressure.
PTS has also been used for the generation of circular proteins

(32, 34). In a recent study, an artificially split intein DnaBmini-
intein from the Synechocystis sp. PCC6803 strain was used for
the cyclization of the TEM-1 �-lactamase in the bacterial
periplasm; this was accomplished by adding TEM-1 �-lacta-
mase periplasm export signal peptide to the split intein precur-
sor (34). The same authors also used this approach for the pro-
duction of large libraries of small circular peptides. It was
estimated that�50%of the combinatorial peptideswere able to
cyclize efficiently.
Although the use of PTS is a good alternative for the biosyn-

thesis of backbone-cyclized polypeptides and biologically
encoded libraries, it should be noted, however, that it requires
the presence of specific amino acid residues at both intein-
extein junctions for efficient protein splicing to occur (16). To
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resolve this, new or engineered split inteins that are more tol-
erant with non-native extein-intein junction sequences are
required. In contrast, the only sequence requirement for the use
of EPL or intein-mediated backbone cyclization is the presence
of an N-terminal Cys. Model studies have also shown that all of
the 20 natural amino acids located at the C terminus of a poly-
peptide thioester can support ligation (35). It is worth noting,
however, that the speed rate of thioester-mediated ligations
depends on the nature of the amino acid at the C terminus, e.g.
Gly and Ala residues react faster, whereas �-branched residues
react slower and produce product in lower yields. Furthermore,
the engineered inteins most commonly used for the generation
of polypeptide �-thioesters have also been shown to be com-
patible with most amino acids upstream of the cleavage site
(20).

Backbone Cyclization Using Protease-catalyzed
Transpeptidation

It is well known that prokaryotes use protease-catalyzed pro-
tein splicing to attach proteins to peptidoglycan in their cell
wall envelope. Sortases are transpeptidase enzymes found in
most Gram-positive bacteria that are specialized in this task.
Among the different bacterial sortases isolated so far, the
Staphylococcus aureus sortase A (SrtA) has been by far the
most widely used for protein engineering (36). SrtA recognizes
peptide substrates containing the sequence LPXTG (where X
can be any residue), cleaving the peptide bond between the Thr
and Gly residues. The cleavage is catalyzed by an active site Cys
residue that generates a transient thioacyl-enzyme intermedi-
ate. This thioester-reactive specie then reacts with the �-
amino group of oligoglycine (pentaglycine in the case of
SrtA) substrates to produce ligated products. In the absence
of oligoglycine substrates, the thioacyl-enzyme intermediate
is hydrolyzed.
Backbone-cyclized polypeptides can be obtained by using an

intramolecular version of the sortase-mediated ligation (SML)
(Fig. 1C). The first example of polypeptide cyclization by SML
was reported by Boder and co-workers (37). In this work, a GFP
construct containing the SrtA recognition sequences at the N
and C termini, respectively, was backbone-cyclized through
SML. Ploegh and co-workers (38) have also recently used a sim-
ilar approach to obtain a circular version of GFP using SrtA.
SrtA has also been used recently for the backbone cyclization of
several cytokines to improve their stability and serum half-life
(39). In this elegant work, SML was used in tandem for the
introduction of an aminooxyacetic acidmoiety at the termini of
several cytokines, which were then backbone-cyclized and site-
specifically PEGylated through the aminooxyacetic acidmoiety
for increased stability in serum (39). SrtA has also been used
recently to produce a backbone-cyclized version of histatin-1, a
38-mer salivary polypeptide with antimicrobial and wound-
healing activities (40). According to the authors, the SrtA-me-
diated cyclization of histatin-1 provided better yields than
chemical synthesis. It should be highlighted, however, that in
this case, the synthesis was performed entirely using a solid-
phase approach, i.e. the synthesis of the linear precursor, as well
as its cyclization, was carried out entirely on a solid support
using standard chemical coupling reagents. This type of

approach has been shown to lead to lower yields for the cycli-
zation of long polypeptides and small protein domains (22, 23).
In contrast, the use of chemoselective ligations such as NCL
(which uses the same type of chemoselective ligation as EPL)
(Fig. 1A) has proven to give excellent results for the backbone
cyclization of polypeptides and small protein domains (22, 23).
Although the use of SML for the production of cyclic poly-

peptides shows great promise, it has not been shown to work in
the cell yet, which limits its use for the generation of cellular
libraries of circular polypeptides for genetic experiments.
Moreover, the actual approach requires the use of rather large
sortase recognition sequences (LPXTG5 in the case of SrtA)
(Fig. 1C) that remain incorporated in the final cyclic polypep-
tide, which could affect the applicability of this approach for
some applications.
More promising is the use of “traceless” protease-catalyzed

protein splicing for cyclization of the polypeptide backbone.
For example, Craik and co-workers (41) have shown that tryp-
sin can be used for the efficient backbone cyclization of the
cyclic peptide SFTI-1. A similar approach has also been used for
the cyclization of the cyclotides MCoTI-I and MCoTI-II in
vitro (42). MCoTI cyclotides and SFTI-1 are potent trypsin
inhibitors, with Ki values in the picomolar and nanomolar
range, respectively. In both cases, the proteolytic enzyme tryp-
sin was able to resynthesize the peptide bond between the P1
and P1� residues to form the native circular polypeptides (41,
42). Although this approach has not yet been tested in vivo,
there is mounting evidence that protease-catalyzed protein
splicing is used in the biosynthesis of these naturally occurring
circular polypeptides in plants. Recent studies suggest that
asparaginyl endopeptidases are involved in the biosynthesis of
cyclotides and SFTI-1 through an asparaginyl endopeptidase-
mediated transpeptidation step (43, 44).

Backbone Cyclization Using Genetic Code
Reprogramming

Genetic code reprogramming is an emerging new method
that allows the production in vitro of ribosomally expressed
polypeptides containing non-proteinogenic amino acids (45).
The key to this approach is the use of custom-made reconsti-
tuted in vitro translation systems and, more importantly, the
ability to employ enzymes that are able to load specific amino
acids into designed tRNAs. Among the different methods to
accomplish the task is the use of an RNA-based enzyme, flex-
izyme,which shows great promise (45). Flexizyme is a ribozyme
that catalyzes the transfer of practically any amino acid acti-
vated as a p-nitrophenyl ester into any given tRNA.
Suga and co-workers (46) have recently shown that this

method can also be used for the generation of ribosomally
translated backbone-cyclized polypeptides in cell-free expres-
sion systems. This was accomplished by the incorporation of
the cysteinyl-prolinyl glycolic acid ester moiety at the C termi-
nus of ribosomally produced polypeptides by reprogramming
glycolic acid into a codon using the flexizyme system. Cystei-
nyl-prolinyl esters can rapidly rearrange at physiological pH
through the formation of a diketopiperazine intermediate to
produce a C-terminal thioester (46). This post-translationally
formed thioester can then react in an intramolecular fashion
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with an N-terminal Cys residue through NCL in the same way
that EPL works (Fig. 1A). The incorporation of an N-terminal
Cys into polypeptides generated in vitro can be easily accom-
plished by adding peptide deformylase and methionine amino-
peptidase to the in vitro translation system. This approach has
been used for the generation of numerous backbone-cyclized
peptides, including SFTI-1 and rhesus �-defensin-1 (RTD-1)
(46).
Suga and co-workers (46) have also shown that this strategy

can be used for the generation of peptide libraries. However,
due to the circular nature of the peptides produced, it is difficult
to genetically encode (e.g. using an RNA-display approach) the
differentmembers of a particular library generated by this tech-
nique. This makes the screening of such libraries a very chal-
lenging task, which limits the complexity of the libraries that
can be analyzed using this method. Another limitation of this
approach is that production yields are usually low, therefore
limiting the utility of this method for screening purposes.

Summary and Outlook

In this minireview, we have briefly examined the different
biochemical approaches available for the biological production
of backbone-cyclized polypeptides ranging from small peptides
to proteins. These include the use of protein splicing catalyzed
by inteins (16) or proteases (41, 42) as well as thioester-based
ligation using either modified inteins (27, 29, 30) or genetic
code reprogramming (46). The ability to produce circular poly-
peptides using the tools of molecular biology has multiple bio-
technological applications (Scheme 1). For example, it makes
possible the generation of large libraries of cyclic polypeptides
that can be screened for biological activity. Several of themeth-
ods discussed also allow the production of libraries inside living
cells (29, 30, 33). This makes possible the rapid screening and
selection of novel sequences that can modulate or inhibit the
biological activities of particular biomolecular targets. This
approach allows the use of molecular evolution and cell-based
assays for the rapid selection of novel sequences with optimal
biological activity. For example, Schultz and co-workers (33)
have recently used PTS in combination with nonsense codon
suppressor tRNA technology to build large libraries of cyclic
hexapeptides incorporating non-natural amino acids inside
bacterial cells that were later screened for activity against the
HIV protease. Although the biological activities for the selected
circular peptides were rather modest (IC50 values in the low
micromolar range), this could be attributed to the small size of
the cyclic peptide scaffold used in this work (only six residues).
This could be easily addressed by using a cyclic polypeptide
template incorporating more than one loop for potential inter-
actions in the same way that antibody complementarity-deter-
mining regions work. Within this context, our group has pio-
neered the use of EPL-mediated backbone cyclization for the
biosynthesis of cyclotide-based libraries inside living cells for
the high throughput selection of novel biological activities. Our
group is using the cyclotide MCoTI-I as a molecular scaffold,
which has up to five hypervariable loops available for the design
of complex libraries that can be used for molecular evolution
experiments using cell-based screening. MCoTI cyclotides are
nontoxic and are powerful trypsin inhibitors, with IC50 values

in the low picomolar range, which demonstrates the potential
of this scaffold for selecting novel sequences that target protein-
protein interactions with very high affinities. Moreover, the
cyclic cystine knot motif found in cyclotides gives them
enhanced thermal, chemical, and biological stabilities. All of
these features make the cyclotide scaffold an ideal molecular
framework for the development of novel peptide-based
therapeutics.
In this context, it is worth noting that new critical informa-

tion on the origin, evolution, and processing of cyclotides as
well as other circular polypeptides found in plants is beginning
to provide insight on how these polypeptides are post-transla-
tionally cyclized in plants. A complete elucidation of the mech-
anisms associated with the ribosomal biosynthesis of circular
polypeptides in plants should make possible the production of
pharmacologically useful circular polypeptides in genetically
engineered plants in the near future.
The production of circular polypeptides using standard bio-

logical expression systems has alsomade possible the introduc-
tion of NMR active isotopes (15N and/or 13C) in a very inexpen-
sive fashion (47). This should facilitate the use of NMR to study
structure-activity relationships of any potential circular poly-
peptide and its molecular target (47). The recent development
of in-cell NMR using sequential labeling approaches (48) could
be easily interfaced for the in-cell screening of genetically
encoded libraries of circular polypeptides.
In summary, the development of novel biochemical ap-

proaches for the biological synthesis of circular polypeptides is
opening new and exciting opportunities that previously were
available only to synthetic chemists. The production of com-
plex libraries inside living cells using standard recombinant
techniques offers biologists a unique opportunity to perform
experiments in molecular evolution that will unravel genomic
information encoding complex biochemical pathways and pro-
tein interaction networks. The use of highly stable circular
polypeptide scaffolds provides an ideal molecular tool for this
challenging task.
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The Encyclopedia of DNA Elements (ENCODE) Project
(http://www.genome.gov/10005107) is an international collab-
oration of research groups funded by the National Human
Genome Research Institute, with the goal of delineating all
functional elements encoded in the human genome (1). This
project began in 2003with a targeted analysis of a selected 1%of
the human genome. The results from the pilot project were
published in 2007 (2), and a second phase of funding was then
provided to scale the project to the entire human genome.
Genome-scale projects in ENCODE involve the identification
and quantification of RNA species in whole cells and subcellu-
lar compartments, mapping of noncoding and protein-coding
genes bymanual review and experimentalmethods, delineation
of chromatin and DNA accessibility, mapping of histone mod-
ifications and transcription factor-binding sites by ChIP, and
measurement of DNA methylation. More recently, ENCODE
has adopted additional approaches that have not yet resulted in
extensive data sets, including the examination of long-range
chromatin interactions, analysis of RNA-binding proteins, and
validation of transcriptional enhancers and silencers. To date,
�2000 data sets have been deposited for public use by the
ENCODE Project at the University of California Santa Cruz
(UCSC) Genome Browser (3); to encourage public use of the
data sets, a “user’s guide” to the ENCODE data sets has been
published (4). As the second phase of the ENCODEProject nears
completion, the ENCODE Consortium has prepared a large inte-
grativemanuscript that includes analyses of experiments from147
cell typesandprovidesa summaryof their functional annotationof
thehumangenome(5).Additionally, othermorenarrowly focused
studies on subsets of ENCODE data have been or will soon be
published; for a list of ENCODE publications, see the ENCODE
tab at the UCSCGenome Bioinformatics site.
Many new insights concerning the organization and function

of genomic elements have come from the ENCODE Project,
including the findings that most transcription factors have
many thousands of binding sites in the human genome and that
these binding sites are distributed non-randomly, with only
approximately one-third being located near a transcription
start site (5).Many of these distally located regions of transcrip-
tion factor-binding sites are thought to be transcriptional
enhancers. Because enhancers are far from genes, can work in
either orientation, and can sometimes skip over the nearest

gene, in the past, they have been difficult to characterize. How-
ever, the study of enhancers has gained enormous momentum
from high throughput methods such as ChIP-seq and compre-
hensive analyses from genomic projects such as ENCODE and
the Roadmap Epigenomics Project. Based on current estimates
of up to 50,000 enhancers in any given cell type and the fact that
enhancers tend to be cell type-specific, it has been estimated
that there are perhaps 105–106 enhancers in the human
genome. Studies indicate that the majority of enhancers are
composed of transcription factor-binding sites residing
within nucleosome-free regions flanked by specific patterns
of histone modifications (Fig. 1). The minireview entitled
“Chromatin Fingerprint of Gene Enhancer Elements” by
Gabriel E. Zentner and Peter C. Scacheri reviews the types of
variant and modified histones and histone-modifying com-
plexes found at enhancers and describes subclasses of active
and poised enhancers.
An emerging concept is that transcription factors bound to

distal enhancer elements regulate genes by looping out the
intervening DNA and interacting with other factors bound at
promoter regions that can be tens to hundreds of kilobases
away. It is becoming clear that not only are chromatin-remod-
eling complexes required to achieve and maintain the nucleo-
some-free regions of enhancers that are bound by the site-spe-
cific factors but that they are also involved in the formation of
chromosomal loops. One such chromatin-remodeling complex
is SWI/SNF, a DNA-dependent ATPase. Human SWI/SNF
complexes contain 10–12 subunits, many of which have alter-
native forms encoded by different members of gene families,
resulting in many different possible SWI/SNF complexes.
Components of SWI/SNF have specific protein domains that
can recognize the acetylated or methylated histones that are
found at enhancer regions, thus providing anchoring to nucleo-
somes. SWI/SNF can also interact with a variety of site-specific
DNA-binding transcription factors. The ability of the SWI/SNF
complex to interact with both DNA-bound factors and
nucleosomes may contribute to its ability to form or stabilize
chromosomal loops. As described in the minireview by Ghia
Euskirchen, Raymond K. Auerbach, and Michael Snyder entitled
“SWI/SNF Chromatin-remodeling Factors: Multiscale Analyses
andDiverse Functions,” changes in abundance, structure, or activ-
ity of different components can alter the function of SWI/SNF in
different types of normal or diseased cells.
In a recent genome-wide study of SWI/SNF components, it

was found that many of the binding sites are also bound by the
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CCCTC-binding factor (CTCF)2 (6). CTCF is a sequence-spe-
cific transcription factor that is thought to serve as a chromatin
organizer by acting as a barrier to spreading of epigenomic
marks and by associating with the nuclear matrix to form dis-
tinct chromatin domains. It can also co-localize with both
enhancers and repressors and can prevent communication
between distal regions and promoters. Accumulating evidence
suggests that CTCF mediates many of its functions by regulat-
ing DNA looping. CTCF genomic binding patterns have
recently been defined inmany different cell types. Most CTCF-
binding sites (perhaps those involved in setting up generalized
chromosomal domains) are invariant across many cell types.
However, some CTCF sites do show cell-type specificity (per-
haps those most involved in gene regulation). At a subset of
sites, CTCF co-localizes with cohesin, a protein involved in
keeping sister chromatids together until the anaphase stage of
mitosis. The intriguing idea that cohesin may also be involved
in the CTCF-mediated looping of enhancer regions by keeping
the two ends of distally located DNA regions together is dis-
cussed in the minireview by Bum-Kyu Lee and Vishwanath R.

Iyer entitled “Genome-wide Studies of CCCTC-binding Factor
(CTCF) and Cohesin Provide Insight into Chromatin Structure
and Regulation.”
Methods to identify the sites of intra- and interchromosomal

interactions mediated by transcription factors interacting with
other transcription factors or chromatin-modifying complexes
are rapidly evolving. Current methods used to detect chromo-
somal loops are described in the minireview by Xun Lan, Peggy
J. Farnham, and Victor X. Jin entitled “Uncovering Transcrip-
tion Factor Modules Using One-dimensional and Three-di-
mensional Analyses.” Such methods include protein-directed
analyses such as ChIA-PET (chromatin interaction analysis
with paired-end tag sequencing), which is similar to ChIP-seq
except that distal regions brought into close proximity by the
factor under analysis are ligated prior to the immunoprecipita-
tion step. Other methods such as 3C (chromosome conforma-
tion capture), 4C (circularized chromosome conformation cap-
ture), and 5C (carbon-copy chromosome conformation
capture) can also detect pairs of genomic loci that are far apart
on the genome but close in three-dimensional space. One of the
newer methods, Hi-C, provides an unbiased identification of
chromosomal interactions across the genome but does not pro-
vide information as towhich factorsmediate the looping. At the
present time, both the experimental and analytical steps of
these chromosomal interaction methods are difficult and as
such are being performed only in a few laboratories.However, it
is anticipated that improvements in the protocols and analysis
programswill eventuallymovemethods such as ChIA-PET and
Hi-C into the toolkit of more research groups.
Understanding how genomic sequence elements regulate

normal development and differentiation and how variants in
the genome contribute to human diseases are the leading chal-
lenges of 21st century medicine. The minireview entitled
“Transcription Factor-mediated Epigenetic Reprogramming”
by Camille Sindhu, Payman Samavarchi-Tehrani, and Alexan-
derMeissner highlights an important use of genomic and epig-
enomic data in translational medicine. Studies showing that
transcription factors play a pivotal role in regulating and main-
taining cellular states suggest that it may be possible to repro-
gram any cell to another cell type, which could be of enormous
importance for treatment of diseases that result in loss of cell
function or viability. However, such studies require that we
have a deep understanding of the relationships between sets of
lineage-specific transcription factors and epigenomic regula-
tors. Sindhu et al. provide a list of interactions between tran-
scription factors and chromatin remodelers that have been
identified by genomic profiling and compare the results of dif-
ferent types of molecular profiling of embryonic stem cells
and induced pluripotent stem cells, including analysis of
coding and noncoding RNAs, histone modifications, and
DNA methylation.
A genome-wide association study (GWAS) attempts to

define SNPs that are significantly more prevalent in a disease-
affected group than in a non-affected group. The National
Human Genome Research Institute maintains a catalogue of
GWAS results (www.genome.gov/gwastudies/). An important
recent finding from the integrative analysis of the ENCODE
data sets is that a majority of SNPs associated with human dis-

2 The abbreviations used are: CTCF, CCCTC-binding factor; GWAS, genome-
wide association study.
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FIGURE 1. Genome-wide characterizations of regulatory regions. Recent
genome-wide ChIP-seq studies have revealed 100,00 –200,000 regions of
open chromatin per cell type, tens of thousands of which are marked by
specifically modified histones (e.g. H3K4me1 and H3K27ac) and bound by
many different site-specific transcription factors (TFs; see “Chromatin Finger-
print of Gene Enhancer Elements” by Gabriel E. Zentner and Peter C. Scacheri).
Creation of these open chromatin regions requires the actions of histone-
modifying complexes (HMC), chromatin-remodeling complexes (CRC), and
boundary proteins such as CTCF (see “SWI/SNF Chromatin-remodeling Fac-
tors: Multiscale Analyses and Diverse Functions” by Ghia Euskirchen, Ray-
mond K. Auerbach, and Michael Snyder and “Genome-wide Studies of
CCCTC-binding Factor (CTCF) and Cohesin Provide Insight into Chromatin
Structure and Regulation” by Bum-Kyu Lee and Vishwanath R. Iyer). Distal
regulatory regions are thought to function by interaction of bound site-spe-
cific factors with other transcription factors bound to core promoters via
looping of the intervening DNA. For a review of recent experimental and
computational methods used to identify intra- and interchromosomal inter-
actions, see “Uncovering Transcription Factor Modules Using One-dimen-
sional and Three-dimensional Analyses” by Xun Lan, Peggy J. Farnham, and
Victor X. Jin. Finally, it is becoming increasingly clear that distal regions are
critically important in specifying cell fate via regulation of specific cohorts of
genes (see “Transcription Factor-mediated Epigenetic Reprogramming” by
Camille Sindhu, Payman Samavarchi-Tehrani, and Alexander Meissner) and
that SNPs located within distal regulatory regions contribute to the develop-
ment of many human diseases (see “Genome-wide Epigenetic Data Facilitate
Understanding of Disease Susceptibility Association Studies” by Ross C.
Hardison). RNAPII, RNA polymerase II.
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ease lie in or near ENCODE-defined regions that are outside of
protein-coding genes (5). As reviewed in “Genome-wide Epige-
netic Data Facilitate Understanding of Disease Susceptibility
Association Studies” by Ross C. Hardison, the integrative anal-
ysis of ENCODE data has shown that the phenotype-associated
SNPs in the GWAS catalogue are enriched in nucleosome-free
regions bound by transcription factors, i.e. putative enhancer
regions. Thus, high throughput genomic assays are providing
significant aid to our understanding of how SNPs identified by
GWAS can contribute to human disease. Of course, simply
determining that a SNP falls within a region having the hall-
marks of an enhancer does not identify the gene whose regula-
tion is affected by that SNP. However, it is clear that as the field
of genomics moves further into the 21st century, the combina-
tion of GWAS, ChIP-seq of transcription factors and modified
histones, and application of techniques to globally map chro-
mosomal interactions will provide important new insights into
human diseases.
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Different cell types within a single organism are generally dis-
tinguished by strikingly different patterns of gene expression,
which are dynamic throughout development and adult life. Dis-
tal enhancer elements are key drivers of spatiotemporal speci-
ficity in gene regulation. Often located tens of kilobases from
their target promoters and functioning in an orientation-inde-
pendent manner, the identification of bona fide enhancers has
proved a formidable challenge. With the development of ChIP-
seq, global catalogingof putative enhancers has become feasible.
Here, we review the current understanding of the chromatin
landscape at enhancers and how these chromatin features
enable robust identification of tissue-specific enhancers.

All multicellular organisms are faced with a daunting chal-
lenge: the establishment of tissue- and temporal-specific tran-
scriptional programs from a single genome sequence. Spatio-
temporal regulation of gene expression is a complex process
involving the coordinated actions of transcription factors and
chromatin-remodeling and chromatin-modifying enzymes as
well as distinct classes of functional elements, including pro-
moters, insulators, and enhancers. Enhancers are speculated to
be themost abundant class of regulatory element, perhapsmak-
ing up as much as 10% of the human genome (1).
Enhancers were initially identified in cell culture using tran-

sient reporter assays as sequences that up-regulated transcrip-
tion without regard to orientation or distance (2, 3). This flex-
ibility in location and function has posed a significant obstacle
to comprehensive cataloging of enhancers in comparison with
other elements such as promoters, which can be characterized
by 5�-sequencing of genes, or insulators, which are generally
bound by the CCCTC-binding factor and tend to be invariant
across cell types (4, 5). Various techniques have been used to
locate enhancers, including mapping of open chromatin by
DNase I hypersensitivity (6, 7) or formaldehyde-assisted isola-
tion of regulatory elements (FAIRE)2 (8, 9) and analysis of evo-
lutionary conservation of putative enhancer sequences, with
the assumption that functional sequences are under a high

degree of evolutionary constraint (10). Although thesemethods
have identified a large number of functional regulatory ele-
ments, there are limitations associated with each. Sites of open
chromatin overlap many types of regulatory elements, includ-
ing promoters, enhancers, and insulators (6–8); thus, it cannot
be determined without functional studies or additional
genomic data if a site of open chromatin is in fact an enhancer.
It has also become apparent that many enhancers are not as
highly conserved as predicted (10–15), likely leading to a poor
rate of enhancer discovery using sequence conservation alone.
The development of chromatin immunoprecipitation with

massively parallel short read sequencing (ChIP-seq) has en-
abled genome-wide mapping of hundreds of histone modifica-
tions, transcription factors, and other chromatin-bound pro-
teins (16–19). In particular, the study of enhancers, whose
identification had previously proved quite challenging for the
reasons described above, has benefitted from the rapidmatura-
tion of ChIP-seq.Here, we discuss the current understanding of
chromatin features at enhancers as determined by ChIP-seq.

H3K4me1 and P300

Early studies profiling the genomic distributions of histone
modifications focused on H3K4me13 in the absence of
H3K4me3, which is highly enriched at promoters, as a chroma-
tin signature of enhancers. Using chromatin immunoprecipita-
tion with tiled microarray analysis (ChIP-chip), Heintzman et
al. (22, 23) identified binding sites for the acetyltransferase
P300, a known enhancer-binding protein (20, 21). Themajority
of promoter-distal P300-binding sites showed robust enrich-
ment of H3K4me1, suggesting that this histone mark consti-
tuted a chromatin signature of enhancers (22, 23). An impor-
tant insight from initial genomic mapping of H3K4me1 was
that its distribution tended to be highly cell type-specific, in
contrast to H3K4me3, which tended to be invariant across cell
types (5, 22, 23), consistent with the fact that enhancers gener-
ally act in a cell type-specific manner. However, H3K4me1
alone was found not to be absolutely predictive of enhancer
activity. When a subset of distal H3K4me1 sites were tested in
reporter assays, seven of nine sites were active (22). Addition-
ally, further studies of enhancer-associated histone modifica-
tions by ChIP-seq showed that H3K4me3 was enriched at a
subset of putative enhancers (24, 25), suggesting that enrich-
ment of H3K4me1 in the absence of H3K4me3, although a
robust predictor of activity, might not identify all active
enhancers in the genome.
Other studies focused on P300 binding without regard to

H3K4me1 enrichment. Visel et al. (26) performed P300 ChIP-
seq in mouse embryonic forebrain, midbrain, and hind limb
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reporter assays. This method yielded an overall 87% success
rate in predicting tissue-specific enhancer activity. Notably,
this was a robust increase in accuracy (87% versus 46%) com-
pared with previous studies predicting enhancers on the basis
of sequence conservation (27, 28). Further studies also showed
that P300 binding could identify poorly conserved enhancers in
mouse embryonic hearts with a 75% success rate (29). Thus,
although P300, like H3K4me1, was a strong predictor of
enhancer activity, the failure of P300 binding to completely pre-
dict enhancer activity suggested that additional chromatin fea-
tures at enhancers might provide more power in detecting
active enhancers.

Subclassification of Enhancers: H3K27 Modifications

Recent studies have focused on covalent modification of
H3K27 as a means to subclassify enhancers. Global analysis of
H3K27ac in mouse embryonic stem cells (mESCs) and several
differentiatedmouse cell types revealed association of thismark
with a fraction of putative enhancers (30), a finding con-
firmed in human ESCs (hESCs) (31). Genes associated with
H3K4me1�,H3K27ac� enhancers in human and mouse cells
displayed higher expression than those lacking H3K27ac and
were also associatedwith functional annotations relevant to the
analyzed cell type (30, 31). Thus, H3K4me1�,H3K27ac�

enhancers represent cell type-specific active enhancers in both
human and mouse cells.
In contrast to active enhancers, H3K4me1�,H3K27ac�

enhancers in ESCswere associatedwith differentiation-specific
functions and genes encoding developmentally important tran-
scription factors, suggesting that these enhancers might be
poised for activation upon differentiation (30, 31). Indeed, a
number of mESC poised enhancers gained H3K27ac and were
associatedwith increased gene expression upon differentiation,
whereas mESC-specific enhancers lost H3K27ac or both
H3K4me1 and H3K27ac and were associated with decreased
gene expression (30). A similar phenomenon was observed for
hESC poised enhancers (31). It is noteworthy that enhancers
designated poised in hESCs were marked with H3K27me3, a
hallmark of Polycomb repression (32), in contrast to mESC
poised enhancers. However, further studies of enhancer-asso-
ciated histone marks in mESCs and differentiated mouse cells
revealed that a fraction of enhancers did indeed contain
H3K27me3 (33). Furthermore, it was found that active,
H3K27� poised, and H3K27me3� poised enhancers could be
stratified into three distinct groups by the expression and
function of their associated genes. H3K4me1�,H3K27�

enhancers were therefore designated intermediate, and
H3K4me1�,H3K27me3� enhancers were designated poised.
Active enhancers could be subclassified based on their levels of
H3K4me1 and H3K27ac, and poised enhancers could be sub-
classified based on their levels of H3K27me3. H3K9me3 was
also able to distinguish poised enhancers, independent of
H3K27me3 (33). This is an interesting observation in light of a
previous report implicating SETDB1, which trimethylates
H3K9, in maintenance of the mESC state (34). Poised enhanc-
ers were associated with developmental functions, whereas
intermediate enhancers were linked to a variety of general non-
specific cellular functions (33). Poised enhancers inmESCs and

hESCs were bound by Polycomb proteins (31, 33), consistent
with the H3K27me3 enrichment seen at these sites.
H3K27me3-marked poised enhancers were also detected in
terminally differentiated mouse cell types, including adi-
pocytes and macrophages, suggesting that Polycomb-medi-
ated enhancer poising is not restricted to developmental cell
types (33).
Further classification of enhancers was also carried out by

Ernst et al. (18), who mapped chromatin dynamics in nine
human cell lines. Two classes of active enhancers were defined
based on aggregate enhancer characteristics across these cell
types. One was characterized by robust enrichment of
H3K4me1, H3K4me2, H3K4me3, H3K27ac, and H3K9ac. The
other contained robust H3K4me1 and H3K27ac and moderate
H3K4me2 and H3K9ac. Two classes of weak or poised enhanc-
ers were also characterized. One was marked with moderate
H3K4me1 and robust H3K4me2, whereas the other contained
only moderate H3K4me1. No H3K27me3 enrichment was
detected at weak/poised enhancers, contrary to a previous
report on human poised enhancers (31). It has been suggested
that marking of enhancers with H3K27me3 is a developmental
phenomenon (35), and thus, the detection of enhancer chroma-
tin features by aggregate characteristics across nine cell lines,
only one of which was developmental (hESCs), may have
obscured this characteristic. Consistent with previous findings,
genes associated with active enhancers were associated with
cell type-specific functions in each of the nine cell lines.
The characterization of active, intermediate, and poised

enhancer classes sheds light on several reasons why previous
approaches to enhancer identification were unable to abso-
lutely predict activity. The association of H3K4me1 with both
active and inactive enhancers is a simple explanation for the
failure of some H3K4me1-marked regions to show activity in
reporter assays (22). It was also found in these studies that P300
was associated with all classes of enhancers (30, 31, 33); thus,
the inactivity of a fraction of P300-bound regions in transgenic
reporter assays (26, 29) is likely due to the fact that these were
intermediate or poised enhancers. Finally, it was found that
H3K27me3� poised enhancers were more highly conserved
than other enhancer classes (31, 33), suggesting that the inac-
tivity of a large proportion of highly conserved elements in
reporter assays (27, 28) may be due to a bias toward testing
poised enhancers.

Transcriptional Chromatin Signatures at Enhancers

An intriguing recent finding potentially related to enhancer
function is that a subset of active enhancers appear to produce
a variety of noncoding transcripts (18, 36–38). ChIP-seq anal-
ysis of RNA polymerase II (pol II) and its serine 2/5-phosphor-
ylated forms revealed their association with a large number of
enhancers (33, 36, 38). Additionally, a recent study has demon-
strated the presence of substantial H3K36me3, indicative of
transcriptional elongation (39), at active enhancers (33), sug-
gesting that active enhancers adopt a transcriptionally active
chromatin state.
Given that active enhancers are associated with noncoding

RNA (ncRNA) and show similar chromatin features to promot-
ers, it has been suggested that active enhancers may actually be
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promoters regulating ncRNAexpression rather than enhancers
per se. However, active enhancers have little or no H3K4me3,
which is generally high at promoters. Another potential sce-
nario is that enhancer-associated ncRNAs are the product of
leaky transcription from pol II promoters during transient
looping of enhancers to promoters. Indeed, production of
ncRNA from theArc enhancer requires the presence of theArc
promoter (36). Although the relation of enhancer transcription
to enhancer function is largely unclear, there is some evidence
that enhancer-associated transcripts are functional. The �-glo-
bin locus control region is unidirectionally transcribed into a
ncRNA that promotes open chromatin throughout the �-glo-
bin locus (40). The Evf-2 ncRNA, transcribed from the Dlx-5/6
ultraconserved region, acts as a transcriptional coactivator via
association with Dlx-2 (41). Finally, several predicted enhanc-
ers bound by pol II in macrophages were able to activate tran-
scription in luciferase assays (38). However, in most cases, the
true identity and function of enhancer-associated ncRNAs
remain to be determined.

The Depth of Histone Modification at Enhancers

Although the studies described above have focused on only a
handful of marks, there are several dozen characterized histone
modifications, with more being discovered at a rapid pace (42–
44), suggesting that the spectrum of histone modifications at
enhancers is likely much broader than is currently appreciated.
Indeed, Wang et al. (24), mapping 39 histone modifications in
CD4� T cells by ChIP-seq, detected enrichment of many other
modifications at putative enhancers, including multiple acety-
lations on H2A, H2B, and H4, H3K18ac, and H3K9me1. Map-
ping of histone marks in hESCs and IMR90 fibroblasts also
revealed association of additional modifications at a subset
of putative enhancers, including H2BK5ac, H3K18ac, and
H4K5ac (45). H3K18 can be acetylated by P300 (46–48), sug-
gesting a further link between this modification and enhancer
chromatin structure.

Histone Variants

In addition to histone modifications, variant forms of the
canonical H2A and H3 histones (49) have been suggested to
play a role in modulating enhancer chromatin structure. Previ-
ous studies have found enrichment of the universally conserved
H2AvariantH2A.Z (50) at putative enhancers (24, 25). Enhanc-
ers have generally been considered to be nucleosome-depleted
based on the results of DNase-seq and FAIRE-seq experiments
(6, 31, 33). Previous studies of nucleosomes containing the H3
variant H3.3 and the H2A variant H2A.Z indicated that these
nucleosomes were unstable and disrupted by moderate salt
conditions (51). Subsequent genome-wide mapping of H3.3
and H2A.Z under conditions of low ionic strength demon-
strated that H3.3/H2A.Z double variant nucleosomes were
strongly enriched at putative enhancers (52). This finding sug-
gests that the chromatin accessibility of enhancers is not medi-
ated bynucleosomedepletionper se, but by the fragility ofH3.3/
H2A.Z nucleosomes, and that standard protocols for assaying
open chromatin involvingmoderate or high salt conditions lead
to loss of double variant nucleosomes.

Cell Type-specific Transcription Factors

Transcription factormotif analysis has also been used to pre-
dict cell type-specific active enhancers. It is known that distal
H3K4me1 sites are often bound by cell type-specific transcrip-
tion factors, i.e. OCT4 in ESCs (30), FOXA1/2 in liver (53, 54),
and PU.1 in macrophages and B cells (55). Ernst et al. (18) car-
ried out an extensive analysis of transcription factor motifs
within cell type-specific active enhancers across nine human
cell lines and found strong enrichment of motifs for cell type-
specific factors. For instance, robust enrichment of OCT4
motifs was found within hESC-specific active enhancers,
whereas enrichment of motifs for liver transcription factors
(HNF1, HNF4, and peroxisome proliferator-activated recep-
tor-�) was detected in active enhancers in the HepG2 hepato-
cellular carcinoma line. Further analysis revealed robust corre-
lations between enrichment of transcription factor motifs
within active enhancers and the expression of their cognate
factors across all nine cell lines. Thus, itmay be inferred that cell
type-specific transcription factors are key drivers of enhancer
activity. Indeed, analysis ofHepG2 enhancers containingHNF4
motifs in reporter assays showed that enhancer activity was
partially dependent on this motif in many cases.
Certain cell type-specific transcription factors may promote

enhancer activity by establishing an active chromatin state.
These proteins, referred to as pioneer factors, bind closed chro-
matin and enable the binding of additional regulatory factors
(56). For instance, FOXA1, a transcription factor involved in
endoderm development (57), binds regions throughout the
genome in breast and prostate cancer cells to promote
nucleosome remodeling upon hormone stimulation (58–
60). It appears that nucleosome displacement is a key aspect
of enhancer activation, as histone modifications such as
H3K4me2 are already present at enhancers prior to activation
(54, 58, 59, 61).

General Enhancer-binding Proteins

In addition to cell type-specific transcription factors, which
function in a restricted range of tissues, it is also known that
there are factors that associate with enhancers across a wide
range of cell types. As indicated above, the acetyltransferase
P300 binds enhancers across a wide range of cell types and
tissues (22, 23, 26, 29–31, 33, 62–68). P300 generally binds to a
small subset of H3K4me1-defined enhancers in the genome
(Table 1). It has also been shown that the chromatin-remodel-
ing protein CHD7, mutated in the developmental disorder
CHARGE syndrome (69), binds putative enhancers in several
cell types (70). CHD7 occupies many P300-bound enhancers in

TABLE 1
Estimated prevalence of genomic features associated with enhancers
in human and mouse genomes
Feature numbers are highly dependent on the source material as well as exper-
imental and analytical parameters; thus, these figures should be treated as rough
estimates.

Feature No. in human genome No. in mouse genome

DNase-seq/FAIRE-seq 80,000–225,000 (9, 98, 99) 121,378–720,631 (71, 100)
Distal H3K4me1 �
H3K27ac

24,566–58,023 (22, 45) 17,809–76,001 (30, 33, 55)

Distal P300 1664–8703 (31, 63, 67) 540–10,741 (22, 26, 29, 33,
62, 64, 91)
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mESCs but binds a larger fraction of H3K4me1-predicted
enhancers than does P300 (33, 71). Another chromatin-remod-
eling enzyme, BRG1, also appears to function as an enhancer-
binding factor in several cell types (31, 72–74). BRG1 expres-
sion is altered in cancers (75–79), and its loss may play a role in
the pathogenesis of CHARGE syndrome (80). Some evidence
also suggests that CHD7 may be involved in cancer (81, 82).
These findings highlight the general importance of chromatin
remodeling at enhancers and also suggest that dysregulation of
enhancer chromatin structure is pathogenic.

How Many Enhancers Are in the Genome?

The number of enhancers present in the human genome has
been the subject of much speculation. Heintzman et al. (22)
detected �55,000 enhancers between the HeLa cervical carci-
noma and K562 leukemia cell lines based on H3K4me1 enrich-
ment,most of whichwere cell type-specific. By extrapolation to
the 200 cell types of the human body, it was speculated that
there could be on the order of �105–106 enhancers in the
genome. However, because it is not known if H3K4me1 is pres-
ent at all potential enhancer sites, this is only a rough estimate at
present.
Within a given cell type, the number of enhancers as defined

by promoter-distal H3K4me1 and/or H3K27ac enrichment is
quite variable, ranging from �18,000 to 76,000 in human and
mouse cell lines and tissues (Table 1). The number of distal
H3K4me1 and/orH3K27ac sites in each cell type is generally far
lower than the number of sites of open chromatin detected by
DNase-seq and FAIRE-seq, highlighting the utility of histone
modification ChIP-seq in locating enhancers (Table 1). How-
ever, the figures presented here should be taken only as approx-
imations. Variations in experimental and analytical parameters
likely contribute a degree of variability to these enhancer sur-
veys, and other histone modifications may mark enhancers
independent of H3K4me1.

Summary and Future Challenges

Although the classification of enhancers by chromatin state
is in its early stages, some general trends have emerged.
Active enhancers, i.e. enhancers associated with high levels of
gene expression and functions consistent with the current cell
type, aremarkedwith bothH3K4me1 andH3K27ac (30, 31, 33).
Active enhancers may demonstrate transcription of ncRNA
and display a transcriptional chromatin signature (H3K36me3
and pol II enrichment) (33, 36, 38). Within a given cell
type, active enhancers often harbor motifs for cell type-specific

transcription factors (18). Poised enhancers tend to be associ-
ated with low levels of gene expression and functions required
later in development or upon stimulation. They are marked
with H3K4me1 and may also contain H3K27me3 (30, 31, 33).
Histone modifications associated with enhancers are summa-
rized in Table 2.
Although our understanding of enhancer chromatin states

has been greatly enhanced by the use of ChIP-seq, many unre-
solved issues related to chromatin state and enhancer function
remain. Several of these are summarized below.
1) A major issue facing the field of enhancer genomics is the

gap between prediction and functional validation of putative
enhancers. Enhancer trap (86) and transgenic reporter (26)
assays, which involve integration of reporter vectors into the
genome, may be advantageous in this regard. However, these
assays are relatively low throughput, expensive, and impractical
for most laboratories. Luciferase reporter assays are generally
accepted as a validation method, but there are several limita-
tions to this approach. First, reporter assays require the use of
plasmids, which lack native chromatin conformation and are
thus not representative of the chromatin context in which the
putative enhancer sequence would normally function. Second,
the plasmids used in enhancer assays usually contain a general
promoter such as SV40 rather than the enhancer’s endogenous
promoter, and it is therefore not clear how to interpret negative
results. Finally, most genes are thought to be regulated bymore
than one enhancer, yet it is typically only a single enhancer that
is tested in a reporter assay. Thus, in instances in which gene
activation requires multiple enhancers, reporter activity may
not be observed when a single enhancer is tested, although that
enhancer might still be functional in vivo.
2) It is known that additional histone modifications localize

to putative enhancers (24, 45), but it is unclear how they relate
to the currently understood enhancer chromatin states. It is
also possible that entirely novel enhancer chromatin signatures
will be discovered, as there is no reason a prioriwhy all enhanc-
ers would be marked with H3K4me1.
3) It is unclear how histonemarks are maintained at enhanc-

ers, where there is nucleosome remodeling (59, 60), variant
deposition (52), and rapid histone turnover (83). However,
because robust ChIP-seq signals can be obtained for histone
marks at enhancers, it stands to reason that there must be a
mechanism in place to rapidly modify newly deposited his-
tones.Histone-modifying enzymes such as P300 andEZH2may
remain bound to enhancers and modify histones as they are

TABLE 2
Characteristics of enhancer-associated histone modifications

Modification Description Refs.

H3K4me1/2 Associated with active, intermediate, and poised enhancers 22–24, 30, 31, 33, 58
Widely considered to be the chromatin signature of enhancer elements
May be necessary for recruitment of pioneer factors (i.e. FOXA1)

H3K9me3 Associated with poised enhancers 33, 34
Established by SETDB1

H3K27ac Associated with active enhancers 30, 31, 33, 46–48
Established by P300

H3K27me3 Associated with poised enhancers 31–33
Established by Polycomb-group protein EZH2

H3K36me3 Associated with active enhancers 33, 36, 38
pol II is also present at H3K36me3-marked enhancers, consistent with ncRNA transcription from these enhancers
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deposited. However, this mechanism is speculative, and the
kinetics of the erasure and re-establishment of histonemarks at
enhancers are not precisely known.
4) Although putative enhancers can efficiently be identified

based on chromatin signatures, it is currently difficult to accu-
rately determine the genes associated with enhancers on a large
scale. Current computational strategies include associating an
enhancer with its nearest gene and associating an enhancer
with all genes located within a certain distance. There are sev-
eral issues associated with these methods: enhancers can often
be located quite far from their target genes and/or within other
genes (for instance, a limb-specific Shh enhancer is located
within an intron of the Lmbr1 gene, over 1megabase away from
its target promoter (84, 85)), enhancers may not regulate all
genes within a given distance, and current computational
methods do not take into account enhancer-blocking CCCTC-
binding factor boundaries (4). Global approaches such as chro-
mosome conformation capture (3C)-based technologies (86–
88), chromatin interaction analysis with paired-end tag
sequencing (ChIA-PET) (89–91), and 3C with DNA selection
and ligation (3D-DSL) (92) have been used to study long-range
chromatin interactions but are difficult to execute andmay not
have the resolution needed to see interactions over a broad
range of distances. Thus, to conclusively associate an enhancer
with a target promoter, low throughput 3C must be used.
5) Because it has been hypothesized that enhancers contact

their target promoter(s) (1), it is possible that enhancer chro-
matin state is influenced by target promoter state or vice versa.

Indeed, Rada-Iglesias et al. (31) showed that promoters associ-
ated with H3K27me3� poised enhancers in hESCs also dis-
played appreciable levels of H3K27me3. Whether this is a gen-
eral or Polycomb-specific phenomenon is not clear and bears
further study.
6) It is not known if poised enhancers contact their target

promoters. It may be argued that this is the case based on the
finding that poised enhancers and their nearest promoters are
bothmarked by H3K27me3 in hESCs (31), but it may simply be
that Polycomb proteins bind both enhancers and promoters
independently and establish H3K27me3 to prevent looping.
Analysis of chromatin conformation is necessary to address this
issue.
7) As with most biological processes involving histone mod-

ification (93), a question of causality remains. Do histonemarks
define enhancers, or are they a consequence of the establish-
ment of the enhancer state? The majority of distal H3K4me1
sites are cell type-specific (5, 22, 23, 30), indicating that this
mark is established de novo at enhancers during differentiation
and arguing that cells possess an intrinsic “knowledge” of all
genomic regions that are enhancers independent of histone
modification. This knowledge might be mediated by CpG
methylation levels, as there appears to be an inverse correlation
between DNA methylation and enhancer activity (94–97),
although the mechanistic basis of this relationship is unclear.
Because of the large number of potential enhancers in the
genome and the fact that cells generally display far fewer distal
H3K4me1 sites than potential enhancers, it stands to reason

FIGURE 1. Hypothetical model for establishment of enhancer chromatin states. An enhancer is occupied by non-H3K4-modified nucleosomes prior to
stimulus. Upon differentiation or stimulus, H3K4me1/2 is acquired on these nucleosomes, which in turn promotes binding of a pioneer factor. The pioneer
factor promotes nucleosome remodeling either by facilitating nucleosome sliding to expose enhancer DNA (59) or by promoting histone exchange to establish
labile H3.3/H2A.Z nucleosomes, which are present at “nucleosome-free” regulatory elements (52). This chromatin remodeling facilitates access of general
enhancer-binding proteins (i.e. P300 (20)) and additional factors involved in the establishment of different enhancer states. At active enhancers (left), P300
acetylates H3K27, H3K36 is trimethylated, and pol II binds and produces ncRNA. At intermediate enhancers (center), P300 is bound, but H3K27 is not acetylated.
At poised enhancers (right), Polycomb proteins are bound and establish H3K27me3, and SETDB1 may also trimethylate H3K9.
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that histone modifications, particularly H3K4me1, H3K27ac,
and H3K27me3, may provide a means to “bookmark” these
enhancers for immediate or later use. Thus, histone marks do
not define enhancers per se but are used by the cell as ameans to
“arm” a subset of enhancers for activity bymodulating chroma-
tin structure and/or mediating interactions with non-histone
proteins.
Despite these issues, the ChIP-seq studies summarized in

this minireview provide a hypothetical model by which
enhancer chromatin state might be established (Fig. 1). Prior to
differentiation or stimulation, enhancer DNA is occupied by
nucleosomes not modified at H3K4. Upon stimulation, the
cell’s intrinsic memory of enhancers facilitates H3K4 methyla-
tion. H3K4me1/2 in turn favors pioneer factor recruitment,
which then mediates nucleosome remodeling at the enhancer
(58). This remodelingmay involve the sliding of nucleosomes to
expose enhancer DNA, revealing binding sites for additional
factors (59), or the exchange of canonical H2A andH3 histones
for the H2A.Z and H3.3 variants to form the labile double var-
iant nucleosomes found at regulatory regions (52). This nucleo-
some remodeling enables association of additional enhancer-
binding proteins with DNA such as P300, which in turn may
promote acquisition of additional histone marks such as
H3K27ac, H3K27me3, and H3K9me3. These models are spec-
ulative at present, and much work is needed to conclusively
determine how enhancer chromatin state is established. How-
ever, with the increasing power of ChIP-seq, thesemechanisms
will surely not remain a mystery for long.
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Chromatin-remodeling enzymes play essential roles in many
biological processes, including gene expression, DNA replica-
tion and repair, and cell division. Although one such complex,
SWI/SNF, has been extensively studied, new discoveries are still
being made. Here, we review SWI/SNF biochemistry; highlight
recent genomic and proteomic advances; and address the role of
SWI/SNF in human diseases, including cancer and viral infec-
tions. These studies have greatly increased our understanding of
complex nuclear processes.

DNA storage and chromosome packaging are important bio-
logical processes common to all living organisms. In eukaryotes,
the advent of nucleosome-based DNA organization not only pro-
moted favorablepacking ratios that increase cellularDNAcontent
but also facilitated the development of complex regulatory mech-
anisms. Inherent to any packing solution is the need for reversibil-
ity, as DNA must remain accessible to cellular machinery as
required.Chromatin-remodelingproteins formcrucial complexes
that reposition nucleosomes to accomplish this task.
SWI/SNF (switch/sucrose nonfermentable) was the first

ATP-dependent chromatin-remodeling complex to be de-
scribed; however, its full recognition was initially obscured by
the pleiotropic phenotypes that resulted when genes encoding
several of its subunits were mutagenized in diverse screens.
These phenotypes in Saccharomyces cerevisiae included the
ability to undergo mating-type switching (1), increased muta-
tion rates of mtDNA (2), and regulation of invertase gene
expression in sugar metabolism (3). Since these initial studies
nearly 3 decades ago, SWI/SNF has emerged as the archetypical
and best characterized ATP-dependent chromatin remodeler,
yet many aspects of its biology are only beginning to be defined.
Here, we review SWI/SNF biochemistry; highlight recent

genomic and proteomic analyses of composition and function;
and address the role of SWI/SNF in human diseases, including
cancer and viral infections. Numerous integrative approaches
and diverse methodologies have been applied to SWI/SNF
(Table 1). Although SWI/SNF complexes from different organ-
isms share many commonalities, there are also many attributes

unique to a particular organism; this minireview focuses on
human SWI/SNF, for which many recent advances have
occurred. In particular, large-scale data from ENCODE (4) and
various cancer sequencing projects are useful for determining
functional genomic elements and disease states associated with
SWI/SNF components.

Overview of SWI/SNF Complexes

The SWI/SNF family of chromatin remodelers spans eukary-
otic lineages; however, the compositional details of these com-
plexes vary, as evident by comparing yeast and mammalian
models (Fig. 1). Purified SWI/SNF complexes contain 10–12
polypeptides and have an apparentmolecularmass of�2MDa in
mammals (5) and1.14MDa inyeast (6).Central toSWI/SNF func-
tion is aDNA-dependentATPasenamedSnf2p in yeast,which led
to the recognition of the SNF2 subfamily of ATPases (7–9). SWI/
SNF complexes in mammalian cells contain one of two possible
ATPases (Brg1 or Brm) that are orthologous to yeast Snf2p.
Mounting evidence suggests that mammalian SWI/SNF has

a large capacity for selected subunit substitutions, the contexts
and consequences of which are only beginning to be elucidated.
Human SWI/SNF subunits are often encoded bymore than one
gene, thus permitting combinatorial assembly and a diversity of
related complexes, some of which are modulated during devel-
opment and cell differentiation. Canonical human SWI/SNF
complexes contain a single ATPase, a “core” group of subunits
consisting of Ini1 (integrase interactor 1), BAF155 (Brg1-asso-
ciated factor), and BAF170, plus seven other accessory sub-
units, one ofwhich is�-actin. Four of the accessory subunits are
each encoded by a different gene family that has between two
and four members, thus permitting 72 possible combinations
among them when allowing for one protein from each family
per SWI/SNF complex (10). BAF complexes contain either
BAF250A or BAF250B, whereas PBAF (polybromo Brg1-asso-
ciated factor) configurations instead contain BAF180 (11, 12).
In contrast to the conventional distinctions between the BAF
and PBAF complexes, recent biochemical evidence hints that
some SWI/SNF complexes may actually contain both BAF180
and BAF250 (13). Specialized SWI/SNF complexes, such as
those found in embryonic stem (ES)2 cells, include Brg1,
BAF155, and BAF60A but exclude Brm, BAF170, and BAF60C
(14, 15). Thus, both cellular and developmental contexts are
highly important when considering the composition of SWI/
SNF, as well as its eventual targets and actions.
Notably, the majority of SWI/SNF subunits are capable of

binding to DNA or chromatin. DNA-binding domains found
among various SWI/SNF subunits include HMG, ARID (AT-
rich interaction domain), SANT, and Krüppel domains (10).
Binding appears to lack sequence specificity; however, recogni-
tion of certain DNA structures may be favored, such as the
minor groove of DNA (16, 17) and four-way helical junctions
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(18, 19). Epigenetic modifications also contribute to SWI/SNF
and chromatin associations. Bromodomains, found in both of
the ATPases and in several other SWI/SNF subunits, are
thought to recognize acetylated lysines in histones (20).
BAF155 and BAF170 each contain a chromo-related domain,
which suggests a high affinity for methylated histones (21).
Plant homeodomains in BAF45 are similarly suspected of inter-
preting particular histonemodifications (22). Several SWI/SNF
subunits can occur in an E3 ubiquitin ligase complex that
monoubiquitinates histoneH2B at Lys-120 (23), amodification
that is associated with highly transcribed genes and is thought
to promote efficient transcriptional elongation (24). It stands to
reason that the chromosomal targeting of SWI/SNF is rendered
more flexible by its wide spectrum of substrates and the ability
of its subunits to bind both DNA and modified histones.

Recruitment of SWI/SNF

One of the great mysteries and areas of research for SWI/
SNF, as well as for large diverse protein complexes in general, is
how they are recruited to and assemble on DNA. Affinities of
chromatin-associated factors depend on the underlying DNA
sequence; the local chromatin environment; and other com-
plexities, such as tissue type, cell cycle, and developmental
stage. In the formation of productive SWI/SNF complexes, sto-
chastic assembly and transient interactions among subunits
may also play a significant role, as has been proposed for other

large protein complexes, such as RNA polymerases and associ-
ated transcription factors (25), spliceosomes (26), and DNA
repair complexes (27).
The DNA-binding abilities of certain SWI/SNF subunits are

suggestive of one means of recruitment. Additionally, SWI/
SNF can be targeted to DNA by transcription factors, resulting
in either transcriptional activation or repression (28). In one
variation on this theme, SWI/SNF targeting occurs cyclically
through its association and dissociation with nuclear receptors.
Two well documented examples include estrogen receptor-�
(29) and the glucocorticoid receptor (30). In another mode of
transcriptional activation, SWI/SNF may prime some promot-
ers for rapid induction, as has been observed with interferon
signaling (31).
The actions of SWI/SNF are not isolated from other regula-

tory proteins, as many of these large complexes interact with
the same genomic regions, where they influence one another.
As noted below, histone- and DNA-modifying enzymes co-pu-
rify substoichiometrically with SWI/SNF and, as determined by
ChIP, have been found at the same genomic locations as SWI/
SNF. Concentration of critical transcription-related proteins
into factories has been proposed and would facilitate efficient
gene expression, often utilizing the same machinery for multi-
ple promoters (32, 33). This is accomplished by DNA looping,
which brings distant regions of chromatin into close proximity,

TABLE 1
Example methodologies and results from SWI/SNF studies
The results cited typically have multiple lines of supporting evidence in addition to the indicated method and experimental system. ER-�, estrogen receptor-�; ySWI/SNF,
yeast SWI/SNF.

Approach System Results Refs.

Chromatography, immunoaffinity
purification, peptide sequencing

Various cell lines Distinct Brg1- and Brm-containing complexes;
heterogeneity in SWI/SNF complexes

5

Immunoprecipitation, MS SWI/SNF subunits as bait in mouse ES and
HeLa cells

Specialization of BAF complexes in ES cells;
network of SWI/SNF-interacting proteins

15, 45

Western blot analyses SWI/SNF subunits in various tumor cell
lines

Some SWI/SNF subunits are missing or show
reduced expression in the cell lines tested.

91

Immunohistochemistry Human tumors of various types Loss of Ini1 staining in malignant rhabdoid
tumors

51

Loss-of-function analyses Mouse knockout studies of Ini1 Ini1�/� mice do not recover; Ini1�/� embryos
are peri-implantational lethal; and Ini1�/�

mice are predisposed to cancer.

52–54

Chromatin fractionation HeLa cells using lamin B as a marker SWI/SNF is partially associated with the
nuclear matrix.

36

3C Murine fetal liver cells Brg1 is necessary for chromatin looping in the
�-globin locus.

39

Sequential chromatin
immunoprecipitations, PCR

ER-� at the pS2/TFF1 promoter in MCF-7
cells

Binding kinetics of ER-�, SWI/SNF, and other
factors

29

ChIP-seq Brg1 in mouse ES cells; Brg1 in mouse
CD4� T helper cells; Ini1, Brg1, BAF155,
and BAF170 in HeLa cells

Genome-wide locations of SWI/SNF subunits;
integration with other data types

43–45

Exome and targeted resequencing Human tumors and cell lines of various
malignant types

Somatic inactivating mutations in BAF250A/
ARID1A, BAF200/ARID, BAF180, Brg1, and
Brm

55–59, 61, 62

Yeast two-hybrid Various reporter constructs Interactions between Ini1 and HPV-18 E1,
between Ini1 and EBNA2, and between Ini1
and HIV-1 integrase

74, 78, 82

Purification and immunoblotting of HIV-1
virions

HIV-1-infected cells of various types Ini1 is found in HIV-1 virions, but Brg1, Brm,
BAF155, and BAF170 are not.

84, 85

Immunofluorescence, confocal microscopy HIV-1-infected CD4� HeLa cells Partial redistribution of Ini1 from the nucleus
to the cytoplasm in response to HIV-1

83

NMR spectroscopy, CD spectroscopy,
isothermal calorimetry

Recombinant human Brg1 proteins; linear
and four-way helical DNA substrates

Thermodynamic parameters of the HMG
domain and the bromodomain from Brg1 in
interactions with DNA

19

Site-directed mapping of histone-DNA
contacts

Purified ySWI/SNF; modified Cys-53 of
histone H2B

Model of translocation; SWI/SNF interaction
with nucleosomes at superhelical
location2 (SHL2 )

37

Optical tweezers Purified ySWI/SNF on a single
nucleosomal template

Intranucleosomal looping, translocation rates,
and force measurements

38
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and by ensuring that each factory has an adequate concentra-
tion of factors necessary for transcription. In this regard, SWI/
SNFmay also drive transcription by contributing to the forma-
tion of long-range interactions and by cooperative bindingwith
other factors (34).

Facilitation of DNA Looping by SWI/SNF

Numerous biophysical studies have been performed to char-
acterize the topology and dynamics of SWI/SNF. Although the
literature discusses many insightful structural and mechanistic
models (reviewed in Ref. 35), for brevity, we focus on looping
due to its potential role inmediating both short- and long-range
genomic interactions. DNA looping is relevant to SWI/SNF
complexes on three scales: 1) within a nucleosome; 2) between
nearby nucleosomes, thus creating a loop of intervening DNA
(36); and 3) in macromolecular assemblies that bridge genomic
regions though long-range interactions that occur over many
kilobases. On the intranucleosomal scale, DNA looping is often
postulated as an intermediate step during the SWI/SNF chro-
matin-remodeling process. In vitro and single-molecule
approaches have been central to illustrating howSWI/SNFmay
operate, with several studies indicating the formation of
intranucleosomal loops of �50–100 bp (37, 38).

On a larger, chromosomal scale, DNA looping plays a signif-
icant role in gene regulation on a system-wide level by bringing
linearly distant regions into close spatial proximity. Chromo-
somal looping interactions have been mapped at high resolu-
tion in vivo using 3C (chromosome conformation capture) and
related methods. Most of the knowledge we have to date about

these interactions is limited to loci that were specifically tar-
geted for investigation, but more large-scale studies are forth-
coming (34). Examples of SWI/SNF-mediated higher order
chromatin interactions are loops that form in the �-globin
locus control region (39), in the�-globin locus (40), throughout
regions of the 200-kb T helper 2 (Th2) cytokine locus (41), and
across the 150-kb CIITA locus (42).

Genomic Approaches to SWI/SNF Characterization

The combination of ChIP with either DNA microarrays
(ChIP-chip) or, more recently, sequencing (ChIP-seq) enables
the genome-wide localization of chromatin-associated pro-
teins. Several recent studies highlight the use of a genomic
approach in elucidating regulatory regions associated with
SWI/SNF localization patterns. In the first of two studies con-
ducted inmouse cells, Brg1- and BAF155-binding regions were
identified byChIP-seq in ES cells, and the resulting occupancies
were compared with previously published locations of tran-
scription factors known to be critical to stem cell differentia-
tion, including Oct4, Sox2, and Nanog. Not only was there sig-
nificant colocalization between Brg1 and these transcription
factors, but shRNA-mediated knockdown of Brg1 led to the
elevated expression of many developmental and ES-specific
genes, indicating an important role for Brg1 as a repressor. Such
repression by SWI/SNF was hypothesized by the authors to be
necessary for blocking premature differentiation (43). In a sec-
ond study, the authors isolated primary cells from mice and
examined Brg1 localization patterns by ChIP-seq, this time
over a developmental course, progressing from naïve to differ-
entiated and stimulated CD4� T helper cells. Brg1-associated
peaks weremore numerous and showed stronger levels in the T
helper cells that had undergone both differentiation and acti-
vation andwere also found to be positively correlatedwith gene
activity and induction (44).
In a third study, ChIP-seq was applied to BAF155, BAF170,

Ini1, and Brg1 in HeLa cells with an emphasis on integrating
data from multiple experiment types (all determined in HeLa
cells), including regions associated with transcription, RNA
polymerases II and III, CTCF (CCCTC-binding factor), pre-
dicted enhancers, lamins A/C and B, DNA replication origins,
and domains associated with the H3K27me3 histone modifica-
tion. Strikingly, certain combinations of the SWI/SNF subunits
were associatedwith transcripts that had higher expression lev-
els, whereas other combinations were associated with tran-
scripts with lower expression levels. When all possible combi-
nations of BAF155, BAF170, Ini1, and Brg1 are considered, the
greatest levels of transcription are associatedwith four different
configurations: 1) the complete core of Ini1, BAF155, and
BAF170; 2) the complete core plus Brg1; 3) Ini1 and BAF155
only; and 4) Brg1, BAF155, andBAF170.Overall, Brg1 appeared
to have a dampening effect on transcription levels in the
absence of two or more of the accessory subunits. The loss or
hijacking of SWI/SNF subunits in a disease context would be
profound in light of these transcriptional variations. In survey-
ing the ENCODEpilot regions (�1%of the genome)where data
exist for those genomic regions associated with replication ori-
gins and with the nuclear lamina, 32% of SWI/SNF regions co-
occur with replication origins, and 40% of SWI/SNF regions

FIGURE 1. Subunits of S. cerevisiae and human SWI/SNF complexes. Each
box represents a SWI/SNF subunit that is encoded by a separate gene. In
S. cerevisiae, the SWI/SNF family encompasses both its namesake, yeast SWI/
SNF, and the closely related but more abundant RSC (remodeling the struc-
ture of chromatin) complex, which has different roles from yeast SWI/SNF
(92–94). In humans, the SWI/SNF family includes both the BAF and PBAF sub-
classes. The number of amino acids in the longest known isoform is shown in
parentheses. Subunits that share homology or that are closely related in func-
tion are shown in the same color. The braces grouping multiple subunits
indicate that only one of the individual subunits is present in a given complex.
Not all subunits are present in all tissues, and additional subunits and com-
plexes that are tissue-specific are likely to be discovered. BAF250A, BAF250B,
and BAF200 are also known as ARID1A, ARID1B, and ARID2, respectively.
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co-occur with lamin-associated regions (45). These observa-
tions are consistent with the view that the genomes of higher
eukaryotes are non-randomly organized with respect to the
positioning of chromosomes and genes (46, 47) and with a pre-
vious study showing that a fraction of SWI/SNF co-purifies
with the nuclear matrix (48).
From these threeChIP-seq studies of SWI/SNF subunits, one

can begin to form a genomic view of SWI/SNF chromosomal
associations. All three studies found similar numbers of regions
enriched for Brg1: 10,559 regions in mouse ES cells; 7,577–
18,766 regions in mouse CD4� T helper cells, depending upon
the degree of differentiation and stimulation; and 12,317
regions in HeLa cells. The footprints of these regions for Brg1
weremore variable, with amedian peak length of 6,200 bp in ES
cells, a median length of 1,108 bp in HeLa cells, and a mean
length of 170 bp in CD4� T helper cells. These differences may
reflect the fact that each of the studies used a different peak
calling algorithm and may also reflect intrinsic experimental
variability. Across all three studies, many Brg1 regions were
either intergenic or distal to transcriptional start sites (43–45).
InHeLa cells, the union of all regions for Ini1, BAF155, BAF170,
and Brg1 resulted in 49,555 “high-confidence” SWI/SNF
regions; 90% co-occurredwith some combination of a 5�-end of
a protein-coding gene, an RNA polymerase II-associated
region, a CTCF site, and/or a predicted enhancer, suggesting
that SWI/SNF co-occurs with many different types of func-
tional regions (45). Similar conclusions were drawn in the
CD4� T helper cell study, as Brg1 binding was found to overlap
with subsets of enhancers, locus control regions, cohesin-bind-
ing sites, andDNase I-hypersensitive sites, all ofwhichhadbeen
previously identified in T helper cells (44).

Proteomic Approaches to SWI/SNF Characterization

Global characterizations of SWI/SNF are not comprehensive
without the addition of proteomic data, and such large-scale
data sets are complementary to genomic approaches. Not only
are MS-based techniques for the analysis of protein complexes
invaluable for the discovery of novel SWI/SNF partners, but

they also can be used as part of an antibody validation proce-
dure for determining whether an antibody of interest is “ChIP-
grade,” thereby encouraging genomic and proteomic experi-
ments to be performed in tandem. Immunoprecipitated
proteins from non-cross-linked HeLa cells were identified by
MS for six different SWI/SNF subunits: Brg1, Brm, Ini1,
BAF155, BAF170, and BAF250A. Comprehensive analysis of
SWI/SNF-interacting proteins revealed the presence of tran-
scription factors, DNA repair proteins (ERCC5 and RAD50),
DNA replication proteins (MCM2 and RPA1), and proteins
important for chromosome integrity (NUF2, BUB1B, CENP-E,
and PTTG1) (45). In total, 158 SWI/SNF-interacting proteins
have been described in HeLa cells across numerous studies
frommultiple investigators (45), and �200 SWI/SNF-interact-
ing proteins have been described in mouse ES cells, including
histone- and DNA-modifying enzymes and regulators (e.g.
HDAC1, JARID2, DNMT3b, and DNMT3L) (Fig. 2) (15).
Characterization of SWI/SNF complexes has benefited from

proteomic approaches evenwhen SWI/SNFwas not the subject
of investigation because its subunits have been identified both
serendipitously and as prey in other studies. DPF3 (now also
known as BAF45C) was identified as a novel gene of unknown
function that was significantly up-regulated in congenitally
malformed human hearts. Subsequent MS identification of
DPF3-binding partners revealed that DPF3/BAF45C is a con-
stituent of SWI/SNF in cardiac tissue and co-occurs with
another cardiac enriched SWI/SNF subunit, BAF60C (49).

SWI/SNF and Cancer

Mutations in several of the subunits comprising SWI/SNF
have been linked tomalignant transformation and progression.
The first recognition of a tumor suppressor role for a SWI/SNF
subunit emerged with the discovery of truncating mutations in
Ini1 in malignant rhabdoid tumors, which occur in early child-
hood, have a poor prognosis, and are found predominantly in
the central nervous system and kidneys (50, 51). Inmousemod-
els, Ini1 heterozygotes (Snf5�/�) develop tumors resembling

FIGURE 2. Histograms showing the frequencies of UniProt keywords for proteins that co-purify with SWI/SNF factors. The keywords shown were
retrieved from the UniProt Database for proteins that co-purify with a SWI/SNF factor for HeLa cells (A; data taken from Table S10 in Ref. 45) and mouse ES cells
(B; data taken from Table S1 in Ref. 15). Multiple keywords may be associated with a single protein.
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human malignant rhabdoid tumors (52–54) upon loss of the
remaining wild-type allele.
Characterizations of additional types of malignant cells have

revealed mutations or altered expression levels of other SWI/
SNF subunits. For example, two independent studies, both of
which used exome sequencing, found somatically acquired
inactivating mutations in BAF250A in ovarian clear cell carci-
nomas (57% or 24 of 42 cases tested (55) and 46% or 55 of 119
cases tested (56)). BAF250A somatic non-silent mutations are
also relatively common in transitional cell carcinoma of the
bladder (12% or 12 of 97 cases tested by exome sequencing
(57)). Other exome sequencing projects have uncovered
somatic inactivating mutations in BAF200 in hepatitis C virus-
associated hepatocellular carcinomas (18% or 6 of 33 cases
tested (58)) and in BAF180 in clear cell renal carcinomas (41%
or 92 of 227 cases tested (59)). Interestingly, both of the SWI/
SNF ATPases appear to be associated with lung cancer, as 10%
(6 of 60) of non-small cell lung carcinomas stained negatively
for both Brg1 and Brm, and all six of these patients had poor
survival compared with stage-matched ATPase-positive
tumors (60). Sequencing of the Brg1-coding region in 59 lung
cancer cell lines demonstrated that 14 of them (24%) carried
inactivating mutations in Brg1, and cell lines of the non-small
cell lung cancer type were significantly more likely to be
affected (13 of 37, 35%) (61).
As illustrated above, sequence analysis of exonic regions

can be highly informative in the characterization of cancer
genomes; however, mutations in noncoding regions may also
have severe consequences. Two different short insertions in the
Brm promoter region can lead to Brm silencing in the absence
of additional mutations in the coding region. The homozygous
presence of both of these variants appears to be common in
Brm-negative non-small cell lung carcinomas (8 of 10 primary
tumors tested), and furthermore, among smokers, there is an
increased risk of lung cancerwhen both of these promoter poly-
morphisms are present homozygously (62).
Thus, the analyses of clinical data and patient-derived sam-

ples illustrate several points. First, various SWI/SNF subunits
have tumor suppressor roles; and second, each of the mutated
subunits appears to be associatedwith its own set of neoplasms.
As more cancer genomes are sequenced, the ascertainment of
mutations should assist in the differential diagnoses of tumor
types, e.g. atypical teratoid/rhabdoid tumors show loss of Ini1
expression by immunohistochemistry, whereas other seem-
ingly related tumor types do not (51).
Exactly how mutations in SWI/SNF subunits lead to malig-

nant transformation remains enigmatic, as multiple mecha-
nisms are conceivable. Much attention over the years has been
focused on the contributions of SWI/SNF to regulating gene
expression. As noted above, SWI/SNF complexes are multifac-
eted in their compositions and their associations. Conse-
quently, mutations in a particular SWI/SNF subunit may dis-
rupt the combinatorial assemblies and targeting of the
remaining SWI/SNF complexes. Among the transcription fac-
tors known to interactwith SWI/SNF are the products of tumor
suppressor genes and proto-oncogenes, including BRCA1,
c-Myc, Rb, and p53, as well as steroid receptors (reviewed in
Ref. 63). Aberrant gene expression due to loss of normal SWI/

SNF function may also lead to disease progression, as its chro-
matin-remodeling activity is important in cytokine signaling,
differentiation, pluripotency, and self-renewal (63–65). With
regard to Ini1, several groups have surveyed differential gene
expression in rhabdoid tumors relative to normal tissues and
other tumor types and have uncovered candidate biological
processes and pathways, such asHedgehog signaling (66), Poly-
comb silencing (67), developmental processes and neurogen-
esis (68), and interferon signaling (69).
In addition to changes in transcriptional regulation and epi-

genetics followingmutations in SWI/SNF, several other studies
indicate a role for SWI/SNF in genome stability. For example,
SWI/SNF plays a role in DNA repair (70) and DNA replication
(71) and is found at centromeres in both yeast and humans. In
S. cerevisiae, the catalytic subunit of SWI/SNF, Snf2p, is en-
riched at centromeres and is thought to contribute to the
proper localization of the centromeric histone variant Cse4p
(or CENP-A, as it is known in higher eukaryotes) (72). Brg1-
deficient mice show dissolution of pericentromeric hetero-
chromatin domains (73). In mammalian cells, BAF180, the sig-
nature subunit of PBAF, has been similarly observed at
kinetochores, as well as at spindle poles (11). These observa-
tions highlight the diverse roles of SWI/SNF in chromosomal
biology.

SWI/SNF and Oncogenic Viruses

The relationship between SWI/SNF and its diverse roles in
the cause and progression of cancer becomes even more com-
plex when considering that various SWI/SNF subunits interact
with proteins from oncogenic viruses. The chromatization of
viral DNA implies that it hasmany of the same epigenetic layers
as the host DNA, and hence, the appropriation of SWI/SNF
may be important in overcoming barriers to viral transcription
and replication. For example, a series of experiments utilizing
co-immunoprecipitations, two-hybrid assays, and mutagenesis
with human papillomavirus (HPV) have shown that 1) the
HPV-18 E1 protein, which binds to the viral origin of replica-
tion, interacts with Ini1 (74); 2) the HPV-18 E2 transcriptional
regulator associates with both Ini1 and Brg1 (75); and 3) the
HPV-16 E7 protein, which promotes cell cycle progression,
binds to Brg1. These interactions have in vivo consequences, as
Ini1 and Brg1 stimulate HPV DNA replication and deregulate
the expression of E7-mediated genes (76).
Two genetically related herpesviruses, Epstein-Barr virus

and Kaposi sarcoma-associated herpesvirus, both recruit SWI/
SNF subunits but by apparently distinct mechanisms. Among
all known gammaherpesviruses, the replication and transcrip-
tion activator (RTA) protein is evolutionarily conserved, partic-
ularly in itsN-terminalDNA-binding domain. TheRTAKaposi
viral homolog recruits SWI/SNF, as shown by MS analysis of
RTA-binding proteins. The interaction betweenRTAandSWI/
SNF appears to be mediated through Brg1 and the C terminus
of RTA and is abolished by mutations in conserved residues of
RTA (77). Intriguingly, an interaction between the Epstein-Barr
virus homolog of RTA and SWI/SNF has not been reported;
however, the Epstein-Barr virus nuclear antigen EBNA2, which
plays a crucial role in B-cell transformation and immortaliza-
tion, binds Ini1 (78, 79).
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The Tax1 oncoprotein encoded by human T-lymphotropic
virus type 1 (HTLV-1) interactswithBrg1, BAF155, BAF57, and
BAF53 (80). Not only do viral proteins associate with SWI/SNF
subunits, but also various SWI/SNF subunits are differentially
expressed in virally infected cells. Uninfected T-cells have low
levels of BAF170 protein, whereas BAF170 is well expressed in
both HTLV-1-infected cells and HIV-1-infected cells. Addi-
tionally, BAF155 and BAF60 proteins show decreased levels in
HTLV-1-infected T-cells but not in uninfected or HIV-1-in-
fected T-cells (81). Future studies should investigate whether
infection of primary T-cells with either the HTLV-1 or HIV-1
retrovirus results in the same effects that were observed in the
cancer cells used in these expression assays.

SWI/SNF and HIV-1

By pillaging host machinery, viruses succeed in adapting
parts and processes to their own ends. As gatekeepers to the
genome, chromatin-remodeling complexes are vulnerable in
this regard. Two-hybrid screens for proteins interacting with
HIV-1 integrase led to the cloning of human SNF5, also known
as Ini1. Depending on the ratio of Ini1 to integrase, recombi-
nant Ini1 can either stimulate or inhibit integrase-joining activ-
ity in vitro (82), yet whether this relates to in vivo activity is
unresolved.
Interactions between Ini1 and HIV-1 take place in both the

nucleus and the cytoplasm. Cytoplasmic interactions between
Ini1 andHIV-1 proteins occur during both early and late phases
of the viral cycle. Upon infection of either CD4� HeLa cells or
primaryT-cellswithHIV-1, a fraction of Ini1 redistributes from
the nucleus to the cytoplasm, where it co-localizes with HIV-1
pre-integration complexes. This effect is specific to Ini1 and is
transient; Brm and BAF155 remain in the nucleus, and the
nuclear localization of Ini1 is restored within 10 h (83). Curi-
ously, Ini1 is packaged intomature HIV-1 virions, but Brg1 and
BAF155 are not (84). The incorporation of Ini1 into HIV-1 viri-
ons and its interaction with HIV-1 integrase are specific
because these phenomena are not observed with either HIV-2
or simian immunodeficiency virus (85).
Of particular interest is the mechanism of HIV-1 transcrip-

tion prior to the production of Tat protein because a pivotal
point in viral replication is the switch to up-regulation of the
Tat transactivator and consequently the entire HIV-1 genome
(86). SWI/SNF has been implicated in transcription of the
HIV-1 genome during both basal and Tat-amplified phases of
expression from the long terminal repeat (LTR) promoter.
Multiple researchers have detected interactions between Tat
and various SWI/SNF components, including BAF155, BAF170,
and the Brg1 and Brm ATPases. Additionally, Brm, Brg1, and
BAF155 have been observed by ChIP to be present at the LTR
promoter, and recruitment of SWI/SNF to the LTRpromoter is
enhanced by acetylated Tat (87–90).

Concluding Remarks

Several themes emerge from the studies summarized above.
First, SWI/SNF complexes are heterogeneous, and many novel
forms likely remain to be discovered as more tissue types are
examined. Second, SWI/SNF has roles and interactions beyond
transcription, leading one to ask if SWI/SNF or several of its

subunits may affect processes besides chromatin remodeling
(Fig. 3). SWI/SNF subunits play important roles in multiple
parts of various viral life cycles and occasionally may be oper-
ating independently of other SWI/SNF components. Ini1 and
Brg1 have been extensively characterized, which could be due
to either promiscuity or ascertainment bias. Also, many cell
lines favored for research carry mutations in SWI/SNF, which
can alter complex composition (5, 91). As chromatin-occupied
regions are identified formultiple factors and the data types are
expanded to include transcribed regions, histone modifica-
tions, methylation patterns, and even regions involved in
nuclear structure or DNA replication, a myriad of possibilities
emerges for data integration. Additional connections among
data types can be further achieved by including proteomic
approaches to determine protein-protein interactions and
post-translationalmodifications. Ultimately, such data integra-
tion will result in a rich view of overlapping nuclear processes
and ensuing networks.
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Eukaryotic genomes are organized into higher order chroma-
tin architectures by protein-mediated long-range interactions
in the nucleus. CCCTC-binding factor (CTCF), a sequence-spe-
cific transcription factor, serves as a chromatin organizer in
building this complex chromatin structure by linking chromo-
somal domains. Recent genome-wide studiesmapping the bind-
ing sites of CTCF and its interacting partner, cohesin, using
chromatin immunoprecipitation coupled with deep sequencing
(ChIP-seq) revealded thatCTCFglobally co-localizeswith cohe-
sin. This partnership between CTCF and cohesin is emerging as
a novel and perhaps pivotal aspect of gene regulatory mecha-
nisms, in addition to playing a role in the organization of higher
order chromatin architecture.

Genetic information in the eukaryotic genome is highly orga-
nized. Higher order chromatin organization includes interac-
tions betweenDNA elements on the same or different chromo-
somes (1–3). Transcription factors can bridge promoters and
distal cis-regulatory elements such as enhancers, insulators,
and silencers, with looping out of the intervening DNA. For
example, estrogen receptor-� (ER-�)2 mediates intra- and
interchromosomal interactions across the human genome,
as observed by chromatin interaction analysis with paired-
end tag sequencing (ChIA-PET) (4). Similar techniques
designed to investigate chromatin-interacting loci suggest
the existence of spatial chromatin compartments where genes
are differentially regulated based on higher order chromatin
structure (5–7). Although some of these methods cannot dis-
tinguish between true interactions and mere proximity, they
demonstrate that the chromosome does not exist in linear
form. Significant progress has been made toward understand-

ing local chromatin structure in terms of histonemodifications,
but the higher order architecture of chromosomes remains less
well understood.
Recent genome-wide assays have shown that the transcrip-

tion factor CTCF can link chromatin domains through long-
range interactions between distal genomic regions, suggesting a
crucial role for it as an architect of chromatin conformation (8).
Cohesin, the protein complex that holds two sister chromatids
together until they partition into daughter cells during mitosis
(9), is also seen to interactwithCTCF.Genome-wide analysis of
cohesin binding using chromatin immunoprecipitation fol-
lowed by microarrays (ChIP-chip) or deep sequencing (ChIP-
seq) indicates that cohesin can also regulate gene expression in
conjunction with CTCF (10). Thus, together with cohesin,
CTCF is becoming recognized as an important factor involved
in transcriptional gene regulation and chromatin architecture
organization. Groups like the ENCODE Project Consortium
are continuing to generate systematic data sets of CTCF and
cohesin binding along with other assays of chromatin structure
in a variety of human cells, promising to yield further insights
(11).
Here, we review the diverse roles of CTCF and the possible

mechanisms behind them and discuss advances in our
understanding of the pivotal roles of CTCF and its partner,
cohesin, in higher order chromatin architecture and transcrip-
tion regulation.

Versatile Roles of CTCF

CTCF, first identified as a transcriptional repressor of
c-MYC (12), is a zinc-finger protein that is ubiquitously
expressed and highly conserved in vertebrates (13). A paralog of
CTCF called BORIS is expressed only in testes and may be
involved in resetting epigenetic marks in the male germ line
(14). In conjunction with hormone receptors, CTCF mediates
synergistic transcriptional repression of the chicken lysozyme
gene (15) and activates the amyloid �-protein precursor gene
(16). CTCF binds to insulators and prevents communication
between promoters and enhancers. Its enhancer-blocking
activity is seen at many insulators such as the 5�-end of the
chicken �-globin locus (17), the imprinting control region
(ICR) of the mouse Igf2/H19 gene (18), and the DM1 locus
underlying myotonic dystrophy (19). By flanking the 3�- and
5�-boundaries of the �-globin locus in human and mouse,
CTCF isolates the �-globin gene from strong neighboring
enhancers, suggesting another role for it as a barrier element
(17, 20).
CTCF is also implicated in genomic imprinting, namely dif-

ferential expression of maternally and paternally inherited
genes. In somatic cells, the Igf2/H19 ICR shows differential
DNA methylation according to parental origin (18, 21, 22).
Hypermethylation of the paternally inherited ICR inhibits
CTCF binding to it, which silences expression of the H19 gene
and also, in conjunction with its distal enhancers, indirectly
activates transcription of Igf2. In contrast, CTCF binding to the
hypomethylated maternal ICR leads to activation of H19 while
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repressing Igf2by isolating its promoter from its distal enhancer
through looping interactions.
Inmammals, CTCF is a trans-acting factor inX chromosome

inactivation, which silences one X chromosome in females.
This process involves counting of X chromosome number,
mutually exclusive choice, and silencing by noncoding RNAs
Xist and Tsix (23, 24). Overexpression of CTCF can cause cell
cycle arrest and apoptosis, whereas its knockdown induces pro-
liferation and inhibits differentiation (25, 26), suggesting a role
for it as a tumor suppressor.

Genome-wide Mapping of CTCF-binding Sites

Many genome-wide studies have revealed tens of thousands
of CTCF-binding sites and shed light on its functions (27–29).
An initial study in mouse fetal liver using ChIP-chip found
�200 methylation-free CTCF-binding sites, many of which
functioned as insulators (30). DNase I hypersensitivitymapping
showed that 10% of 3904 DNase I sites were also bound by
CTCF, suggesting that a subset of CTCF sites are functional
cis-regulatory elements (31). The first genome-wide analysis of
CTCF binding using ChIP-chip identified 13,804 sites in
human fibroblasts (32), mostly outside promoters. More than
75% of these binding sites contained the consensus CTCF-
binding motif (CCGCGNGGNGGCAG) (18). A landmark
ChIP-seq study by Barski et al. (33) identified 20,262 CTCF-
binding sites in human CD4� T cells. Analyzed in conjunction
with a variety of histone modifications, many CTCF sites were
seen to be located between active and repressive chromatin
domains, suggesting that CTCF functions as a barrier preventing
the spread of these domains. An analysis of 13 pluripotency-
related transcription factors and CTCF in mouse embryonic
stem cells (ESCs) showed that a subset of CTCF sites coincided
with multiple transcription factor-binding loci, in particular with
c-MYC and n-MYC, implying that CTCF may cooperate with
other transcription factors at some target promoters (34).
Another genome-wide study in human CD4� T, HeLa, and

Jurkat cells showed that CTCF-binding sites were largely
invariant across these cell types, but a subset showed cell-type
specificity (35). This study provided additional evidence that
CTCF acts as a chromatin domain barrier because it was seen to
occupy the boundaries between active chromatin regions
marked by H2AK5ac and repressive regions marked by
H3K27me3. The ENCODE Project Consortium has now iden-
tified tens of thousands of CTCF-binding sites in a large num-
ber of human cell types, confirming on a genomic scale that
CTCF binding is associated with both gene activation and
repression (27). However, it is still unclear what proportion of
CTCF sites function as insulators involved in enhancer block-
ing or function as barrier elements.

How Can CTCF Perform These Diverse Functions?

It has been proposed that CTCF plays diverse roles through
the ability of its 11 zinc-finger domains to recognize various
sequences (36). However, recent genome-wide studies of its
binding found only one consensus motif to be overrepresented
in most CTCF-binding sites (27, 32, 35). Analysis of cohesin
binding (see below) revealedmanyCTCF-independent cohesin
sites, most of which (84%) also contained the consensus CTCF

motif (37). Therefore, the CTCF motif may not be the only
determinant of its binding to DNA. Given that ChIP does not
detect only direct interactions between a protein and its target
sites on DNA, it is possible that CTCF plays diverse roles
through its binding partners, which it recognizes using its zinc-
finger domains. Because many transcription factors can co-lo-
calize with CTCF, it is also possible that CTCF acts as a land-
mark to recruit other transcription factors by constitutively
binding on the genome.
Post-transcriptional modification can also contribute to the

diverse roles of CTCF. So far, phosphorylation (38, 39), poly-
(ADP-ribosylation) (40, 41), and sumoylation (42, 43) have been
reported. Several lines of evidence support a role for thesemod-
ifications in CTCF function. A point mutation of CTCF phos-
phorylation sites affected the expression of its target, c-MYC
(38). An insulator assay coupled with 3-aminobenzamide, an
inhibitor of poly(ADP-ribose) polymerase, demonstrated that
poly(ADP-ribosylation) is required for the chromatin insulator
activity of CTCF (40). Although not influencing the DNA bind-
ing of CTCF, sumoylation nevertheless represses the c-MYC P2
promoter through its co-localization with the repressive Poly-
comb protein Pc2 (43). These examples indicate that post-
translational modifications of CTCF contribute to its versatile
roles.
CTCF binds to the linker regions between nucleosomes at

the ICR of the imprinted Igf2/H19 and DM1 loci (19, 44), and
these sites are enriched in the H2A.Z histone variant. DNase I
hypersensitivity studies have revealed that enhancer blocking is
correlated with nucleosome depletion at insulators (45), sug-
gesting that nucleosome positioning is an important aspect of
CTCF-mediated insulator function. A genome-wide analysis of
nucleosomes and DNase I-hypersensitive sites in relation to
CTCF binding identified positioned nucleosomes flanking
CTCF sites (46), suggesting that CTCF acts as a landmark to
position nucleosomes around its binding sites.

CTCF-mediated Higher Order Chromatin Architecture

An accumulating body of evidence supports that CTCF
mediates long-range chromosomal interactions by looping.
Chromatin conformation capture assays and fluorescence in
situ hybridization indicate that CTCF mediates interchromo-
somal interactions by promoting the co-localization of the Igf2/
H19 locus with the Wsb/Nf1 locus on a different chromosome
into a “transcription factory.” Only one allele of each locus is
included in such interactions, and it is possible that such inter-
chromosomal interactions mediated by CTCF are a common
feature of higher order chromatin structure (47).
An integrative analysis combining data from Hi-C assays,

which use proximity ligation to identify long-range chromo-
somal interactions (7), with genome-wide data on CTCF bind-
ing supports the idea that long-range intra- and interchromo-
somal interactions could be mediated by CTCF (48). Further
support comes from the mapping of CTCF-mediated chroma-
tin interaction sites usingChIA-PET, combiningChIP, proxim-
ity ligation, and deep sequencing. This study identified 1480 cis-
and 336 trans-interacting sites inmouse ESCs (8) and suggested
that CTCForganizes the genome into discrete regions enriched
with distinct epigenetic marks.
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CTCF-mediated interactions may be particularly important
in immune cells. CTCF has a crucial role in regulating SATB1
(special AT-rich binding protein 1)-dependent Th2 cytokine
expression (49). SATB1 is also a chromatin organizer in thymo-
cytes (50) and organizes loop structures in the MHC class I
locus by attaching chromatin to the nuclear matrix, leading to
alteration of gene expression (51). There is as yet no evidence
for a direct interaction between CTCF and SATB1, but because
CTCF can also interact with the nuclear matrix, it is possible
that CTCF interacts with SATB1 either directly or indirectly to
construct the appropriate higher order chromatin structure
(52, 53). Genome-wide comparison between CTCF- and
SATB1-binding sites may illuminate the relationship between
these chromatin organizers. Recent work has shown that
CTCF, possibly in conjunction with cohesin, mediates looping
interactions important for Ig locus contraction and V(D)J
recombination (54–56).

How Can CTCF Manage Chromatin Organization?

The association of CTCF with matrix-associated regions in
the genome allows chromatin to attach to the nuclear matrix
and form functionally and structurally distinct domains (52).
Such topologically independent loopsmay result in gene silenc-
ing, but most insulator elements may not necessarily be
attached to the nuclear matrix. Attachment of chromosomal
domains to the nuclear lamina (NL) can also contribute to the
higher order structure of chromatin (57, 58). In human fibro-
blasts, lamina-associated domains (LADs) separate the genome
into large discrete domains that interact with the NL. These
LADs contain repressive chromatin modifications, and their
borders are demarcated by CTCF (52, 59). It is conceivable that
CTCF prevents chromatin from anchoring onto the NL at the
boundary of LADs by masking interacting sites of chromatin
and NL components.
Many CTCF binding partners have been reported, which

could aid in the diverse functions of CTCF. They include
DNA-binding proteins (YB1, YY1, RFX, CIITA, and Kaiso),
chromatin proteins (H2A.Z, SIN3A, CHD8, TAF-1/Set,
Suz12, and cohesin), and others (lamin, RNA polymerase II,
importins, CP190, topoisomerase II, and nucleophosmin)
(60, 61). CTCF interacts with a nuclear matrix phosphopro-
tein, nucleophosmin, which is localized in the periphery of
the nucleolus (62). Co-localization of CTCF and nucleo-
phosmin onto the �-globin insulator resulted in localization
of the insulator to the peripheral region of the nucleolus (62).
Based on such observations, it is plausible that some CTCF
binding partners may be important for organizing chromatin
structure by localizing chromatin to specific areas in the
nucleus in combination with CTCF.

Cohesin Binds in Association with CTCF and Is Involved
in Insulator Function

A spate of genome-wide binding studies have shown co-lo-
calization of CTCF and cohesin at their chromosomal sites,
suggesting a functional connection (63–66). The cohesin com-
plex includes SMC1, SMC3, SCC3, and the�-kleisin SCC1, also
known as MCD1 or RAD21. SMC1 and SMC3 dimerize at one
end of their linear, folded-back, coiled-coil structures. SCC1

links the nucleotide-binding domains at the other end of
SMC1/3 to form a closed V-shaped ring and also recruits SCC3
to the complex (9). The two sister chromatids are encircled by
cohesin rings from S phase to G2, preventing their premature
segregation until anaphase of mitosis (67, 68). Cohesin expres-
sion is not limited to dividing cells, suggesting additional cellu-
lar roles for it. Furthermore, mutations in cohesin underlie dis-
eases such as Cornelia de Lange syndrome (69, 70) and
developmental defects (71). Because most of these disease-
linked cohesin mutations do not completely abrogate cell divi-
sion, these disorders may be triggered by malfunction of non-
canonical cohesin roles such as altered gene expression rather
than loss of chromatid cohesion (66).
In yeast, cohesin is localized to centromeres, pericentric

domains, intergenic regions, and ORFs, without a consensus
sequence (72). Unlike yeast, mammalian cohesin sites con-
tain consensus sequences similar to the CTCFmotif (63, 66).
SCC3 associates with CTCF at the c-MYC insulator and also
interacts with the ICR of the imprinted Igf2/H19 locus in an
allele-specific manner (64). Another genome-wide ChIP-
chip analysis identified 8811 cohesin (SCC1) sites and 13,894
CTCF sites in the human genome (66). Like CTCF, the larg-
est proportion of cohesin sites (49%) were located in inter-
genic regions, and 89% of SCC1 sites overlapped with those
of CTCF. An insulator assay revealed that cohesin is essen-
tial for CTCF insulator function at the Igf2/H19 imprinting
locus, although it is dispensable for CTCF binding on the
genome (66). In agreement with these studies, an independ-
ent mapping of SCC1/RAD21 sites in the human and mouse
genomes also revealed overlap between their binding sites
and demonstrated a dependence on CTCF for the recruit-
ment of the cohesin subunits SCC1 and SMC3 to specific
CTCF sites (63). However, CTCF was not required for the
sister chromatid cohesion functions of cohesin. Other stud-
ies mapping different cohesin subunits such as SMC1A and
SMC3 in mouse ESCs showed similar results (73). These
studies also revealed many CTCF/cohesin sites at promot-
ers, suggesting a joint regulatory role. Although most cohe-
sin sites overlap with CTCF, a significant proportion of each
factor’s sites are independent of the other, implying CTCF-
independent functions of cohesin as well as cohesin-inde-
pendent CTCF roles.
Several studies have demonstrated cohesin-mediated long-

range looping (37, 74–78). Although CTCF-binding sites are
highly conserved across cell types (27, 35), loop formation at
these CTCF sites occurs in a cell type-specific manner (79). If
such loops aremediated by cohesin, it remains unclear how cell
type-specific looping is achieved.Moreover, CTCF functions as
an enhancer blocker aswell as a barrier preventing the spread of
heterochromatin. The enhancer-blocking function depends on
looping, and cohesin plays an important role in CTCF enhanc-
er-blocking activity. However, it is not clear whether cohesin
functions with CTCF to construct chromatin barriers because
barrier activity at the CTCF sites of the human and mouse
homeobox gene A (HOXA) loci appears to be independent of
cohesin (80), suggesting that distinct functions of CTCFmay or
may not depend on cohesin.
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Cohesin Regulates Gene Expression with and without
CTCF

ACTCF-independent role for cohesin in gene regulation has
been shown in multiple cell types (78). Without any CTCF co-
binding, cohesin was functionally co-localized with ER-� in
human MCF-7 breast cancer cells and with liver-specific tran-
scription factors in hepatic cells. An integrative analysis of
cohesin binding in MCF-7 cells with chromosomal interaction
data fromChIA-PET (4) indicated that cohesin was enriched in
ER-�-bound regions that were involved in intrachromosomal
loops. Cohesin could thus mediate long-range looping in a
CTCF-independent manner. SCC1 co-localizes with pluripo-
tency-related factors, including KLF4, OCT4, SOX2, ESSRB,
andNANOG, in a CTCF-independentmanner, suggesting that
cohesin also plays a role in ESC identity (37).
Direct regulation of oncogenic c-MYC by cohesin has been

reported in human cells and model organisms (64, 65,
81–84). Expression profiling of disease/mutant cohesin cell
lines identified several hundred dysregulated genes (82).
Many cohesin sites were enriched in the promoters of dys-
regulated genes, suggesting direct regulation by cohesin. Some
studies have shown significant overlap between genes dysregu-
lated in cohesin mutant cell lines and genes dysregulated in
mutants of NIPBL (SCC2), a cohesin-loading factor (81, 82).
Accordingly, depletion of cohesin and NIPBL results in similar
dysregulation of cohesin target genes (73). These mutants do
not show significant defects in chromosome segregation. Thus,
it is possible that NIPBL affects gene expression by regulating
cohesin loading at regulatory sites.
In one recent example of cohesin-mediated looping in gene

regulation, cohesin interacted with the mediator complex,
which is a transcriptional coactivator. NIPBL binds to the cohe-
sin-mediator complex and loads cohesin onto promoters,
resulting in DNA looping between enhancers and promoters of
key pluripotency genes such as OCT4 and NANOG (73). In
another example, TAF3, a core promoter factor, localized to a
subset of CTCF/cohesin sites and regulated genes by long-
range looping, which is indispensible for endoderm lineage dif-
ferentiation and prevention of premature differentiation of
neuroectoderm and mesoderm in mouse ESCs (85). These
examples suggest that looping often involves cohesin, but the
positioning of the loops and the location of cohesin depend on
other factors such as mediator or CTCF.

CTCF and RNA Polymerase II

CTCF can interact with the initiation and elongation forms
of RNA polymerase II (RNAPII) in vitro, but in vivo, it displays
a preference for the initiation form (86). It has been observed
that RNAPII tends to stall at CTCF/cohesin-binding sites (87).
It is possible that a CTCF-cohesin complex constrains RNAPII
from proceeding along its DNA template. In contrast, a single
CTCF-binding site cloned into a luciferase assay vector exhibits
transcriptional activity (60). Thus, CTCF may help recruit
RNAPII to promoters for initiation but could also mediate pro-
moter-proximal pausing of RNAPII, which poises it for swift
expression of developmental or stress-responsive genes (88).

Because splicing occurs co-transcriptionally, pausing or
slowing down of RNAPII can affect splicing in addition to elon-
gation and overall transcript levels. CTCF also appears to be
involved in RNAPII pausing-dependent splicing. At the CD45
gene, a model for alternative splicing, as well as other genes
genome-wide, CTCF binding causes RNAPII pausing and pro-
motes the incorporation of “weak” upstream exons into spliced
transcripts. Just as in the case of the Igf2/H19 ICR, CTCF bind-
ing to these pause sites is inhibited byDNAmethylation, raising
the possibility that this epigenetic mark affects splicing by a
CTCF-mediated process (89). Interestingly, an independent
study showed that cohesin is also recruited to genes where
RNAPII pausing occurs (90). Although pausing was shown to
be independent of cohesin binding, it is not clear to what extent
cohesin and CTCF work together and how in RNAPII pausing-
related functions.

Model for the Role of CTCF, Cohesin, and Other Factors
in Chromatin Architecture

The diverse chromosomal and cellular contexts in which
CTCF, cohesin, and other factors function, particularly with
regard to long-range looping interactions, are unlikely to have a
single underlying mechanism. However, some unifying princi-
ples suggest themselves (Fig. 1).
First, an attractive explanation for the role of cohesin is that a

cohesin ring could encircle two DNA segments from distant
loci on the same chromosome to form an intramolecular loop.
Although this notion has been proposed before (9, 68, 91), there
is as yet no direct molecular evidence for such structures. Sec-
ond, in this view of looping interactions, the important
mechanical stabilizing influence that maintains loops is pro-
vided by cohesin rather than other factors like CTCF that are
also part of this structure. However, because the cohesin ring
lacks DNA-binding specificity and could slide along DNA (92),
factors like CTCF, SATB1, or others could serve critical roles as
positioning factors, specifying where cohesin locates on the
chromosome to generate loops. These positioning factors
interact with specific DNA loci, as well as with cohesin, directly
or indirectly, to target the placement of loops and lock them in
place once formed.
Third, different combinations of factors could be required

under different circumstances (Fig. 1). Loops in stable struc-
tural features such as chromosome scaffolding interactions,
matrix-associated regions, or distinct heterochromatin or
euchromatin domains could be somewhat invariant across cell
types, and such “permanent” loops are more likely to require
CTCF as a positioning factor and cohesin as the clasp. Other
situations in which the long-term structural integrity and
topology of the loops are important, such as in imprinting and
Ig locus contraction, are also likely to require cohesin in con-
junction with CTCF as the preferred positioning partner. How-
ever, some functions of CTCF, such as its barrier function pre-
venting the spread of heterochromatin could conceivably be
achieved just by its strong binding, without the requirement for
topological loops, and therefore do not have a requirement for
cohesin (78). Interactions between proteins binding at distant
loci, such as enhancers and promoters, could form transient
loops depending on cell type and physiological state, and they
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may require cohesin, although perhaps at a subset of these “tem-
porary” regulatory loops.Suchregulatory loopscoulduse theubiq-
uitous CTCF as a positioning factor, but they are more likely to
involvealternativepositioning factors, suchas in thecaseofERand
mediator in cell type-specific regulation (73, 78).
Finally, cohesin-loading factors like NIPBL/SCC2 could be

important not just for the act of cohesin loading but also to
ensure that it occurs at proper locations, in conjunction with
the appropriate positioning factors. For sister chromatid cohe-
sion, cohesin loading along chromosomes is undoubtedly crit-
ical, but perhaps not its location. In contrast, intramolecular
looping depends on proper positioning, and it is possible that
Nipbl and othermutations seen inCornelia de Lange syndrome
disrupt the location of the intramolecular cohesin clasps and
thus have pathological effects in a cell- and tissue-specificman-
ner while largely sparing the chromatid cohesion function.
Although the ideas discussed above can account for many of

the current observations, many questions arise. During cell
division, cohesin is deposited on individual DNA chromatids
before S phase, and DNA replication creates the two catenated
chromatids within a cohesin ring. Is it possible for a cohesin
ring to be loaded across two non-homologous chromosomal
segments to form an intramolecular loop? In yeast, intramolec-
ular cohesin rings can occur at pericentric heterochromatin, so

this may not be an insurmountable problem (93). Although
much evidence supports the so-called single-ring model for
cohesin in chromatid cohesion, alternative models involving
two rings are also possible (9, 67). Is it possible that intramolec-
ular loops involve an alternative form of the ring?Once formed,
are cohesin rings at the base of intramolecular loops perma-
nent, or can they be removed when necessary? If the latter, how
might this occur? Dissociation of cohesin rings around sister
chromatids occurs due to proteolytic cleavage of SCC1/RAD21
by separase at the start of anaphase, so this is a highly cell cycle-
regulated process. It is unclear whether this mode of cohesin
ring dissolution or an alternative mechanism involving ATP
hydrolysis or removal by sliding occurs at intramolecular loops.

Conclusions

Eukaryotic genomes are compartmentalized into functional
domains that can dynamically reorganize depending on cellular
demands. The spatiotemporal architecture of chromatin can
establish and maintain active, poised, or repressive chromatin
states with regard to gene expression. Genome-wide mapping
of CTCF- and cohesin-binding sites has advanced our under-
standing of the roles of these key proteins in establishing and
maintaining chromatin architecture and gene regulation.
These studies indicate that CTCF- and cohesin-mediated chro-

FIGURE 1. Overview of CTCF and cohesin function. The realms of function of CTCF and cohesin partially overlap, and some of these functions also involve
DNA looping. Distinct combinations of these factors and DNA looping are observed at different locations and conditions in cells. Maternally and paternally
inherited chromosomes are indicated by appropriate symbols under Imprinting. Although this view is partly speculative, experimental evidence exists for many
aspects of CTCF and cohesin function. 3�CBE, 3�-CTCF-binding element; TFs, transcription factors.
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matin organization is prevalent in the genome and is pivotal for
malleability in pluripotency, development, and cell identity.
More work remains, however, to determine the molecular

details of how cohesin works with CTCF and other factors to
organize topological looping and establish regulatory interac-
tions between distant regions of the genome. It also remains to
be seen how long-range chromatin-organizing factors such as
CTCF and cohesinmight cooperatewith locally acting chroma-
tin-remodeling factors and chromatin-modifying enzymes to
generate distinct transcriptional environments. How this long-
range and higher order epigenetic architecture of chromo-
somes is stably maintained or altered during cell division and
development is largely unknown. Continued investigation of
the genomic binding locations of these chromatin factors in
different cellular contexts coupled with mechanistic studies
will be required to shed light on these questions.
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Transcriptional regulation is a critical mediator of many nor-
mal cellular processes, aswell as disease progression. Transcrip-
tion factors (TFs) often co-localize at cis-regulatory elements on
the DNA, form protein complexes, and collaboratively regulate
gene expression. Machine learning and Bayesian approaches
have been used to identify TF modules in a one-dimensional
context. However, recent studies using high throughput tech-
nologies have shown that TF interactions should also be consid-
ered in three-dimensional nuclear space. Here, we describe
methods for identifying TF modules and discuss how moving
fromaone-dimensional to a three-dimensional paradigm, along
with integrated experimental and computational approaches,
can lead to a better understanding of TF association networks.

Transcriptional regulation is a critical step in transmission of
information from genotype (i.e. DNA) to phenotype (e.g.
expression of proteins and noncoding RNAs ormicroRNAs). A
large number of proteins, namely transcription factors (TFs),2
play an essential role in gene regulatory networks by binding to
short DNA sequences called cis-regulatory elements (CREs),
which include promoters, enhancers, repressors, and insulators
(1). In many cases, multiple TFs function as a regulatory com-
plex (hereafter referred to as a TF module) at a CRE. The con-
cept of cooperative regulation by TFs bound near each other in
the genome has been recognized for decades. For example, the
enhancer located upstream of the interferon-� gene (IFNB1)
has served as a wonderful example of cooperative regulation (2,
3). Another example of TF modules is the regulatory region
upstream of theDrosophila gene eve. Expression of the eve gene
is modulated by different combinations of multiple TFs that
bind to the upstream CRE (4). Although the identification of

modules composed of TFs bound to adjacent genomic sites is
increasing, due in part to ChIP-seq analysis of a large set of TFs
by the ENCODEConsortium,3 it has recently become clear that
cooperative regulation can be achieved bymeans other than the
interaction ofTFs boundnext to each other on the genome. TFs
can also be brought into close spatial proximity with other TFs
bound to a regulatory element located a great distance away via
the three-dimensional conformation of a chromosome. In
fact, three-dimensional genomic organization, which brings
together two distant loci, has been shown to be involved in both
gene regulation and nuclear compartmentalization (5–8). The
regulatory effects of a TF bound to a CRE can be either active or
repressive, often switching from one to the other depending on
other interacting factors. Therefore, a detailed understanding
of the association of TFs with other TFs bound at adjacent or
distal sites is required to comprehend the complex molecular
mechanisms involved in transcriptional regulation of the
genome. Also, elucidating cell type-specific TF modules may
help to understand the mechanisms driving cell differentiation
and disease progression. New experimental techniques facili-
tated by high throughput sequencing allow investigators to
more globally address questions concerning the relationship
between three-dimensional chromatin organization and TF
modules. However, it is a remarkably complex task to extend
the analysis of TF modules from a one-dimensional to a three-
dimensional scale, requiring tremendous efforts from both
experimental and computational biologists, as well as effective
communication and collaboration among these specialists. In
this minireview, we focus on the experimental and computa-
tional methods involved in the identification of TF modules,
concluding with a suggested pathway by which investigators
can identify both one- and three-dimensional TF modules.

Experimental Methods

Profiling TF-binding Sites (TFBSs)—Although a variety of
methods have been developed to investigate TF binding
throughout the genome (9), the technique of chromatin immu-
noprecipitation (ChIP) is the most common. This technique,
which was developed during the 1980s and 1990s, has been
modified extensively for the analysis of site-specific factors and
histones (10–17). The steps in a ChIP experiment include 1)
cross-linking TFs to the genome, 2) shearing DNA (usually by
sonication) to fragments ranging from 100 to 500 bp in length,
3) enriching for TF-DNA complexes using target TF-specific
antibodies, 4) removing proteins by reversing the cross-links,
and 5) purifying the enriched DNA fragments for further anal-
yses (Fig. 1A). When ChIP was first developed, a polymerase
chain reaction (PCR) assay would be performed to determine
whether the TF bound to a specific genomic position. Although
this assay is still used to study single loci, the sequencing of the
human genome (18–20) and the development of high through-
put technologies (21) have enabled genome-wide profiling of
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TFBSs. ChIP-chip, a high throughput technique that hybridizes
the enriched DNA fragments to microarrays (22–25), was first
used to survey TFBSs genome-wide. ChIP-seq (26–31), a new
technology that combinesChIP andmassively parallel sequenc-
ing (on platforms such as the Illumina Genome Analyzer and
HiSeq machines, the ABI SOLiD system, and the Roche 454
system), was first developed in 2007 and has rapidly proved to
have several advantages such as the complete coverage of the
unique portions of the genome along with high resolution and
sensitivity.
Identifying Chromatin Interactions—Although the afore-

mentioned techniques provide a detailed map of TFBSs, they
are not sufficient to identify TFmodules coordinated by higher
order chromatin organization. In the past, co-localization
methods such as fluorescent in situ hybridization (FISH) have
been used to investigate three-dimensional chromatin struc-
tures (32). However, the higher resolution of the chromosome
conformation capture (3C) technique (33) has greatly improved
our ability to examine the effects of chromatin conformation on
transcriptional regulation. The 3C assay can detect pairs of
genomic loci that are in close proximity in the three-dimen-
sional space of the nucleus. In a 3C experiment, formaldehyde is
used to cross-link non-adjacent regions of chromatin that are
spatially close. The DNA is then digested with a restriction
enzyme, and the fragments within the cross-linked complexes
are joined by ligation. This is followed by cross-link reversal and
PCRusing primers specific for twodifferent genomic regions. A

high signal for the hybrid DNA sequence indicates a high liga-
tion rate between the two genomic loci, which is likely pro-
duced by their close proximity and high interaction frequency
(Fig. 1B). Several high throughput variations on the 3C assay
have been developed that allow a larger scale screening of chro-
matin interactions. For example, chromosome conformation
capture-on-chip (4C) (34, 35) detects many genomic regions
interacting with one particular locus using a microarray con-
taining a set of specifically designed probes. After the cross-link
reversal step of 3C, a second enzyme restriction digestion step is
performed to shorten the hybrid fragments, and then the small
hybrid fragments are circularized and subjected to inverse PCR.
To identify the interacting regions for the locus of interest
(which is called the bait), specific primers within the bait region
of the circularized hybrid fragment are designed such that they
face the portion of the circularized fragment that is derived
from the interacting region.After amplification, the products of
inverse PCR are hybridized to the custom microarray. The
major obstacle for wide application of the 4C assay is that it can
detect only regions interacting with one chosen genomic locus
per experiment. Another 3C-based large-scale DNA interac-
tion profiling method is chromosome conformation capture
carbon copy (5C) (36). Similar to 4C, 5C allows detection of
many potential chromatin interactions, but a multiplex liga-
tion-mediated amplification (LMA) step distinguishes it from
4C. The universal primers of LMA are designed to fit near the
restriction enzyme cutting sites and have a specific orientation

FIGURE 1. Experimental techniques to investigate TFBSs and chromatin interactions. A, schematic representation of major steps in one-dimensional
ChIP-based high throughput methods used to identify TFBSs. Briefly, cells are treated with formaldehyde to cross-link the TFs to genomic binding sites, the
genomic DNA is sheared, and bound fragments are selected by immunoprecipitation using an antibody to a TF of interest. The cross-links are then reversed,
and the fragments are purified and applied to microarrays (ChIP-chip) or sequenced (ChIP-seq). B, assays used to study three-dimensional chromatin structure.
ChIA-PET is similar to ChIP in that fragments bound to a TF of interest are immunoprecipitated. However, unlike ChIP assays, fragments brought into close
proximity by DNA looping are ligated prior to the immunoprecipitation step. Hi-C is similar to ChIA-PET in that fragments in close proximity are ligated.
However, Hi-C does not rely on immunoprecipitation by an antibody to a TF but rather uses biotin labeling of the ligation sites, followed by avidin-based
purification. The fragments are then subjected to paired-end sequencing. The 3C, 4C, and 5C assays also detect pairs of genomic loci that are in close proximity
in the three-dimensional space of the nucleus. Formaldehyde is used to cross-link spatially close chromatin regions, the DNA is digested with a restriction
enzyme, and fragments within the cross-linked complexes are joined by ligation. In 3C, the joined regions are analyzed using PCR. In 4C, a second enzyme
restriction digestion step is performed to shorten the hybrid fragments, which are circularized and subjected to inverse PCR; the products of inverse PCR are
hybridized to a custom microarray. In 5C, a LMA step allows the ligation junctions of all the hybrid fragments in the 3C library to be analyzed using microarrays
or next-generation sequencing. Note that this figure shows greatly simplified versions of the different technologies; for detailed descriptions, please see the
original papers.
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so that the amplification products in the 5C library theoretically
contain the ligation junctions of all the hybrid fragments in the
3C library. The 5C library is analyzed using microarrays or
next-generation sequencing. Both 4C and 5C involve multiplex
primers or probe designs, which substantially increase the cost
and decrease the applicability of the assay. Two newly devel-
oped next-generation sequencing-based techniques, ChIA-
PET (37, 38) and Hi-C (39), are more suitable for unbiased
identification of chromatin interactions across the entire
genome. ChIA-PET incorporates enrichment of cross-linked
complexes that contain a target protein using antibody-based
immunoprecipitation before cross-link reversal; thus, it has
been used mainly to interrogate interactomes of a specific TF
such as estrogen receptor-� (ER-�) (37) or CCCTC-binding
factor (CTCF) (38). On the other hand, Hi-C uses biotin label-
ing of the ligation sites, which are then purified using avidin. In
contrast toChIA-PET,Hi-C canmap the location of all possible
interacting loci in the genome in an unbiased manner, but it
does not provide information as to which TFs are involved in
formation of the different interactions. However, by combining
other experimental and computational assays with Hi-C (as
described below), one can link TFs to sets of interacting loci,
allowing the identification of three-dimensional TF modules.

Computational Methods

Detecting TFBSs—In a ChIP-seq experiment, millions of
short DNA sequence tags are aligned with a reference genome,
and binding sites of the target protein are identified as genomic
regions that are enriched within the set of sequenced tags.
However, not all enriched regions correspond to binding sites,
and therefore, computational methods have been developed to
identify true binding sites. Model-based analysis of ChIP-seq
(MACS) (40), PeakSeq (41), QuEST (17), site identification
from short sequence reads (SISSRs) (42), Sole-Search (43, 44),
and other peak identification programs (45–48) are available
for ChIP-seq data analysis, and each of these programs applies a
different algorithm (see Ref. 49 for a review of these tools). For
example, because only the end of a ChIP fragment is sequenced,
the MACS algorithm begins by shifting the sequenced tags
toward the binding site for a certain number of base pairs and
then locates the binding site by calculating the summit within a
peak region. Instead of tag shifting, PeakSeq utilizes a strategy
in which tags are extended to better represent the precipitated
fragments. QuEST identifies binding sites using a tag enrich-
ment profile of a peak region. SISSRs screens binding sites in a
certain window by a threshold of tag counts on both forward
and reverse strands that is calculated based on a Poisson distri-
bution. Sole-Search extends the tags to represent the length of
the precipitated fragments and allows the identification of both
narrow peaks and longer binding regions based on prior knowl-
edge of the factor being studied. Another recentmethod applies
a mixture model to provide higher resolution of TFBS localiza-
tion and the ability to distinguish closely positionedTFBSs (50).
wBELT uses a bin-based enrichment threshold to identify
TFBSs and applies tag shifting and statistical methods to define
a false discovery rate (FDR); this software has been integrated
into a user-friendly web-based application called W-ChIPeaks
(51).

Identifying TF Modules from One-dimensional Omics Data—
Accurate identification of individual TFBSs can be achieved
using ChIP-seq and ChIP-chip. However, as discussed above,
TFs usually do not function alone. Cooperating factors can
influence the specificity and affinity of TF binding and can sig-
nificantly alter the function of a bound TF, greatly influencing
gene regulation. For example, the serum response factor (SRF)
activates distinct sets of genes via interaction with different
cofactors upon serum stimulation (52, 53). By interacting with
different cofactors, the Mcm1 protein can either promote or
repress transcription of a group of genes (54). Thus, to com-
pletely understand the function of a TF, it is important to char-
acterize the TF at the level of interacting modules. Many com-
putational approaches have been developed to search for TF
modules, most of which are based on the fact that TFs bind to a
specific sequence of DNA called a motif. A motif can be repre-
sented by a position weightmatrix (PWM), which is a probabil-
itymatrix that indicates the chance of each position of themotif
being a certain nucleotide; motifs for many TFs are collected in
the TRANSFAC data base (56). A high concurrence of motifs
for two different TFs within a relatively short region of DNA
may indicate a potential TF module. One example of a compu-
tational approach to predict TF modules is CisModule (55),
which applies Bayesian inference and uses a two-layer hierar-
chical mixture model, in which the first layer represents the
mixture of modules and the second layer represents the mix-
ture of motifs in the modules. Parameters, including the prod-
uct multinomial parameters for each motif, the width of each
motif, the probability of a module start, and the probability of a
motif start, are updatedwith each iteration. Studies have shown
that methods that take advantage of both the TRANSFAC TF
motif data base (56) and sequence conservation information
withinmultiple organisms (57–60) generally outperform other
algorithms in terms of the accuracy of prediction of TF binding.
More recently, integrated computational and experimental
genomics approaches have been combined to identify one-di-
mensional TFmodules fromChIP-chip andChIP-seq data (61).
In these approaches, the binding sites of a TF are first identified
using peak detection software. Then, regions adjacent to a set of
high confidenceTFBSs are searched for putativemotifs of other
TFs whose PWMs have been characterized in the TRANSFAC
data base (56). One such method called ChIPModules employs
a classification and regression tree model to generate TF mod-
ules based on the co-occurrence rate of the PWMs. Using this
method, E2F1 target genes were classified into distinct groups
regulated by five differentmodules. ChIP-chip analysis demon-
strated that one predicted cofactor, activating enhancer bind-
ing protein 2�, did in fact form binding modules with E2F1.
Another example of this type of method is hypergeometric
optimization of motif enrichment (HOMER) (62), which
includes a set of programs for de novomotif discovery. A recent
study using HOMER found that PU.1 co-localizes with distinct
sets of TFs in macrophages versus B cells (62). These findings
demonstrated that different TF modules are indeed lineage-
specific and responsible for the development of characteristic
features of macrophages and B cells. Cistrome is another tool
suite that includes a de novo motif discovery algorithm and
allows cofactor identification through co-localization analysis
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of TF motifs (63). A recent study utilized Cistrome and epige-
netic information to define CREs and predict TFBSs with high
accuracy (64). Although this method was applied primarily to
predict TFBSs, it could also increase the accuracy of predicting
cell type-specific TF modules by eliminating false positive
regions within closed chromatin. Studies using programs such
as ChIPModules, HOMER, and Cistrome clearly demonstrate
that searching for motifs in regions located near TFBSs can
identify putative collaborating TFs. However, to find TF asso-
ciations that occur through higher order chromatin structure,
one must also integrate chromatin interaction data.
Identifying Chromatin Interactions—Among the chromatin

interaction profiling methods, the Hi-C technique has the
potential to identify a whole genome interactome in an unbi-
asedmanner without relying on known protein interactions. In
the original description of the Hi-C assay (39), a probability
matrix at 1-Mb scale was used tomodel the data. However, this
method identified only low resolution interacting loci and is
thus not suitable for analysis of the fine structure of the chro-
matin. To increase the resolution and better utilize the great
resources of Hi-C data, a more recent method utilized a mix-
ture Poisson regression model (MPRM) to increase the resolu-
tion of the identified interacting loci to 20 kb (65). There are
three major types of hybrid fragments in the Hi-C library: 1)
proximate ligation, formed by the joining of closely positioned
DNA fragments; 2) random ligation, formed by the random
interaction of two “floating” fragments; and 3) self-ligation,
formedwhen the two ends of a single fragment are joined. In the
MPRM, the self-ligation fragments are easily discounted by
their distinctive characteristics, but the proximate ligation
events and random ligation events are considered as two inde-
pendent Poisson distributions; thus, the overall ligation events
can be represented by a latent class model with two hidden
variables. An expectation maximization algorithm is used to
estimate the hidden variables, and a FDR is calculated based on
the cumulative distribution function of the Poisson distribu-
tion. The MPRM identified 96,137 interacting loci with a FDR
of 5.76%. Consistent a the previous study (39), the majority of
the identified interactionswere intrachromosomal andwithin a
distance of 1 million bp and occurred close to CREs marked by
histone depletion and flanked by H3K4me1 (65). Because of
sequencing depth limitations in the existing data, it was esti-
mated that the identified interacting loci represent only �25%
of the complete set of interacting loci in K562 cells. These anal-
yses suggest that the future Hi-C analysis of human cells should
be derived from sequence information of at least 100 million
proximate ligation hybrid fragments. Another method devel-
oped to explore Hi-C data is based on a probabilistic model,
which takes into account several systematic biases that reside in
the Hi-C protocol (66). These biases include spurious ligation
fragments, the size of the enzyme-digestedDNA fragments, the
ligation efficiency, the CpG content of the ligation sites, and the
mappability of the sequenced tags. This method also showed a
high interaction rate of nucleosome-depleted regions and
active promoters. Furthermore, this study demonstrated that
the genome can be divided into active and inactive domains
based on the connection intensity between CREs in those
domains. As experimental techniques such as Hi-C become

more commonly used, there will be an urgent demand for opti-
mized methodologies to analyze the derived data. Perhaps by
combining the advantages of the above-mentioned approaches,
new methods with high resolution that appropriately consider
system biases can provide a robust reconstruction of the chro-
matin structure.
Identifying TF Modules from Three-dimensional Omics

Data—As described above, 3C has been used to study looping
between defined genomic regions such as the �-globin locus
control region (LCR) and DNase I-hypersensitive sites
upstream or downstream of the locus (67). In another study,
expression of UBE2Cwas shown to be regulated by FoxA1- and
MED1-mediated chromatin interactions between the UBE2C
promoter and enhancer (68). In breast cancer cells, the 3C assay
was used to demonstrate that ER-� drives chromatin looping at
a cluster of genes on genomic region 16p11.2 (69). In these
cases, specific TFs were analyzed at specific loci. Because very
few genome-wide chromatin interactions studies have been
published, there are only a few examples in which TF binding
data have been integrated with large-scale genomic structure
information. However, a recent study (70) integrated Hi-C
information with CTCF ChIP-chip and ChIP-seq data and
found that strong interchromosomal interactions are highly
correlated with CTCF-binding sites, suggesting that CTCF
plays an important role in the organization of the human
genome. This study served as a proof of principle that it is pos-
sible to identify chromosomal hubs that are associated with a
specific TF. The extensive ChIP-seq data that are now available
from the ENCODE Consortium provide investigators with the
opportunity to identify associations of interacting loci with TF
binding, chromatin modifications, and open chromatin. A
recent study used 5C to comprehensively interrogate long-
range looping interactions between genes and distal elements
in the 1% of the human genome representing the ENCODE
Pilot regions.4 These 5C maps of ENCODE regions in
GM12878, K562, HeLa, and human embryonic stem cells
(hESCs) identify thousands of long-range interactions and pro-
vide new insights into the cell-type specificity of chromatin
looping. We have used data from the ENCODE Consortium to
develop a TF interaction network using integrated genome-
wide Hi-C data, epigenomic profiles, open chromatin, and TF
binding data (65). In this study, the Apriori algorithm (71) was
used to search for the association of TFs bound at the two ends
of sets of interacting loci, e.g. if TF1 was bound to a set of loci
and if binding of TF2 was statistically enriched in the genomic
regions interacting with those loci, this suggested a potential
association of TF1 and TF2. By incorporating ChIP-seq for 45
different TFs, the analysis showed 1) a high concurrence of
CTCF and RAD21 at the ends of interacting loci, which is con-
sistent with their similar binding preference and with previous
reports (72); 2) that, consistent with previous studies, E2F4 and
RNA polymerase II are highly linked (73); and 3) that c-Jun,
GATA1, GATA2, INI1, and BRG1 are closely linked, which
suggests interactions between chromatin modifiers and cell
type-specific TFs.Wenote that this type of detailedTFnetwork

4 J. Dekker, personal communication.
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analysis is possible only if the genome-wide experimental data
sets for chromatin interactions and TF binding are available for
the same cell line. To date, Hi-C data are available only for K562
and GM06990 cells (39). Although Hi-C data from additional
cell lines will become more readily available due to reduced
sequencing costs, it will be a longer period before hundreds of
TFs are characterized by ChIP-seq in all cell types. The
ENCODEConsortium is producing largeChIP-seq data sets for
numerous commonly used cell lines. However, most of these
cell lines are derived from cancer cells. The analysis of primary
cells and/or specific subpopulations of cells from different tis-
sues will be problematic. Although it is possible to obtain
enoughmaterial from primary cells for Hi-C, current ChIP-seq
technologies use large numbers of cells, and thus, it is difficult
to obtain enough primary cells for hundreds of ChIP-seq exper-
iments. In this case, searching for putative TFBSs using motif
analysis and the TRANSFAC data base (56) can serve as an
alternative method to integrate chromatin structure and TF
information. This approach has been used to correlate CTCF
motifs with Hi-C data (70). However, it is critical to keep in
mind that binding of TFs to the genome is highly influenced by
certain histone modifications; a consensus motif may not be
bound by a TF if the chromatin is in a closed confirmation (i.e.
it is marked by H3K27me3 or H3K9me3). For example, ER-�
was shown to bind to consensus motifs that are in open chro-
matin and marked by the histone modification H3K4me1 (64).
Thus, if motifs are used to predict TF binding, it is imperative
that epigenomic information be included to identify regions
that are biologically relevant. Fortunately, relatively small
amounts of chromatin are needed for epigenetic analyses,
which can be easily performedonprimary cells (RoadmapEpig-
enomics Project). Putative motifs can then be identified within
interacting loci that fall within regions of open chromatin and
are marked by H3K4me1 or H3K27ac. A TF association net-
work can be predicted using methods such as the Apriori algo-
rithm, a Bayesian approach, neural networks, etc. We note that
a derived network using only motif information will be more
complex than a network produced using experimentally deter-
mined TFBSs. Therefore, it is essential that putative TF associ-
ations be validated by downstream experimental approaches.

Pathway for Identification of Three-dimensional TF
Modules

High throughput techniques such as ChIP-seq, ChIP-chip,
ChIP-PET, ChIA-PET, andHi-C can provide detailed informa-
tion of genome-wide binding of TFs, histonemodifications, and
higher order organization of the chromatin. Integration of
these different types of data has greatly facilitated our under-
standing of TF associations and has brought our view of tran-
scriptional regulation from a linear paradigm to a three-dimen-
sional model. Although such studies are in their infancy, it is
clear that elucidating the relationship between TFs and chro-
matin interactions is essential to understand the complexity of
the underlying biology of transcriptional regulation. Fig. 2 illus-
trates a possible workflow for a genome-wide identification of
three-dimensional TF modules. In this pathway, epigenetic
profiling to identify sites of DNA methylation, modified his-
tones, and open chromatin is performed to segment the
genome into different epigenomic states (Step 1). Next, the
Hi-C method is used to identify all the interacting loci in
the genome (Step 2). Then, the clustering of interacting loci
based on epigenetic status is performed to identify distinct sets
of interacting chromatin loci (Step 3). TF binding data, either
predicted (Step 4A) or experimentally determined (Step 4B), are
integrated with the chromatin structure information (Step 5),
and computational methods such as the Apriori algorithm,
Bayesian approaches, or neural networks are used to develop
TF modules and association networks (Step 6). Finally, experi-
mental validation of the predicted TF associations can be per-
formed (Step 7). We also note that although moving from a
one-dimensional to a three-dimensional model of gene regula-
tion has been amajor advance in the field, it is critical to realize
that a complete understanding of transcription requires thatwe
take into account changes caused by drug treatments, environ-
ment challenges, and time (74–80). There is increasing evi-
dence suggesting a dynamic model of nuclear organization and
gene regulation. For example, studies have shown that the
interaction of TFswith chromatin can change in a cyclicalman-
ner after treatment with hormone, and there is an intensive
chromatin reorganization induced by estrogen treatment of
Matrigel-derived endothelial cells (69). These observations
support a new transcriptional regulatory paradigm in which

FIGURE 2. Pathway to identify one- and three-dimensional TF modules. The steps in identifying TF modules include the following: step 1, perform
epigenomic profiling (histone ChIP-seq) and identify open chromatin (DNase-seq) in the cell type of interest; step 2, identify interacting chromosomal loci in the
same cell type using the Hi-C method; step 3, use the epigenomic data to cluster the interacting chromosomal loci into distinct sets; step 4, either predict TF
binding using a data base of TF consensus motifs (4A) or identify bound TFs using experimental ChIP-seq data (4B); step 5, integrate the chromatin structure
information with the TF binding information; step 6, create one-dimensional (1D) and three-dimensional (3D) TF modules and TF association networks using
computational methods such as the Apriori algorithm, a Bayesian approach, or a neural network; step 7, experimentally validate TF associations via methods
such as 3C, fluorescent in situ hybridization (FISH), co-immunoprecipitation (Co-IP), immunohistochemistry (IHC), and immunofluorescence (IF).
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sets of associatedTFs serve as a driving force for highly dynamic
formations and dissociations of chromatin interactions, result-
ing in a profound impact on transcription. Thus, we look for-
ward to the future when a series of three-dimensional TF net-
works can be combined to provide a four-dimensional motion
picture of gene regulation and chromatin organization.
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Input from various signaling pathways in conjunction with
specific transcription factors (TFs), noncoding RNAs, and epi-
genetic modifiers governs the maintenance of cellular identity.
Endogenous or exogenous TFs operate within certain boundar-
ies, which are set, in part, by the cell type-specific epigenetic
landscape. Ectopic expression of selected TFs can override the
cellular identity and induce reprogramming to alternative fates.
In this minireview, we summarize many of the classic examples
and a large number of recent studies that have taken advantage
of TF-mediated reprogramming to produce cell types of bio-
medical relevance.

For many years, it was unclear whether differentiation
involves irreversible changes to the genome that would restrict
a cell’s developmental potential. Early work by Briggs and King
(1) and later Gurdon (2) addressed this subject using somatic
cell nuclear transfer (SCNT)2 from various donor nuclei into
enucleated frog oocytes. Successful generation of viable organ-
isms by SCNT demonstrated that the genome of a differenti-
ated cell does retain all genetic information necessary for nor-
mal development. Later experiments were able to expand these
seminal findings to mammals (3). SCNT using donor nuclei
from geneticallymarked lymphoid cells (4) and olfactory recep-
tor neurons (5) demonstrated further that even terminally dif-
ferentiated and post-mitotic genomes could be reprogrammed.
More recently, human somatic cell nuclei were also shown to be
amenable to reprogramming by SCNT.However, in contrast to
other species, this could be achieved onlywithout prior removal
of the oocyte nucleus (6).
Other cell types besides oocytes have been shown to possess

factors capable of activating silenced loci in a somatic genome.
For instance, introduction of a chicken erythrocyte nucleus into
the cytoplasm of a HeLa cell results in chromatin decondensa-
tion and initiation of RNA synthesis from the previously inac-

tive erythrocyte genome (7). Later studies in mice and humans
demonstrated that fusion of somatic cells with embryonic stem
cells (ESCs) or embryonic germ cells reactivates pluripotency-
related genes from the somatic genome and creates pluripotent,
albeit tetraploid (4N), cells (8–10). Although these have limited
clinical value, their genesis has provided a useful experimental
platform for studying cellular plasticity and reprogramming
(11). Moreover, the fusion experiments offered evidence that
ESCs, like oocytes, zygotes, and early blastomeres, contain fac-
tors that are sufficient to reprogram a somatic cell.
Initial evidence for the capacity of selected transcription fac-

tors (TFs) to direct cellular reprogramming came from the clas-
sic myoD experiments and subsequent lineage conversions in
the hematopoietic system (reviewed in Ref. 12). However, a
major advancement in the field occurred in 2006 with the land-
mark study by Takahashi and Yamanaka (13), who reported the
generation of induced pluripotent stem cells (iPSCs) through
ectopic expression of only four TFs.

Converting Cell States

In contrast to the limited plasticity that exists in vivo, there
are many examples of ectopic TF-mediated reprogramming in
vitro (Fig. 1). Early unrelated studies led to the discovery of the
basic helix-loop-helix (bHLH) TF myoD, whose expression in
mouse embryonic fibroblasts could induce their conversion to
myoblasts (14). MyoD appears to be a master regulator of mus-
cle-specific transcriptional programs, and its ectopic expres-
sion can induce activation of muscle-specific genes in a variety
of non-muscle cells (15, 16). Interestingly, although MyoD
could induce complete phenotypic conversion in mesodermal
cell types, ectodermal and endodermal cells responded less
effectively (16).
Valuable insights into TF-mediated reprogramming were

gained through fate conversions within the hematopoietic line-
age, where developmental hierarchies are well understood.
Common lymphoid progenitors (CLPs) can be induced to give
rise to myeloid lineage cells such as granulocytes and mono-
cytes by ectopic expression of the IL-2 receptor, which in turn
leads to expression of GM-CSF receptors and the associated
responsiveness to myeloid commitment-inducing signals (17).
Although both CLPs and pro-T-cells could undergo this form
of lineage redirection, the further downstream and lineage-
committed pre-T- and pro-B-cells could not, suggesting a pos-
sible link between differentiation state and amenability to cell
fate conversion. In another example, ectopic expression of the
zinc finger TF GATA-1, a key regulator of megakaryocyte-
erythrocyte precursor lineage commitment, was found to elicit
conversion of CLP and GM progenitors into megakaryocytes
and erythrocytes (18, 19). GATA-1 activates megakaryocyte-
erythrocyte precursor-specific genes while concomitantly
down-regulating markers of the other lineages. Alternatively,
when GATA-1 is expressed at low levels in GM progenitors, a
fate decision is forced whereby eosinophils or mast cells are
generated (20), suggesting a critical role for factor stoichiome-
try in fate determination.
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The transcription factor PU.1 (Spi-1) belongs to the Ets fam-
ily and is a key regulator of myeloid and B-lymphoid lineage
specification, functioning through interaction with other TFs
such as GATA-1/2 and CCAAT enhancer-binding protein
(C/EBP) �/� (21–23). Interestingly, lineage choice between
these two fates is determined in part by graded expression of
PU.1 (24). Through its interaction with GATA proteins, PU.1
transactivation ofmyeloid target genes is suppressed (25). Con-
versely, PU.1 inhibits the erythroid program by binding
GATA-1 and inducing the formation of repressive chromatin
structure at GATA-1 target loci (26, 27). Consistently, ectopic
expression of PU.1 in multipotent progenitor cell lines leads to
suppression ofGATA-1 and concomitant conversion intomye-
loid cells (28). The antagonism betweenGATA-1 and PU.1 dic-
tates one of two fates and highlights the key role for TF inter-
actions in the process.
Another classic example involves the basic leucine zipper

transcription factorC/EBP�, which is required for the common
myeloid progenitor-to-GM progenitor transition in vivo (29).
Ectopic expression of C/EBP� in primary bone marrow cells,
lymphocytes (30, 31), or fibroblasts (32) can elicit myelomono-
cytic cell-type characteristics, a classification that includes both
macrophages and granulocyte precursors. The function of
C/EBP� in this context is dependent on synergism with PU.1,
which is required for deposition of H3K4me1 at enhancer ele-
ments of target genes, suggesting that these factors cooperate to
define cell type-specific binding patterns at regulatory elements
(33, 34).
In addition to ectopic expression, loss of fate determinants

can also induce cell fate changes. Differentiation of CLPs into
the B-cell lineage depends on the TFs PU.1, E2A, and EBF1,
which induce Pax5 to activate B-cell-specific genes while
repressing genes associated with alternative lineages. In agree-
ment with this model, Pax5�/� pro-B-cells fail to complete
B-lymphopoiesis but are capable of differentiating into other
hematopoietic cell types such as macrophages, dendritic cells,
and granulocytes in response to specific signaling cascades (35–
37).Additionally,Pax5ablationinmatureB-cellsresultsindedif-
ferentiation into an uncommitted progenitor cell population,
which can then undergo T-lymphopoiesis (38). Notably, the
order in which factors are expressed can also impact the out-
come. For example, altering the sequential expression of
C/EBP� and GATA-2 in GMprogenitors can instruct commit-
ment to different hematopoietic cell types (39).
In summary, lessons from the hematopoietic system have

provided strong evidence for the ability of TFs to redirect cell
fate across related lineages derived from one germ layer or
between specialized cell types of a particular lineage. Below, we
will briefly review many of the more recent reprogramming
studies.
Using a candidate gene approach, Melton and co-workers

(40) identified three bHLHTFs, Ngn3 (or NeuroD1), Pdx1, and
MafA, whose forced expression can convert exocrine pancreas
tissue into insulin-secreting endocrine �-cells in vivo. Express-
ing only the endocrine progenitor-defining TF Ngn3 in hepatic
progenitor cells generated physiologically responsive pancre-
atic endocrine cells. In contrast, expression of Ngn3 in mature
hepatocytes induced only insulin expression (but not transdif-

FIGURE 1. TF-mediated cell fate conversions in a variety of starting cell
types. Shown are examples of published murine cell state conversions using
modulation of TF expression. The majority utilize ectopic expression of one or
more lineage-specific TFs, whereas others apply targeted depletion of TFs.
Factors are shown next to the arrows. KD, knockdown.
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ferentiation) in islet cells (41). An additional example of repro-
gramming in vivo comes from the inner ear, where the TFs
Atoh1 and Prox1, among others, were found to regulate the
development of sensory hair cells and supporting cells from a
common progenitor (42, 43). Ectopic expression of the bHLH
TF Atoh1 (also known as Math1) results in conversion of non-
sensory cochlear cells into functional sensory hair cells (44, 45).
Conversely, expression of Prox1 in sensory hair cells leads to
the repression of Gfi1 and Atoh1, factors required for sensory
hair cell specification, resulting in cellular degeneration (43).
Recently, other groups have demonstrated direct reprogram-

ming in vitro into additional endodermal cells types. The
ectopic expression ofGATA-4,Hnf1a, and Foxa3 in fibroblasts,
along with inactivation of p19Arf, could give rise to induced
hepatocyte-like cells (46). A separate study found that ectopic
expression of Hnf4� and one of the three foxA genes in mouse
embryonic or adult fibroblasts could also induce expression of
multiple hepatocyte-specific features, converting the fibro-
blasts to hepatocyte-like cells (47).
Employing a similar candidate gene approach as Yamanaka

and Melton, Wernig and co-workers (48) demonstrated that
expression of three factors, Ascl1, Brn2 (also known as Pou3f2),
and Myt1l, in mouse embryonic and postnatal fibroblasts
induced conversion to neural cells, termed induced neuronal
(iN) cells. Although the exact identity of these cells remains
unclear, iN cells can form functional synapses and are physio-
logically responsive (48). These three factors could also induce
neuronal differentiation of human ESCs, although reprogram-
ming of human fetal fibroblasts to functional iN cells required
additional coexpression of NeuroD1 (49). To definitively dem-
onstrate the neural conversion of a differentiated non-ectoder-
mal cell type, Marro et al. (50) recently reprogrammed mouse
hepatocytes into iN cells. The hepatic transcriptome was
largely repressed in the iN cells, and they retained only a limited
epigenetic signature of their starting state. These initial findings
demonstrate the ability of ectopic TFs to reprogram somatic
cells across germ layers. More recently, others have shown that
human andmouse fibroblasts can be reprogrammed to special-
ized functional neural subtypes such as dopaminergic neurons
(51, 52) and spinal motor neurons (53). Interestingly, fibro-
blasts can be induced to express neural lineage markers and
exhibit neuronal morphology solely by forced expression of
microRNAs miR-9/9* and miR-124, which repress the Baf53a
subunit of the BAF chromatin-remodeling complex (54). How-
ever, generating functional iN cells required expression of addi-
tional TFs (54, 55). Two of these recent iN studies also noted
that reprogramming occurred in the absence of continued cell
division, as the majority of reprogramming cells became post-
mitotic within 24 h of factor induction (48, 50).
Along with the ability to generate a variety of neuronal cell

types, effective production of cardiacmuscle cells fromESCs or
non-cardiac somatic cells is a compelling target of translational
medicine. The first evidence of reprogramming non-cardio-
genic tissues to a cardiac fate was provided by in vivo transfec-
tion of mouse embryos with core transcriptional regulators of
cardiac development (56). More recently, Srivastava and co-
workers (57) reported the TFs GATA-4, Mef2C, and Tbx5

could reprogram embryonic and adult fibroblasts directly into
induced cardiomyocytes.
The diversity of cell types generated by TF-mediated repro-

gramming demonstrates the potential utility of this approach
for therapeutic purposes. However, several key aspects of these
converted cell types need further investigation. In particular,
the stability and relative completion of functional, transcrip-
tional, and epigenetic remodeling, as well as the in vivo equiva-
lence of the generated cell types, remain unclear. A better
understanding of potential risks posed by incomplete repro-
gramming or cellular memory is an important benchmark for
the translational application of induced cell types.

Reprogramming Somatic Cells to Pluripotency

Perhaps themost striking example of factor-induced changes
in cell state remains the reprogramming of somatic cells into
pluripotent embryonic stem-like cells, termed iPSCs. The sem-
inal work by Takahashi and Yamanaka (13) demonstrated that
ectopic expression of Oct4, Sox2, Klf4, and c-Myc (OSKM) in
embryonic and adult fibroblasts could convert these cells to
iPSCs. Subsequently, numerous laboratories have improved the
original protocol and generated iPSCs from a variety of species
and cell types (58), highlighting the robustness and general con-
servation of the approach (Fig. 2).
Forced expression of OSKM initiates dramatic phenotypic

(59) and molecular (60–63) changes in the targeted somatic
cell. Transcriptional and epigenetic changes eventually lead to
the reactivation of endogenous pluripotency genes and acqui-
sition of molecular and, in some cases, functional pluripotency.
Commonly used markers of reprogramming include alkaline
phosphatase and SSEA1 (stage-specific embryonic antigen-1)

FIGURE 2. Diverse somatic origin and efficiencies of iPSC generation. A
wide variety of starting cell types originating from different species and rep-
resenting all three embryonic germ layers can be reprogrammed to pluripo-
tency with variable but consistently low efficiency. H, human; M, mouse; P,
pig. Only human reprogramming efficiencies are indicated next to the arrows
(highlighted in blue).
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(62, 64). Although these markers appear earlier in the process,
they are not indicative of complete reprogramming and are of
relatively low stringency (65). Retroactive tracing of individual
reprogramming fibroblasts has demonstrated that within the
set of cells that undergo complete reprogramming, the initial
response to reprogramming factor induction is characterized
by a marked decrease in cell size and increased proliferation
rate (59). The early response to the four TFs is marked by the
transcriptional reversion from the somatic state, as evidenced
by the down-regulation of the fibroblast-specific genes Snai1/2,
Zeb1/2, andCdh2 and the surfacemarkerThy1 (60, 63, 64). The
loss of a mesenchymal phenotype coincides with the emerging
expression of epithelium-associated markers such as E-cad-
herin and EpCAM, known as the mesenchymal-to-epithelial
(MET) transition (63, 66). The importance of MET during
reprogramming is highlighted by acceleration of reprogram-
ming using bone morphogenetic protein ligand stimulation or
expression of microRNAs from the miR-200 family (63), which
have been implicated in MET (67). Notably, Klf4, the main
driver of this transition, synergizeswithOct4 and Sox2 to direct
reprogramming, and its absence can be replaced by stimulation
with bone morphogenetic protein (68).
Establishment of the iPSC state in mice requires continuous

expression of the OSKM transgenes for 8–10 days (64), leading
to the eventual activation of endogenous pluripotency genes
such as Oct4, Sox2, and Nanog after �2 weeks. The final pro-
gression of reprogramming occurs only in a small percentage of
SSEA1-positive cells (62). The mechanism whereby the endog-
enous stem cell network is transcriptionally reactivated in the
final transition to pluripotency remains poorly understood.
Although c-Myc is routinely included in the reprogramming

factor mixture, and expression of this gene enhances the effi-
ciency of somatic cell reprogramming, it is not a core member
of the ESC pluripotency network. The network controlled by
c-Myc is largely separate from the core ESC pluripotency net-
work and primarily includes targets involved in metabolic, cell
cycle, and proliferative processes (69–71). In ESCs, c-Myc tar-
get gene promoters are highly enriched for the active histone
modification H3K4me3 and depleted of the repressive modifi-
cationH3K27me3; this is a striking pattern that is not exhibited
to the same extent by targets of the core pluripotency factors
(69). The core factors reside at targets enriched for both acti-
vating and repressive histone modifications, reflecting their
role in maintaining ESC identity by activating ESC-specific
genes while repressing expression of lineage-specific transcrip-
tional regulators (72). Conversely, c-Myc targets are more
expansive in function, encompassing genes not unique to the
pluripotent state (61, 69). The recent discovery that c-Myc
plays a role in regulating pause release of polymerase II tran-
scriptional elongation is in agreement with many of the early
phenotypic and molecular responses to reprogramming factor
induction (73). Notably, the latter suggests that c-Myc may not
be directly involved in reactivating the pluripotency network
but rather act more broadly to drive robust transcription of
paused genes during the early stages of reprogramming.
Genome-wide localization studies of pluripotency factors,
along with affinity-based identification of their interacting
partners, have revealed an interconnection between TFs (74,

75), chromatin-remodeling, and modifying complexes (Table
1). Although it is well established that ESC chromatin is pre-
dominantly euchromatic (76, 77) and possess characteristic
bivalent enrichment of both active and repressive histonemod-
ifications at developmental genes (78), functional links between
specific epigenetic modifiers and members of the ESC core
transcriptional network have only recently come to light.Wdr5,
a member of the mammalian Trithorax complex and an effec-
tor of activating H3K4methylation, is an interacting partner of
Oct4 (79). This provides a framework for conceptualizing how
transcriptional regulators of pluripotency may cooperate with
chromatin-associated factors to regulate the balance between
self-renewal and differentiation.

Early Dynamics in TF-induced Reprogramming

Genome-wide chromatin mapping studies of selected epige-
neticmarks in populations of induced fibroblasts have provided
many useful insights into early reprogramming dynamics (80).
One of the earliest cellular responses to ectopic factor expres-
sion is de novo deposition or enhanced enrichment of euchro-
matin-associated H3K4me2 at a large number of promoters.
Many of the target genes include developmental regulators and

TABLE 1
Genome-wide localization studies of TFs and chromatin remodelers
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pluripotency genes (80). Importantly, these changes appear to
precede transcriptional activation, which, in the case of the plu-
ripotency-associated genes, will not occur until the late stages
of reprogramming. Many of these dynamics can be observed in
the absence of cell division. The fact that these regions are
enriched for both targets of Oct4 and Sox2 suggests that one of
the early steps in somatic cell reprogramming involves global
coordinated epigenetic “priming.” The notable enrichment for
H3K4 methylation at Oct4 target sites accords well with the
aforementioned study by Ang et al. (79) connecting Oct4,
Wdr5, and histone methylation of Oct4 targets. Importantly,
the reestablishment and erasure of repressive marks such as
H3K27me3 occur at a notably slower rate (80).
Interestingly, the majority of expression changes that are

detectable during the first few cell divisions occur almost solely
within regions of H3K4me3-enriched accessible chromatin
environments (60, 80). This suggests that the action of the
reprogramming factors is restricted, at least initially, to tran-
scriptionally permissive genomic loci. Moreover, at these early
stages, up-regulated (but not down-regulated) genes are
strongly enriched for targets of c-Myc. Unlike Oct4 and Sox2,
c-Myc is already endogenously expressed in somatic fibroblasts
(13) and primarily regulates targets involved in cellular metab-
olism and proliferation. The observed transcriptional response
to increased ectopic c-Myc is consistent with its proposed role
in stabilizing transcriptional elongation, thereby enabling pro-
ductive transcription atmany shared (somatic and pluripotent)
target genes (73). Consistent with these data and in accordance
with a distinct binding pattern for c-Myc inESCs (69), Plath and
co-workers (61) showed that the most dramatic early changes
in fibroblast gene levels were largely attributable to c-Myc
expression.
Subsequent to the first few cell divisions, molecular events

leading to up-regulation of endogenous pluripotency genes and
transition to the iPSC state remain hard to define due to popu-
lation heterogeneity. Treatment of reprogramming cells with
chromatin-modifying agents can positively affect efficiency.
For instance, the Dnmt inhibitor 5-azacytidine (5-AZA), which
decreases overall DNA methylation levels and promotes chro-
matin decondensation, can improve overall efficiency and facil-
itate the transition of partially reprogrammed cells to pluripo-
tency (60). Similarly, inhibitors of histone deacetylases and
methyltransferases can elicit a similar improvement (81), as can
members of ATP-dependent chromatin-remodeling com-
plexes. In a recent screen for ESC factors able to facilitate the
reprogramming process, Schöler and co-workers (82) identi-
fied components of the BAF chromatin-remodeling complex
that act in part by facilitating Oct4 binding to target loci during
reprogramming, perhaps by improving TF access to target
DNA.
Full transition to pluripotency can also bemediated by kinase

inhibition in partially reprogrammed cells that lack the expres-
sion of true pluripotencymarkers. Treatment of these cells with
inhibitors of GSK3� and MEK (dual inhibition) induces the
up-regulation of endogenous Nanog and Oct4 and demethyl-
ates the Nanog promoter to ESC-comparable levels, eventually
leading to stable pluripotency (83). It is worth noting that
althoughboth 5-AZA treatment anddual inhibition culture can

enhance reprogramming, their effects may be attributable in
part to the selection against somatic or non-pluripotent inter-
mediates. Both the toxicity of 5-AZA and the lethality of kinase
inhibition for any mitogen-dependent cells could cause an
apparent increase in efficiency. The acquisition of an ESC-like
proliferative state, which is uniquely resistant to the growth
inhibitory effects of these small molecules, may provide a selec-
tive advantage to successfully reprogramming cells compared
with those that retain somatic cell cycle characteristics.

Some iPSCs Are Equivalent to ESCs

The functional andmolecular equivalence of ESCs and iPSCs
has been a key question since the initial report of iPSC deriva-
tion (13). Developmental potential can be determined with low
stringency by in vitro differentiation and teratoma formation
and with higher stringency in non-human species by chimera
formation, germ-line contribution (84), or the production of
entirely iPSC/ESC-derived animals by tetraploid complemen-
tation (85, 86). Multiple molecular screening strategies have
been employed to compare ESC and iPSC lines quantitatively,
including profiling transcriptional and epigenetic signatures on
a genome scale. At the morphological, molecular, and func-
tional levels, ESCs and iPSCs show a high degree of similarity
(87), although the complete equivalence of these cell types
remains controversial. Numerous studies have described
molecular differences between iPSCs and ESCs (88–90). We
have recently used three genomic assays to profile 20 human
ESC and 12 iPSC lines and generated a reference map of DNA
methylation, gene expression, and in vitro differentiation
potential for the tested lines (91). Surprisingly, much of the
variation observed within iPSC lines could be explained by the
general variation between the different pluripotent lines tested,
including the ESC lines. These findings accord with functional
studies in themouse, which have established that some (but not
all) iPSC lines are both functionally andmolecularly equivalent
to ESCs (86, 89, 92).
Experimentally determined variations in gene expression

levels and epigenetic profiles have yet to provide a molecular
signature specific to iPSCs that can consistently discriminate
between the various pluripotent populations (91, 93). Establish-
ing the criteria for such a signature has proven challenging,
given that variability exists among individual ESC and iPSC
lines. To avoid confounding effects of differences in genetic
background, a recent study derived and compared the molecu-
lar and functional characteristics of genetically matchedmouse
ESCs and iPSCs. The findings suggest that the expression pat-
terns of ESCs and iPSCs are remarkably similar, with the excep-
tion of a few genes of the imprinted Dlk1-Dio3 locus, which
appeared to be aberrantly silenced in the majority of iPSC
clones examined (89). A more recent study has shown this dis-
parity to be greatly affected by the stoichiometry of the TFs
(OSKM), suggesting the inactivation of this locusmay be linked
to the specific strategy or conditions in which the cells are gen-
erated and is not necessarily inherent to reprogramming (94).
An additional caveat to the generality of the observations sum-
marized here is the relatively small number of ESC and iPSC
lines that are used in many studies (Table 2). In humans,
another concern is the limited number of ESC lines, such as H1
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andH9, which have been used as references or controls inmany
studies. For instance, a recent study reported aberrant hypo-
methylation of promoter regions in iPSC lines compared with
the H1 and H9 ESC lines (95). However, comparison with a
panel of 32 pluripotent cell lines (91) demonstrated that
hypomethylation of the reported regions is a general character-
istic of both ESCs and iPSCs, with the exception of a few cell
lines, including the H1 andH9 ESC lines used as controls in the
original report. This suggests that rather than aberrant hypom-
ethylation in the iPSCs, these loci exhibit possibly aberrant
hypermethylation in the control ESC lines.

Conclusion
Coordinated activity of TFs and epigenetic modifiers, acting

downstream or in concert with signalingmolecules, establishes
andmaintains stable cellular identities by driving cell type-spe-

cific gene expression programs. Epigenetic modifications affect
the ability of the transcriptional machinery to access the chro-
matin template, thereby influencing gene expression patterns
that ultimately determine cellular identity. Although cellular
differentiation appears to be largely unidirectional during
development and fixed in adult organisms, elegant experiments
over the recent decades have demonstrated the remarkable
plasticity by which differentiated cells can be redirected to
alternative fates. Cell state can be considered the phenotypic
output of regulatory networks, which are in turn influenced by
and reflected in cell-specific epigenetic landscapes. By manipu-
lating transcriptional programs, it should be theoretically possible
to reprogram a cell’s identity to any desired alternative state.
Many important questions remain open in the field of cell

fate conversion experiments. It is still unknown how ectopic

TABLE 2
Summary of recent studies comparing molecular characteristics of various human ESC and iPSC lines
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factors access their binding sites in a foreign chromatin context
and how their function is influenced by the starting cell’s
molecular ensemble. A mechanistic description for the rele-
vance of epigenetic or transcriptional similarities between
starting and intended cell types in cell fate reprogramming is
also lacking. For example, the higher efficiency of conversion
between closely related cell types may be partly attributable to
higher transcriptional similarity and thus availability of essen-
tial cofactors between the starting and intended cell types. In
addition to the transcriptional repertoire, however, a more
closely related epigenetic landscape may also enable more effi-
cient conversions. Ultimately, the knowledge gained from
experimental manipulation of cell fates will have far-reaching
implications not only for the basic understanding of themolec-
ular mechanisms behind cellular identity but also for the even-
tual application to personalized regenerative medicine.
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Complex traits such as susceptibility to diseases are deter-
mined in part by variants at multiple genetic loci. Genome-wide
association studies can identify these loci, but most phenotype-
associated variants lie distal to protein-coding regions and are
likely involved in regulating gene expression. Understanding
how these genetic variants affect complex traits depends on the
ability to predict and test the function of the genomic elements
harboring them. Community efforts such as the ENCODE Pro-
ject provide awealthof data about epigenetic features associated
with gene regulation. These data enable the prediction of testa-
ble functions for many phenotype-associated variants.

Complex Genetics of Disease Susceptibility

Genetics informs us about human disease in at least two
major ways, one through Mendelian diseases and the other
through complex traits. Mutations that lead to Mendelian
inheritance of disease usually alter the function of single genes
(1), reducing or modifying the function of the protein product
by changing the encoded amino acid sequence (2, 3). In addi-
tion, someMendelian diseases are caused by debilitatingmuta-
tions in promoters or enhancers of a gene, resulting in a defi-
ciency of the protein product and the consequent pathological
phenotype (4, 5). Genetic variants causing Mendelian disease
are rare in the human population (6) because selective pressure
against their deleterious effects keeps their allele frequency low.
Because the genetic variants causing monogenic diseases are
rare, mapping studies are confined to detailed analyses of
affected families and kindreds (6). Such studies have mapped
genetic variants at the heart of manymonogenic disorders. The
Online Mendelian Inheritance in Man� (OMIM�) database (1,
7) currently lists almost 3400 phenotypes for which the molec-
ular basis is known.
Susceptibilities to many common diseases such as coronary

artery disease and many forms of cancer and type 2 diabetes
have substantial genetic components, but in contrast to the

Mendelian diseases, these phenotypes are affected by variants
at multiple loci (6, 8, 9). Thus, susceptibility to a common dis-
ease is a complex trait. Mapping the multiple loci that contrib-
ute to these important traits usually follows a case-control
design (Fig. 1A). The mapping experiments examine SNPs to
ascertain the genotypes that are significantly more prevalent in
the affected group than in the non-affected group; these geno-
types are associated with the trait of interest. When genotypes
are determined at SNPs throughout the genome of each indi-
vidual, the study is called a genome-wide association study
(GWAS).2

GWASs

Conducting a GWAS for complex traits has been a formida-
ble challenge because the contribution of any one locus to the
phenotype is expected to be small compared with the sizable
effects of variants causing monogenic disorders. Furthermore,
the mapping experiments need to cover the entire human
genome at a sufficiently high resolution for discovery. Of
course, the fact that the diseases are common means that large
cohorts of individuals can be recruited for case-control studies,
with thousands of affected andnon-affected persons enrolled in
a study, thus providing substantial power.
Recent advances such as the HapMap Project (10) have

enabled effective mapping of multiple loci for complex traits in
humans. A driving assumption for GWASs is that common
diseases are likely caused by common variants (9, 11). Because
the phenotypic effect of any one variant is expected to be small,
these alleles may reach sufficiently high frequencies to be con-
sidered common (at least 5%). The HapMap Project deter-
mined combinations of allelic configurations of loci (haplo-
types) that are common in several human populations. This
allowed the development of high-throughput approaches to
ascertain the genotype for individuals at �1 million SNPs
across the genome, giving a good resolution for GWASs (Fig.
1A). High-throughput high-resolution genotyping coupled
with the large cohorts available for many complex traits
enabled the completion of the first GWAS in 2005 (12), and the
number of completed GWASs has increased each subsequent
year. The National Human Genome Research Institute main-
tains a catalog of published GWAS results (13), and as of mid-
2011, it contained the results of 1449 GWASs for 237 traits.
A critical step in interpreting the results of the GWAS is

moving from maps of loci associated with a trait to identifying
the genetic variants that actually contribute to the trait (14, 15).
In the case of Mendelian disorders, once a locus was strongly
implicated in the disease, attention was rightly focused on the
protein-coding genes in the region because many of the causa-
tive variants impact the structure of the encoded protein. How-
ever, it is likely that a substantial fraction of genetic variants
contributing to complex traits in humans are involved in gene* This work was supported, in whole or in part, by National Institutes of Health
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regulation, just as has been observed inmodel organisms (8, 16).
Most phenotype-associated variants discovered in GWASs are
far fromprotein-coding regions, even appearing in gene deserts
(13), which is similar to the genomic distribution of most cis-
regulatory modules (CRMs) such as promoters and enhancers.
Strikingly, trait-associated variants from GWASs are more
likely to be associated with quantitative variation in gene
expression than are other variants on the genotyping arrays (17,
18), further supporting the expectation that many variants
associated with complex traits affect gene expression.
Thus, what is needed is to match the high-resolution maps

of phenotype-associated variants to reliable information
about the locations of CRMs (Fig. 1, B and C). Enhancers can
be located very far from their target genes (19), and virtually
any noncoding sequence in the human genome could poten-
tially be a CRM. Although both interspecies conservation
and direct assays for biochemical features of chromatin asso-
ciated with CRMs can be used to predict the locations of
regulatory regions (15, 20, 21), interpretation of the results
from GWASs requires an extensive mapping of CRMs in
multiple human tissues.
This minireview will cover recent advances in building a

more comprehensive catalog of CRMs in humans and the use of
that catalog to predict functions that are altered by phenotype-
associated SNPs discovered through GWASs.

Epigenetic Features Associated with Expression and
Regulation

The expression levels of genes in humans (and eukaryotes in
general) are determined by both chromatin structure and the
transcription factors that are bound to the CRMs (22–24). The
molecular mechanisms regulating gene expression are a com-
plex interplay among enzymes and factors that catalyze hun-
dreds of reactions, including covalent modification of histones;
alteration of nucleosomal structure and stability; binding of
transcription factors to specificDNAsequences; recruitment of
coactivators, repressors, and polymerases; and initiation, paus-
ing, and elongation of transcription. The details of how these
reactions lead to appropriate levels of expression at the right
time and place are specific for each gene, and a full understand-
ing of regulation requires intensive study of each locus.
However, some features of the biochemical machinery

employed in regulated expression are common to most genes
and their CRMs (25). The most obvious feature is the presence
of transcripts in the steady-state RNA. Measurement of RNA
levels using any of a variety ofmethods provides a goodmonitor
of the expression of a gene (26–30).
CRMs have consistent features as well.Most are in regions of

the chromatin that are accessible tomacromolecules, reflecting
the need for the CRM to interact with proteins such as tran-
scription factors. These accessible regions can be mapped by

FIGURE 1. Epigenetic data link GWAS results to hypotheses about how specific SNPs affect a phenotype. A, in a GWAS, individuals are grouped into cases
or controls, denoted by different colors for stick figures. DNA samples from each person are genotyped at a large number of polymorphic sites, illustrated as
panels of gray or colored circles. SNPs for which the frequency of one allele is significantly different between the groups (e.g. the yellow allele at one SNP is more
frequent in cases, whereas red is more frequent in controls) are identified, and those passing stringent filters and replication are analyzed further as lead SNPs.
B, epigenetic features in chromosomal regions containing the lead SNP and linked SNPs are examined for evidence of CRMs. In this illustration, a SNP in LD with
the lead SNP is in chromatin that is hypersensitive to DNase, monomethylated at histone H3 lysine 4, and bound by a transcription factor (TF). C, combining the
genetic and epigenetic information leads to testable hypotheses such as allele-specific binding by a transcription factor causes differential expression of a
target gene.
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treating nuclei with a DNase and determining the sites of cleav-
age. Such DNase-hypersensitive sites (DHSs) are a general fea-
ture of almost all active CRMs (31).
Particular histone modifications can distinguish categories

of CRMs and expression states of genes (24, 32). Antibodies
specific to individual histone modifications are used to immu-
noprecipitate chromatin (histones and DNA) bearing that
modification. DNA isolated by ChIP is then assayed for the
presence of segments of interest (33). Some features have sub-
stantial diagnostic importance. The chromatin around active
promoters has high levels of trimethylation at lysine 4 of his-
toneH3 (H3K4me3), whereas the chromatin around enhancers
has high levels of monomethylation at the same position
(H3K4me1) (25, 34, 35). Acetylation of histoneH3 at lysine 27 is
associatedwith active promoters and enhancers (32). The chro-
matin of transcribed regions is marked by di- and trimethyla-
tion at lysine 79 ofH3 (H3K79me2/me3) in the initial portion of
the transcription unit, followed by methylation at lysine 36
(H3K36me3) in the distal portion (36). Other histone H3
methylations mark distinct portions of the repressed chroma-
tin, with trimethylation at lysine 27 (H3K27me3) or lysine 9
(H3K9me3) covering different sets of repressed genes (37, 38).
CRMs such as enhancers and promoters are clusters of bind-

ing sites for transcription factors (39), and thus, occupancy by
transcription factors is a good indicator of potential regulatory
regions. Using a ChIP approach but with antibodies against
individual transcription factors, one can obtain reliablemaps of
transcription factor occupancy (40–42). However, because a
distinct battery of factors is bound at each CRM and because
many transcription factors are present in a limited number of
cell types, maps of binding by many transcription factors are
needed to find a broad range of CRMs. Conversely, once a
region has been identified as a CRM, the set of bound proteins
can be used to better understand regulation and the impact of
genetic variation on that regulation (Fig. 1C).
Transcripts, DHSs, histone modifications, and transcription

factor occupancy can all be considered epigenetic features (43).
They are biochemical attributes that lie on top of (epi, “on” or
“above”) the genetic material (DNA), and they reflect or influ-
ence the expression of genes. The epigenetic features are
dynamic: RNA ismade and degraded, histonemodifications are
added and removed, and transcription factors bind to and dis-
sociate from DNA. However, the steady-state levels of these
epigenetic features are characteristic of the chromatin contain-
ing a given segment ofDNA in a given cell type, and that steady-
state level can be inherited at least in somatic cells. This is
thought to be a cellular memory for expression status (44), and
the epigenetic features can be used as amonitor of gene activity
and CRM location.

Genome-wide Determination of Informative Epigenetic
Features

Detailed studies of the molecules and biochemical events
that regulate expression of individual genes in chromatin led to
the discovery of the connections between epigenetic features
and regulation. Recent advances in genomic technology allow
these features to be determined quantitatively throughout
genomes. DNA that is highly enriched for the feature of interest

can be mapped comprehensively, most commonly using sec-
ond-generation sequencing methods (42, 45, 46). Transcrip-
tomes can be determined by sequencing RNA after fragmenta-
tion and conversion to complementary DNA; this is called
RNA-seq (30). DNA in chromatin with a certain modification
or bound by a particular transcription factor can be determined
by sequencing the DNA enriched by ChIP; this is called ChIP-
seq (47, 48). DNA in exposed regions of chromatin, i.e. DHSs,
can be identified by enriching for DNA cut by nucleases in
chromatin and sequencing from the cleaved ends; this is called
DNase-seq (49, 50).
A few community projects are assaying a broad collection of

epigenetic features across a wide spectrum of cell types in
humans andmodel organisms. In these consortia, complemen-
tary work in multiple laboratories is coordinated to cover a
substantial portion of thematrix of features and cell types. Con-
sistent data standards are established, and the data are released
as soon as it is replicated. One of themajor community projects
is the ENCODE Project, which aims to establish an ENCyclo-
pedia Of DNAElements (51). The various branches of this con-
sortium are determining transcriptomes, mapping histone
modifications and transcription factor occupancy, and identi-
fying accessible chromatin, in addition tomanually curating the
annotation of genes (42, 46). In the production phase culminat-
ing this year, all assays are being run on a set of human cell lines
that represent some important human tissues, and some assays
such as DNase-seq are being conducted on a wide range of cell
types, including primary cells. Almost 3000 data sets have been
released to date. Parallel work is being done in Caenorhabditis
elegans (52) and Drosophila melanogaster (53) as the mod-
ENCODE Project.
Another community project is the NIH Roadmap

Epigenomics Mapping Consortium (54), which is part of the
International Human Epigenome Consortium. The NIH
Roadmap Epigenomics Mapping Consortium is mapping his-
tone modifications by ChIP-seq and accessible chromatin by
DNase-seq in many human tissues and cell types, with an
emphasis on primary cells from healthy individuals. Over 250
data sets have been released to date.
Several studies have shown that epigenetic data such as those

being generated in these community projects can be highly
effective at predictingCRMs.DNA segments in chromatinwith
the H3K4me1 modification are validated as enhancers in cell
transfection assays at a high rate (55), and DNA segments
bound by the coactivator p300 are frequently validated as
enhancers in transgenic mice (56). Hence, it is reasonable to
expect the epigenetic data from these consortia to be good pre-
dictors of gene regulatory function (46).

Connecting GWASs and Epigenetics

The extensive epigenetic data, although not comprehensive,
are already proving to be useful for finding potential regulatory
regions that could be affected by genetic variants (Fig. 1B). Sev-
eral recent studies have shown that SNPs associated with com-
plex traits are enriched in regions implicated in gene regulation
based on epigenetic features. One study used statistical model-
ing to integrate information about several histone modifica-
tions in multiple cell lines, generating a segmentation, or parti-
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tioning, of the human genome into classes associated with
different functions (37). The segmentation classes with proper-
ties of enhancers were significantly enriched for phenotype-
associated SNPs. The integrative analysis of ENCODEdata (46)
showed that the phenotype-associated SNPs in theGWASCat-
alog are enriched in DNase-sensitive regions and in DNA seg-
ments bound by transcription factors. These studies initially
examined the lead SNPs from the GWAS, i.e. the SNPs on the
genotyping arrays that are most highly associated with the trait
of interest. Although these need not be the functional SNPs, a
notable fraction of them (34%) are in DHSs (46). Of course, in
many cases, the functional SNP is not the lead SNP, but rather
another variant in linkage disequilibrium (LD) with the lead
SNP is the functional one (Fig. 1B). When all SNPs in LD with
the lead SNPs are included as phenotype-associated, then for a
large fraction of the phenotype associations, at least one SNP is
found in a DNA segment associated with regulatory function
via the epigenetic data. For example, the lead or linked SNP is
found in a DHS for 70–80% of the phenotype associations
reported in the GWAS Catalog (46, 57). This strong corre-
spondence between phenotype-associated variants and func-
tion-associated DNA indicates that current epigenetic data are
already useful for interpretation of GWAS SNPs.

Examples of the Use of ENCODE Data to Interpret GWAS
Results

Biochemical indicators of gene regulatory regions have long
been used to interpret heritable phenotypes in humans, starting
with Mendelian traits. Early examples are the use of DHSs to
understand the impact of large deletions in the complex of
genes encoding �-globins (5, 58, 59) and �-globins (60). DHSs
distal to the genes were shown to be enhancers that when
deleted led to thalassemias, which are inherited anemias result-
ing from inadequate production of one or more globin
polypeptides.
Epigenetic features also provide insights into the interpreta-

tion of complex traits. A gene desert located upstream of the
MYC gene contains genetic variants that are associated with
breast and prostate cancers (61, 62). The MYC gene is an
intriguing candidate for the target of the SNPs, given its role in
cell cycle control, but all of the phenotype-associated variants
are distal to the MYC gene, and from position alone, it is not
clear how they may work. However, high-resolution mapping
of several epigenetic features shows that some of the pheno-
type-associated variants are in transcription factor-binding
sites in enhancers. The binding affinity is allele-specific, and the
different alleles affect chromatin looping to the presumptive
targetMYC (63–65). Thus, the genetic variants do affect regu-
lated expression of a target gene that could help explain cancer
predisposition. Importantly, alignment of the ENCODE data in
this region with the significant variants from the GWAS also
reveals that key variants are found in the transcription factor-
occupied DNA segments mapped by this consortium (42). This
is true even though neither prostate nor breast tissue was used
in the analysis at that time. Even without complete coverage of
all tissues and factors, informative insights are gleaned from
examining the GWAS results in the context of epigenetic
features.

Recently, investigators employed ENCODE epigenetic data
as an initial guide to discover regulatory regions in which
genetic variation is affecting a complex trait. For example, Far-
rell et al. (66) used ENCODE data to help find likely causative
variants in an enhancer in the HBS1L-MYB locus, one of three
loci associated with quantitative levels of “fetal” hemoglobin in
adult red blood cells. Their fine-mapping showed that themost
strongly associated variants are clustered in the intergenic
region (Fig. 2A), and a scan of ENCODE data showed that the
variants are in DNA segments with epigenetic features
expected for enhancers (Fig. 2, B and C). Guided by the initial
ENCODE data, the authors focused further analysis in patients
and controls and showed that the variants affect a transcrip-
tional enhancer (66). Other recent examples of the use of
ENCODEor other epigenetic data as guides for functional stud-
ies of trait-associated variants are studies of the TCF7L2
intronic enhancer strongly associated with type 2 diabetes (67),
the gene desert at chromosome 9p21 associated with coronary
artery disease (68), and a locus associated with susceptibility to
colorectal cancer (69).
Some links between specific epigenetic features and trait-

associated variants are found at multiple loci affecting a com-
plex trait, suggesting that common regulatory mechanisms
could be operating at multiple loci. Each phenotype in the
GWAS Catalog can be associated with multiple loci, and in
several cases, the loci affecting a given trait are associated more
frequently than expectedwith a particular feature such as occu-
pancy by a particular transcription factor or appearance of a
DHS in a given cell line (46, 57). For example, variants associ-
ated with Crohn disease are over-represented in DNA seg-
ments bound by GATA2 (in human umbilical vein endothelial
cells (HUVECs)) and are sensitive to DNase in T-helper cells.
One example is a 1.25-Mb gene desert on chromosome 5 (Fig.
3). High-resolution mapping reveals a cluster of variants in LD
that are strongly associated with Crohn disease (Fig. 3A) (70).
Within this cluster are variants that affect the level of expres-
sion of PTGER4, a gene located �300 kb away that encodes the
EP4 prostaglandin receptor (70). Examination of selected
ENCODE tracks within this region shows that the trait-associ-
ated variants are in or close to DHSs that are binding sites for a
GATA transcription factor (Fig. 3, B and C). The data from the
T-helper cells are likely to be more relevant to autoimmunity
than those from HUVECs, and one could hypothesize that the
genetic variation could be affecting affinity for GATA3, a
related protein that regulates gene expression in T-cells (71).
This is an example of a readily testable hypothesis grounded in
the examination of the GWAS and ENCODE data (Fig. 1C).
These examples illustrate an important principle. The data

from community projects such as ENCODE andNIHRoadmap
Epigenomics Mapping Consortium may not cover the tissues,
developmental stages, or transcription factors of greatest rele-
vance to a particular phenotype. However, in many cases, they
provide initial insights that help guide more definitive experi-
ments. Thesemay be cases inwhich a regulatory region is active
in multiple cell types or is bound by several different transcrip-
tion factors.
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Prospects for the Future

Applicationofgenomic technologiescontinues tostimulatedis-
covery in biochemistry and molecular biology as the networks of
regulatory interactions begin to be understood not only in model
organisms (72) but also in humans. This information is helping to
translatemolecular insights into settings of clinical relevance. The
results from GWASs reveal genomic locations in which genetic
variation impacts susceptibility to the most common diseases of
humans. It is nowclear thatmanyof these loci are involved in gene
regulation, and the deep knowledge of the biochemistry of gene
regulation can be coupled with high-throughput genomic assays
to help identify candidate regulatory regions in the loci identified
by GWASs. No longer will finding a key genetic variant in a gene
desert mean the end of a search for a molecular connection
between genotype and phenotype.

This minireview has emphasized the use of epigenetic fea-
tures mapped by ENCODE and other projects for interpreting
GWAS results. This approach has considerable power now, and
plans are in place to increase substantially the coverage of cell
types, transcription factors, and other epigenetic features
(described at www.genome.gov/10005107). The large scale of
these community projects and their commitment to rapid data
release will ensure that data sets of closer relevance to a wider
range of phenotypes will become available. Assays with higher
resolution for mapping regulatory elements will also be used
more widely (73–75).
Of course, the genome-wide mapping of epigenetic features

originated in individual laboratories, and they will continue to
provide important data sets and insights for regulation. Indeed,
it is likely that individual or small groups of laboratories will

FIGURE 2. GWAS variants associated with high levels of fetal hemoglobin in adults found in an enhancer marked by epigenetic features. A, fine
mapping of genetic variants between the genes HBS1L and MYB on human chromosome 6 (chr6), with the position of SNPs along the x axis (assembly
GRCh37/hg19) and the logarithm (base 10) of the 1/p value for the association with the trait on the y axis. This figure was adapted with permission from Fig. 4
in Ref. 66. B, current view of genomic data for the same 148-kb interval as in A, showing from top to bottom the position of the 3-bp deletion implicated in the
trait (HMIPdel); genetic variants from the GWAS Catalog (vertical green lines); gene annotation; and signal tracks for DHSs in K562 cells, GATA1 occupancy in
peripheral blood-derived erythroblasts, TAL1 occupancy in K562 cells, and GATA2 occupancy in K562 cells. The signal tracks are from the ENCODE Consortium
(42, 46, 78). C, view focused on a 3-kb region containing the 3-bp deletion implicated in the trait and an enhancer bound by GATA factors and TAL1. PBDE,
peripheral blood derived erythroblasts.
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explore epigenetic features in the cell typesmost closely related
to the phenotypes of interest. The capacity of second-genera-
tion sequencing machines is increasing, which means that
many more laboratories will be generating and analyzing
genome-wide epigenetic data. This diversity of investigator-ini-
tiated projects should complement the community projects
and likely fill gaps in coverage that are most relevant to the
phenotypes of interest.
Several challenges must be met to effectively harvest the

insights from the plethora of genome-scale genetic and epige-
netic results. One of the most exciting challenges is integration
of the data. Initial efforts using statistical modeling (76, 77) are
being applied to some of the data from the community projects.
Opportunities abound for novel approaches that have the
capacity for even larger numbers of data sets and that provide
more accurate predictions. These opportunities should engage
not only biochemists and geneticists but also statisticians and
bioinformaticians. Strong collaborations among teams of these
investigators should lead to insights into connections between
multiple genotypes and complex phenotypes of even greater
importance to medicine.
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Studies with perfused frog heart in the late 1880s led Sydney
Ringer (1) first to identify the essential role of the divalent cat-
ion Ca2� in cardiac muscle contraction. It was a landmark
observation that failed to receive the immediate attention it
deserved: over the following 60 or 70 years, it was followed only
by a handful of scattered findings that confirmed that Ca2�, in
addition to its acknowledged structural role in bones and
teeth, also has a general role as a carrier of biological signals.
It was not until the 1940s that this concept gained momentum
with fundamental discoveries on the contraction of muscles by
Heilbrunn (2) and by Bailey (3), followed subsequently by the
demonstration of the active transport of Ca2� across the mem-
branes of the sarcoplasmic reticulumandmitochondria byVas-
ington and Murphy (4), DeLuca and Engstrom (5), Hasselbach
andMakinose (6), and Ebashi and Lipmann (7). Ebashi’s subse-
quent landmark discovery of troponin C (8, 9) as the calcium-
binding component of the muscle protein troponin provided
the molecular basis for decoding the Ca2� message by specific
binding proteins. This observation was instrumental in making
Ca2� signaling one of the most important and most intensively
studied areas of cell research.
Through the decades that followed the 1960s, it became clear

that Ca2� is a major regulatory signal in all eukaryotic cells,
being involved in regulating such fundamental processes as cell
fertilization, movement, growth, and proliferation; neurotrans-
mission; energy metabolism; gene transcription; and pro-
grammed cell death. The actions of calciumhave been shown to
be mediated by many specific, high affinity calcium-binding
proteins structurally related to troponin C and by other pro-
teins such as protein kinase C and calpain that bind and process
theCa2� signal through distinct bindingmotifs. These intracel-
lular calcium receptors are in turn regulated by elaborate sys-
tems for modulating cytosolic free calcium concentrations
through the action of calcium channels that admit calcium into

the cytosol and calcium pumps and translocases that remove or
sequester it. Calcium transporters in the plasma membrane
allow communication with the extracellular space, whereas
those in internal membranes permit emptying and refilling of
internal stores used for calcium signal generation.
Recent advances in elucidating the structural features of cal-

cium channels, pumps, and translocases have provided a
greater understanding of the molecular mechanisms through
which the movement of Ca2� is mediated, as well as the basis
for understanding how mutations in them are linked to Ca2�

signaling disorders. The minireviews in the series entitled “Ins
andOuts of CalciumTransport” will explore recent advances in
understanding these structural details. A second related series
entitled “Calcium Function and Disease” will explore recent
advances in understanding the linkages between known cal-
cium signaling systems and disease processes in animals.
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Ryanodine receptors (RyRs) are huge ion channels that are
responsible for the release of Ca2� from the sarco/endoplasmic
reticulum. RyRs form homotetramers with a mushroom-like
shape, consisting of a large cytoplasmic head and transmem-
brane stalk. Ca2� is a major physiological ligand that triggers
opening of RyRs, but a plethora of modulatory proteins and
small molecules in the cytoplasm and sarco/endoplasmic retic-
ulum lumen have been recognized. Over 300 mutations in RyRs
are associatedwith severe skeletalmuscle disorders or triggered
cardiac arrhythmias. With the advent of high-resolution struc-
tures of individual domains, many of these can be mapped onto
the three-dimensional structure.

The South American plant Ryania speciosa has long been
recognized for its insecticidal properties (1). Its active com-
pound, an alkaloid known as ryanodine, targets a eukaryotic
membrane protein known as the ryanodine receptor (RyR).2
Long before their isolation, RyRs had already been visualized in
thin section or negative stain electron microscopy studies of
muscle ultrastructure. These images showed the presence of
intracellular junctions between the sarcoplasmic reticulum
(SR) and transverse tubular invaginations of the plasma mem-
brane. Electron dense protrusions, named “feet,” were found to
span these junctions (2). Although the identities of the feet
structures were initially unknown, later purification and elec-
tron microscopy studies confirmed them to be RyRs (3, 4).
RyRs form homotetrameric assemblies and constitute the

largest ion channels known to date, with molecular masses of
�2.2MDa and each monomer consisting of �5000 amino acid
residues (3, 4). They are responsible for the release ofCa2� from
the endoplasmic reticulum (ER) and SR and thus control many
Ca2�-dependent processes within the cell. Ryanodine binds
RyRs preferentially in the open state. At nanomolar concentra-
tions, it “locks” the channel in a subconductance state, but at
concentrations �100 �M, it inhibits Ca2� release (5).

Inmammalian organisms, RyRs are found in awide variety of
cell types, including neurons, exocrine cells, epithelial cells,
lymphocytes, and many more (6). They are known mostly for
their involvement in excitation-contraction coupling, releasing
Ca2� from the SR and thus driving muscle contraction. Three
different isoforms (RyR1–3) have been found to date. RyR1 is
widely expressed in skeletal muscle and was the first one to be
cloned (7, 8). RyR2 is found primarily in the heart (9, 10), and
RyR3 was originally identified in the brain (11), although each
isoform is found in many different cell types (6). They share
�65% sequence identity, and the largest degree of difference is
found in three “divergent regions” throughout the sequence,
known as D1 (residues 4254–4631 in RyR1), D2 (residues
1342–1403), and D3 (residues 1872–1923). Lower organisms
express fewer RyR isoforms. Non-mammalian vertebrates
express two isoforms, RyR� andRyR�, whereas a single isoform
was found to be expressed in lower organisms, including nem-
atodes, fruit flies, and lobster (6).
The primary trigger for RyR opening is Ca2�, the same ion it

permeates. In cardiac myocytes, for example, depolarization of
the plasma membrane leads to the opening of L-type voltage-
gated calcium channels, resulting in an influx of Ca2� from the
extracellular space. Calcium sensors within RyR2 then bind
Ca2� and facilitate opening, resulting in release of Ca2� from
the SR. Under these circumstances, the RyR acts as a signal
amplifier, and the process is known as Ca2�-induced Ca2�

release (12, 13). However, as Ca2� levels in the cytoplasm rise,
Ca2� can trigger closing of the RyR. This shows that there are
multiple Ca2�-binding sites with different affinities and bind-
ing kinetics. A plot of the open probability of the channel as a
function ofCa2� concentration therefore displays a bell-shaped
curve (14). In addition, RyRs can sense theCa2� concentrations
in the SR/ER lumen. For example, under conditions whereby
the ER is overloaded with Ca2�, RyRs can also open spontane-
ously in a process known as store overload-induced calcium
release (SOICR) (15, 16).
Although Ca2� is a major triggering ligand, it is not abso-

lutely required to elicit channel opening. In the case of RyR1,
the skeletal muscle isoform, it is widely assumed that there
exists a physical link with the voltage-gated calcium channel
CaV1.1 (17–20). In this case, voltage changes across the plasma
membrane can cause opening of RyR1 in the absence of extra-
cellular Ca2�. An intracellular loop of CaV1.1 that connects
transmembrane repeats II and III (“II-III linker”) appears to be
the primary interaction site for RyR1. However, not every RyR1
is near a CaV1.1 channel, and such channels are likely activated
by Ca2� released from neighboring channels.

Electron Microscopy Imaging

Since their purification frommuscle tissues, the structures of
RyRs have been studied extensively (4, 21). To date, crystal
structures that describe the entire channel structure are not
available, but several cryo-EM studies have reached resolutions
near 10 Å (22–24). These studies agree very well on the overall
structure of the receptor (Fig. 1). The basic architecture can be

* This article is part of the Thematic Minireview Series on Ins and Outs of
Calcium Transport.
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described as a mushroom, with a large cap representing �80%
of the volume located in the cytoplasm and the stalk crossing
the membrane into the SR/ER lumen. The transmembrane
region measures 120 � 120 � 60 Å, whereas the cytoplasmic
area measures�270� 270� 100 Å. These twomajor parts are
connected via four thick columns. An interesting and impor-
tant feature is that the RyR cytoplasmic head does not form a
rigid block. Instead, there are many solvent-filled cavities and
numerous globular masses that may correspond to individual
or groups of folded domains. To aidwith the structural descrip-
tion of RyRs, several portions have received names, including
“clamps,” “handles,” and a “central rim” that surrounds a cen-
tral cavity (Fig. 1). The globular portions have received identi-
fying numbers and are often referred to as “subregions” (Fig. 1)
(23, 25). Although most cryo-EM studies have been performed
on RyR1, there are reconstructions for RyR2 and RyR3 as well,
albeit at much lower resolutions. These show that the overall
shape is very similar for all RyR isoforms (26, 27).
There has been much debate about the number of trans-

membrane helices, but the overall consensus now is that there
are either six or eight segments per subunit (28). Five or six of
these can be detected in the cryo-EM maps (23, 24). The inner
helices create the pore-forming region, and sequence homology
suggests an arrangement similar to various tetrameric ion
channel structures. A major point of interest lies with the
motions the channel undergoes during opening and closing.
Based on different cryo-EM reconstructions of RyR1, there is
still some debate about the movements the inner helices
undergo during channel opening (22–24). A systematic inves-
tigation of the open and closed states at 10.2Å seems to indicate
that the inner helices kink, thuswidening the pore during chan-
nel opening (22). A 9.6 Å cryo-EM structure of RyR1, reported
to be in the closed state, shows that these helices are already
kinked and thus suggests an alternativemechanism for channel
opening (24). It is of course possible that the extraction and
purification conditions in this latter study were not favorable
for a closed state, but higher resolution studieswill be needed to
shed light on this matter. It is also clear from these studies that
the RyR is a bona fide allosteric protein, as channel opening
results in substantial structural rearrangements in the cytoplas-
mic portion. The most prominent motions occur near the cen-

tral rim and the clamp regions (Fig. 2) (22). The movements in
the transmembrane and cytoplasmic portions are most likely
transmitted via the columns. Due to this allosteric coupling,
binding of ligands or auxiliary proteins to anymobile portion of
the cytoplasmic region can influence the ability of the pore
region to open.
In a physiological context, many RyRs will not be found in

isolation but rather in a cluster with neighboring channels. An
interesting feature of theRyR is that it can form regular arrays at
the SR-plasma membrane junctions. Using purified protein, it
has been shown that RyR1 can form planar crystalline arrange-
ments, forming checkerboard patterns in the absence of any
other protein (29). Two-dimensional crystallization experi-
ments show that subregion 6 in the clamp region is responsible
for the interprotein contacts (30). As the clamp region has been
shown to undergo substantial motions during opening and
closing (22), motions in one RyR channel can thus be transmit-
ted to neighboring RyRs. Thismay underlie the phenomenon of
coupled gating, whereby opening of one channel can induce
opening in neighboring channels through physical interactions
(31). Although the ability to form two-dimensional crystals
holds promise for improved resolutions, so far these have not
yet exceeded the single-particle cryo-EM studies.

FIGURE 1. Overall structure. Shown is a cryo-EM reconstruction of RyR1 at 9.6 Å (Electron Microscopy Data Bank entry 1275) (24). A, top view from the
cytoplasm, looking toward the SR/ER. B, side view showing the large cytoplasmic head. Labels show the structural elements and the numbered subregions. TM,
transmembrane domain.

FIGURE 2. Allosteric movements. Shown is the superposition of RyR1
cryo-EM maps in the closed (blue) and open (red) states (Electron Microscopy
Data Bank entries 1606 and 1607) (22). The arrows and distances show the
overall motions in the cytoplasmic region as the RyR opens.
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Regulators

A Ca2�-selective pore could be made with just a few trans-
membrane �-helices. Why is it then that we have evolved
�2-MDa giants to fulfill the same function? The answer
undoubtedly lies with regulation: as Ca2� is a very potent mes-
senger, its entry into the cytoplasm through RyRs is tightly con-
trolled by amyriad of proteins, smallmolecules, and post-trans-
lationalmodification events that affect opening or closing of the
channels. By providing a large cytoplasmic mass and many sol-
vent-filled cavities, each RyR yields�500,000Å2 of surface area
(transmembrane area included) onto which many regulators
can dock. In addition to the Ca2� and voltage-gated calcium
channels mentioned above, these modulators include binding
partners in both the cytoplasmic and SR/ER luminal portions
that can provide either positive or negative input signals (Fig.
3A). The list is too extensive to cover every binding partner in

detail, but several excellent reviews have provided comprehen-
sive overviews (6, 32). Here, I describe a number of regulators
that have received a lot of attention.
Well known binding partners of RyRs are FK506-binding

proteins (FKBPs). Named according to their molecular mass,
both FKBP12 and FKBP12.6 can associate with all three RyR
isoforms (33). The affinity seems to be quite strong, as FKBP12
co-purifies with RyR1, and FKBP12.6 co-purifies with RyR2.
They stabilize the closed state of the channels and prevent the
formation of subconductance states in RyR1 (34). Using
cryo-EM studies, FKBPs were found to bind in a site near sub-
domains 3, 5, and 9 (35, 36), and this was confirmed via FRET
studies (37, 38). On the amino acid level, it was reported that a
Val-Pro (RyR1 and RyR3) or Ile-Pro (RyR2) motif formed the
binding site for FKBPs, but several other studies disagree (e.g.
see Ref. 39).

FIGURE 3. Binding partners and ligands. A, schematic overview of the RyR and voltage-gated calcium channel (CaV), present in two different membranes,
along with several binding partners in the cytoplasmic and luminal areas. 4-CmC, 4-chloro-m-cresol. B, locations of several protein-binding partners based on
difference cryo-EM.
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Other well studied regulators are EF-hand-containing pro-
teins that can bind Ca2�. Calmodulin (CaM) can associate with
the RyR under both apo- and Ca2�-loaded conditions and fine-
tune the effect of Ca2�. The functional effect of CaM depends
on both the Ca2� concentration and the RyR isoform. At high
Ca2� levels, CaM can inhibit both RyR1 and RyR2. At lowCa2�

levels, however, it activates RyR1 but inhibits RyR2 (40–43).
Many studies have focused on identifying the sequences in
RyRs that can bind CaM. Currently, there is one crystal struc-
ture available for Ca2�/CaM bound to a peptide from RyR1
(residues 3614–3643). In this case, both CaM lobes wrap
around an amphipathic �-helix in an antiparallel arrangement,
with the N-terminal lobe bound to the C-terminal half and the
C-terminal lobe bound to the N-terminal half of the helix (44).
However, several other RyR peptides are found to bind CaM
(e.g.Ref. 45), and it is likely that theCa2�/N-terminal lobe binds
a different segment in intact RyRs (44, 46). Interestingly, the
same RyR1 peptide can bind the EF-hand protein S100A1,
which can enhance opening of both RyR1 and RyR2 (47). An
NMR structure shows that its binding site overlaps with the
Ca2�/CaM-binding site (48), and it is therefore likely that
S100A1 acts by displacing CaM at high Ca2� levels, thus abol-
ishing the latter’s inhibitory effects. Sorcin is yet another EF-
hand-containing protein that can associate with RyR2 at ele-
vated Ca2� concentrations and mediate inhibition (49).
Using cryo-EM reconstructions, the binding of both apo-

CaM and Ca2�/CaM has been visualized on intact RyRs (50).
These show that the location of CaM changes upon binding
Ca2�, in accordance with the differential functional effects of
CaM at various Ca2� levels (Fig. 3B). FRET-based measure-
ments between CaM and FKBP suggest that the N-terminal
lobe is closer to FKBP than the C-terminal lobe (37). As both
CaM and FKBP are located in a region of the channel that
undergoes substantial motions upon opening and closing (22),
these allosteric modulators likely act by stabilizing or destabi-
lizing individual states.
Calsequestrin is a major Ca2�-buffering protein in the SR

lumen. It can form oligomers and interact with the mem-
brane-associated proteins junctin and triadin. Together, this
complex is thought to either increase or decrease the RyR
activity depending on the calsequestrin isoform, although
little is known about the exact molecular mechanisms (51).
Homer 1c is an adaptor protein that can activate RyR1 and

inhibit RyR2 (49). In addition to various protein-binding part-
ners, RyRs are also modulated by small molecules like Mg2�

(inhibition) and ATP (activation) (14), toxins like natrin (inhi-
bition) and imperatoxin (activation), and several non-physio-
logical ligands (caffeine, 4-chloro-m-cresol, ruthenium red,
volatile anesthetics, and dantrolene). Importantly, RyRs are
sensitive to redox conditions and can be activated, for example,
by NO (Fig. 3A).

Phosphorylation

RyRs are the target for several kinases (PKA, PKG, andCa2�/
CaM-dependent protein kinase II (CaMKII)) and phosphatases
(PP1, PP2A, and PDE4D3). Some of these enzymes are
anchored to RyRs via scaffolding proteins, allowing for specific
and compartmentalized regulation (32). Phosphorylation by

PKA has received a lot of attention, as it forms the link between
physiological stress and RyRs via activation of �-adrenergic
receptors. PKA targets several cytoplasmic proteins, and at
least two RyR residues (Ser-2843 in human RyR1 and Ser-2030
and Ser-2808 in RyR2) can be phosphorylated by PKA. How-
ever, a great deal of controversy exists about which phos-
phorylation event predominates and the role of this in heart
failure. On the one hand, Ser-2808 was found to be hyperphos-
phorylated by PKA in heart failure, leading to the dissociation
of FKBP12.6. As the latter stabilizes the closed state, the disso-
ciation would then lead to enhanced activity of the RyR (52).
However, several groups have failed to detect PKA hyperphos-
phorylation in heart failure anddid not observe a dissociation of
FKBPs by RyR phosphorylation (e.g.Refs. 53 and 54). For exam-
ple, one report found that Ser-2808 is already highly phos-
phorylated in the basal state and that instead Ser-2030 is the
major PKA target residue in RyR2 (55).Most likely, much of the
controversy has to do with details in the preparations. For
example, RyRs are sensitive to redox conditions, and a different
amount of oxidation in the various studies could therefore
influence the affinity for FKBPs (56).
CaMKII is regulated by intracellular Ca2� concentrations

throughCaM. Like PKA, it can phosphorylate Ser-2843 inRyR1
and Ser-2808 in RyR2 but also seems to have a unique phos-
phorylation site in RyR2 (Ser-2814). CaMKII was found to
increase the open probability and Ca2� sensitivity of the chan-
nel (57) and has also been shown to contribute to cardiac
arrhythmia and contractile dysfunction (58).

Disease Mutations

Although the roles and mechanisms of RyRs in heart failure
are still under scrutiny, it has become clear that mishandling of
Ca2� in the cytoplasm due to mutations in the ryr genes can
give rise to severe conditions. No disease phenotype has been
associated with RyR3 mutations, but both RyR1 and RyR2 have
been linked to a number of genetic diseases that are due mostly
to their prominent role in muscle contraction (59–61). Malig-
nant hyperthermia (MH) is a pharmacogenetic disorder, char-
acterized by muscle rigidity and fatal rises in body temperature
(62, 63). It is typically triggered by the combination of a RyR1
mutation and an external compound such as a volatile anes-
thetic or succinylcholine, a muscle relaxant. In some cases,
stress may serve as an alternative external trigger (64). In pigs,
the RyR1 mutation R615C was found to cause the related por-
cine stress syndrome (65, 66), and the corresponding mutation
in humans was soon found to underlieMH (67). In aMH event,
an excessive leak of Ca2� from the SR results in a hypermeta-
bolic state, depleting theATPpool and leading to acidosis. Dan-
trolene is a clinically approved drug to treat MH and acts by
decreasing the intracellular Ca2� concentration (68). Several
studies suggest a direct interaction between dantrolene and
RyR1 (69, 70). Dantrolene inhibits RyR1 even when expressed
in a heterologous system such as HEK293 cells and appears to
inhibit SOICR (71). However, the single-channel behavior of
RyR1 incorporated in planar lipid bilayers appears to be unaf-
fected, and the precise mechanism of action is therefore still
unknown.
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In addition to MH, RyR1 mutations can cause congenital
myopathies such as central core disease (CCD) (72, 73). The
latter is characterized by cores of metabolically inactive tissue
in the center of muscle fibers, which can lead to muscle weak-
ness. In contrast to MH, CCD does not require an external
trigger. Although RyR1 is abundant in skeletal muscle, it is also
widely expressed in the brain, and aCCDmutationwas recently
shown to have a neuronal phenotype (74). Other defects asso-
ciated with RyR1 mutations include heat/exercise-induced
exertional rhabdomyolysis (75), multiminicore disease (76),
and atypical periodic paralysis (77).
Because RyR2 plays a major role in cardiac excitation-con-

traction coupling, mutations in this isoform can give rise to
cardiac arrhythmias. Catecholaminergic polymorphic ventric-
ular tachycardia (CPVT) is a condition often triggered by emo-
tional or physical stress, leading to bidirectional ventricular
tachycardia that may result in sudden cardiac death (78). A
popular model assumes that the leakage of Ca2� through RyR2
increases the activity of the Na�/Ca2� exchanger, which allows
for the electrogenic influx of three Na� ions in exchange for
efflux of one Ca2� ion, resulting in delayed afterdepolarizations
(59). In addition to CPVT, RyR2 mutations associate with
arrhythmogenic right ventricular dysplasia, in which the right
ventricular muscle is gradually replaced by fibrofatty deposits
(79). As RyR2 is also widely expressed in the brain, theremay be
neuronal effects of the mutations as well, and a mouse model
has shown that RyR2 mutations can also give rise to seizures
(80).
Since the initial links between RyR mutations and disease

were established, �300 disease mutations have been identified.
In both RyR1 and RyR2, most of these cluster in three or four
different “hot spots,” located in the N-terminal region (first
�600 amino acids), a central region (amino acids �2100–
2500), and the C-terminal area (amino acid �3900–end) (Fig.
4A) (60, 81). However, the appearance of clustersmay be due, in
part, to sequencing bias, and mutations are increasingly found
outside of these three segments. The C-terminal portion
encodes the transmembrane area, and a subset of mutations
could thus interfere directlywith the passage ofCa2�. However,
this third hot spot also encodes a substantial amount of cyto-
plasmic components. Interestingly, many CCD mutations are
found in the C-terminal region.
A general observation is that most disease mutations cause a

gain of function, although there are exceptions (82). These
mutations then lead to premature or prolonged release of Ca2�

in the cytoplasm. It has been shown that CPVT mutations in
RyR2 lower the threshold for activation by luminal Ca2�, thus
affecting SOICR (16, 83). In addition, many studies have shown
that the mutations increase the sensitivity of the channels to
activating agents (e.g. Refs. 84 and 85). One hypothesis suggests
that there is a direct interaction between the N-terminal and
central hot spots and that this interaction is “unzipped” during
channel opening through allosteric coupling (86, 87). Disease
mutations clustered at this interface would thus weaken the
interaction and facilitate channel opening. This theory is based
on spectroscopic measurements and the ability of peptides to
interfere with channel function, but a direct interaction
between individually folded domains of the N-terminal and

central hot spots has not yet been shown. Another theory, sim-
ilar to the effect of PKA phosphorylation, proposes that the
disease mutations weaken the interaction with FKBPs, and the
resulting dissociation of FKBP then leads to increased single-
channel activity under conditions that simulate stress (88).
Despite the differences, the combined data converge on a gain
of function for most disease mutations, with a concomitant
increased sensitivity toward cytoplasmic or luminal activation
mechanisms and decreased binding of modulators that prefer-
entially bind to the closed state.

Crystal Structures and Domain Architecture

Despite the availability of high-quality cryo-EM maps, the
current resolution is too small to pinpoint the location of indi-
vidual amino acids. In trying to match primary with tertiary
structure, many studies have benefited from raising antibodies
against particular stretches of the RyR sequence or from insert-
ing GFP at various locations in the sequence. Cryo-EM recon-
structionswere thenmade for theRyR-antibody complexes and
fusion proteins, which created restraints on the position of the

FIGURE 4. Disease hot spots. A, linear view of the RyR sequences, with each
vertical line representing a disease mutation. The shaded areas indicate exper-
imentally verified (domains A–C) and some key predicted domains. Another
truncated repeat may be present between SPRY2 and SPRY3 (not shown). The
domain boundaries are numbered according to the RyR1 sequence. Except
for domains A–C, the numbering is only a prediction and may vary (Ref. 97
and the Phyre2 server, Structural Informatics Group, Imperial College Lon-
don). The predicted pore-forming area is based on homology to the pore-
forming region of a bacterial voltage-gated sodium channel (Protein Data
Bank code 3RVZ). B, crystal structure of the RyR1 ABC region (Protein Data
Bank code 2XOA) (93). Disease mutations are shown as black sticks. Mutations
in flexible loops have been omitted for clarity. C and D, location of the RyR1
ABC domains in the RyR1 cryo-EM map. The domains are shown in surface
representation. Black patches correspond to the locations of disease muta-
tions. Shown are a view from the cytoplasm (C) and a side view with one-half
omitted (D). E, crystal structure of the RyR2 phosphorylation domain. The
labels indicate phosphorylation target sites within the phosphorylation loop.
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sequence in the three-dimensional structure (for a review, see
Ref. 21). Using this approach, it was shown, for example, that
insertions in the N-terminal and central disease hot spots both
yield difference density in the clamp region, suggesting that
these segments may be in close proximity (89), in agreement
with the zipper hypothesis.
Although no well diffracting crystals have been reported for

the intact RyR, four reports have provided high-resolution
information on individually folded RyR domains, correspond-
ing to the N-terminal domains of RyR1 (residues 1–205) (90,
91) and RyR2 (91, 92) and a larger N-terminal region of RyR1
(residues 1–559) (93). The latter study represents the bulk of
the N-terminal disease hot spot and shows that it is built up by
three individually folded domains (A–C) that form a compact
arrangement (Fig. 4B). Domains A and B form �-trefoils, con-
taining 12 �-strands each, whereas domain C consists of a five-
helix bundle. Docking of this hot spot in several RyR1 cryo-EM
maps shows that it is located in the cytoplasmic portion, form-
ing a vestibule around the 4-fold symmetry axis (Fig. 4, C and
D). Although this position may seem at odds with a GFP inser-
tion study (89), the data can be reconciled when the length of
the linkers for the fusion protein is taken into consideration
(93).
Over 55 disease mutations (RyR1 and RyR2 combined) can

be located in the crystal structure and pseudo-atomic model.
Most of these are found at domain-domain boundaries, either
in between the three domains or at interfaces with neighboring
RyR domains. This suggests that some domain interactions
may be disrupted during channel opening and thatmutations at
such functional interfaces facilitate the process by weakening
the contacts. Six mutations were found to be buried within
individual domains, and these could alter the local folding of the
domains, thereby having a less specific effect.Most of themuta-
tions are at interfaces with other N-terminal hot spot domains,
either within or across subunits. The zipper hypothesis, involv-
ing interactions with the central hot spot region, can therefore
apply to only less than one-third of the N-terminal mutations.
Most disease mutations consist of point substitutions, but a

very severe form of CPVT is caused by deletion of the entire
third exon of RyR2, consisting of 35 amino acids (94). This exon
encodes a �-strand and �-helix in RyR2 domain A, but rather
than causingmisfolding, the deletion increases the thermal sta-
bility of the domain (91, 92). A crystal structure of the mutant
domain shows that this is accomplished by insertion of a flexi-
ble loop, encoded by the fourth exon, into the �-trefoil core
(92). In non-diseased individuals, this may represent a case of
alternative splicing, whereby two short stretches “compete” for
a �-strand position. This allows for the formation of an alter-
native N-terminal domain, which further fine-tunes the RyR
activity.
RyRs also encode tandem repeats that are present at least two

times in the sequence (Fig. 4A). Crystal structures of this
domain in the central region of RyR1, RyR2, and RyR3 show a
mostly � helical structure with 2-fold symmetry (Fig. 4E) (95).
The repeats are separated by a flexible loop that contains up to
7 different phosphorylation target sites, including the well-
studied Ser-2808 and Ser-2814 sites in RyR2. In addition to the
crystallized portions, the RyR genes encode a number of pre-

dicted cytoplasmic domains (Fig. 4A). This includes three SPRY
domains encoded in the N-terminal one-third of the sequence.
SPRY domains were first detected in the SplA kinase and in
RyRs. The core of the SPRY structure consists of a sandwich
formed by two four-stranded antiparallel �-sheets. They gen-
erally form protein-protein interaction domains and thus may
serve as docking sites for auxiliary proteins in RyRs. The second
SPRYdomain inRyR1has been suggested to formadocking site
for the CaV1.1 II-III loop (96). Tandem EF-hands, forming
likely Ca2�-binding sites, are encoded closer to the C terminus
(97).

RyR and the Inositol 1,4,5-Trisphosphate Receptor

The ERmembrane is home to another Ca2� release channel,
modulated by inositol 1,4,5-trisphosphate (IP3). Although
much smaller (�1 MDa), this IP3 receptor (IP3R) also forms a
tetrameric assembly and shares many structural features with
RyRs, predominantly in the transmembrane and N-terminal
regions. A recent cryo-EM structure at �9.5 Å of IP3R isoform
1 displays an overall mushroom shape, although with a smaller
cap than for the RyR (98). Several crystallographic studies on
the N-terminal region of IP3Rs show a striking similarity to
domains A–C in RyRs (99, 100). IP3R domain A (also known as
the “suppressor domain”) and domains B and C (together
known as the IP3-binding core) display a similar overall
arrangement and domain interactions as in the RyR1 ABC
structure. Docking in the 9.5 Å IP3R cryo-EM map yields a
similar position, whereby fourN-terminal ABCdomains form a
continuous ring around the 4-fold symmetry axis (99). Binding
of IP3 between domains B and C causes a rearrangement of the
three N-terminal domains, with domain A moving �3–4 Å
toward domains B andC (99, 100). An overall theme thus seems
to emerge in both Ca2� release channels. Affecting the inter-
faces between the ABC domains, either by ligand binding in
IP3Rs or by disease mutations in RyRs, seems to facilitate chan-
nel opening in both receptors. The overall similarity in struc-
ture andmechanisms between both channels is further corrob-
orated by the fact that both domain A and the transmembrane
area can be functionally swapped (99).

Conclusion

Much remains unknown about the molecular mechanisms
that underlie opening and closing of the RyR. In the absence of
full-length crystal structures, the construction of pseudo-
atomic models holds much promise. Smaller domains may
prove more cumbersome to dock reliably, but together with
restraints provided by difference cryo-EM and FRET measure-
ments, there is great promise to solve this three-dimensional
puzzle in the years to come.
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Cyclic ADP-ribose and nicotinic acid adenine dinucleotide
phosphate were discovered >2 decades ago. That they are sec-
ondmessengers formobilizingCa2� stores has since been firmly
established. Separate stores and distinct Ca2� channels are tar-
geted, with cyclic ADP-ribose acting on the ryanodine receptors
in the endoplasmic reticulum, whereas nicotinic acid adenine
dinucleotide phosphate mobilizes the endolysosomes via the
two-pore channels. Despite the structural and functional differ-
ences, bothmessengers are synthesized by a ubiquitous enzyme,
CD38, whose crystal structure and catalytic mechanism have
now been well elucidated. How this novel signaling enzyme is
regulated remains largely unknown and is the focus of this
minireview.

Awide range of physiological functions are signaled and reg-
ulated by mobilization of intracellular Ca2� stores. The gener-
ally accepted view is that cells possess multiple types of stores
that can be mobilized by specific messenger molecules. The
first such molecule identified was inositol trisphosphate (IP3),2

and it is a messenger for the Ca2� stores in the endoplasmic
reticulum (ER) (1). This was soon followed by the discovery of
two unrelated nucleotides with Ca2�-mobilizing activity, cyclic
ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide
phosphate (NAADP) (2–4). NAADP is derived from NADP,
whereas cADPR is ametabolite of NAD. That these well known
coenzymes of cellular redox reactions are linked to Ca2� mobi-
lization as well is unexpected. Results accumulated in the past 2
decades establish that these two nucleotide messengers regu-
late diverse cell functions ranging from abscisic acid signaling
in plants and sponges (5, 6) and cell fission in dinoflagellates (7)
to social behavior in mice (Ref. 8; reviewed in Refs. 9–12).

Structure and Function of cADPR

NAD is a linear molecule, and many of the NAD-utilizing
enzymes, including redox enzymes, such as lactate dehydro-
genase, bind it to their active sites in its linear form as well (13).
It is thus remarkable that cADPR, a metabolite of NAD, is a
cyclic molecule with the adenine ring linked back to the termi-
nal ribose, forming a complete circle (Fig. 1) (3, 4), foretelling
the uniqueness of its catalytic synthesis by CD38.
The Ca2�-mobilizing activity of cADPR was first demon-

strated in sea urchin eggs and shown to be independent of the
IP3 mechanism (14, 15) but acting instead via the potentiation
of the Ca2�-induced Ca2� release process (16, 17). Pharmaco-
logical and single-channel reconstitution studies subsequently
confirmed that the target of cADPR is the ryanodine receptor
(reviewed in Refs. 11 and 18). In effect, cADPR sensitizes the
receptor to Ca2� in a manner similar to caffeine but with much
higher potency (17). The sameCa2� stores in the ER can thus be
mobilized by two distinctmessengers, IP3 and cADPR.There is,
however, one major difference: the action of cADPR on the
ryanodine receptor requires additional protein factors, such as
calmodulin (19–21) and FK506-binding protein. Indeed, there
are results suggesting that the actual receptor for cADPR is
FKBP12.6 (22–25).
There is growing evidence that in addition to mobilizing

intracellular Ca2� stores, cADPR can also activate aCa2� influx
channel, TRPM2, at the cell surface. The activating effect of
cADPR on TRPM2 is synergistic with ADP-ribose, the hydrol-
ysis product of cADPR (26). The action of cADPR on the chan-
nel is temperature-dependent, may function as a temperature-
sensing mechanism in cells, and may be involved in regulating
insulin secretion (27).

Structure and Function of NAADP

That cADPR is a metabolite of NAD prompted the testing of
NADP as well and led to the first detection of the Ca2�-mobi-
lizing activity of NAADP as a contaminant in commercial
NADP (2). Structure determination shows that it is a derivative
of NADP with its nicotinamide group replaced with a nicotinic
acid group (Fig. 1). Intuition would suggest that deamidation of
NADP should produceNAADP. This is not the case. Instead, as
described later, the same enzyme (CD38) that cyclizes NAD to
produce cADPR surprisingly is also responsible for forming
NAADP (28).
It was apparent early on thatNAADPactivates aCa2� release

mechanism pharmacologically distinct from the ryanodine and
IP3 receptors (2). Its action also exhibits a remarkable self-sen-
sitization behavior (29, 30). The Ca2� stores that NAADP
mobilizes are separable from those activated by cADPR and IP3.
This was first shown by fractionation of sea urchin egg homo-
genates (31) and by Ca2� imaging of live eggs with their organ-
elles stratified by centrifugation (32). The targeted organelles
were later identified as the acidic reserve granules in the eggs
that are related to lysosomes (33). That NAADP mobilizes the
endolysosomes has since been confirmed in a variety of cell
systems (reviewed in Refs. 34 and 35), establishing the concept
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that selective organellar Ca2� stores are regulated by specific
messengers.
The actual Ca2� release channels targeted by NAADP have

recently been identified as the lysosomal two-pore channels
(TPCs) (36, 37). Although these channels have been docu-
mented for some time basedmainly on sequence analyses, their
functions were largely unknown until now. Three isoforms
have been reported, and both types 1 and 2 are responsive to
NAADP (36, 37). Thus, cellular response to NAADP can be
enhanced by overexpression of TPC and reduced by channel
knockdown. In smooth muscle cells, ablation of TPCs
depressed both the NAADP- and carbachol-induced contrac-
tion, linking the physiological function of TPCs and NAADP
(38). Similar results have been reported for differentiation of
skeletal muscle cells (39), autophagy in astrocytes (40), and his-
tamine receptor-mediated secretion of von Willebrand factor
in endothelial cells (41).
Similar to cADPR, there is evidence that NAADP may also

activate Ca2� influx. In starfish oocytes, intracellular release of
NAADP by photolysis of caged NAADP was observed to acti-
vate an inwardly rectifying Ca2� current that requires an intact
F-actin cytoskeleton (42).

Separate but Interacting Ca2� Stores

Although physically separable, the Ca2� stores in the ER and
the endolysosomes can still interact in at least two ways. First,
the Ca2� released from the endolysosomal stores can be
sequestered by the ER stores, priming the latter for enhanced
release. This mechanism is proposed to account for the
NAADP-induced Ca2� oscillation observed in sea urchin eggs

(12, 43) and the excitation-contraction coupling in atrial myo-
cytes (44).
Alternatively, the Ca2� release from the endolysosomal

stores can activate further release from the ER stores via the
Ca2�-induced Ca2� release mechanism. In this manner,
NAADP acts as a trigger, whose Ca2� signal is then amplified
through the Ca2� release regulated by cADPR and IP3. This
mechanism was first proposed to account for the blockage of
the cholecystokinin (CCK)-activated and NAADP-dependent
Ca2� release in pancreatic acinar cells by antagonists of the
cADPR and IP3 pathways (45).Measurements indeed show that
the cellular NAADP level elevates immediately after CCK addi-
tion, preceding those of cADPR and IP3 (46). Similar conclu-
sions have been obtained in a variety of cells, from sea urchin
eggs (47) to human Jurkat cells (Ref. 48; reviewed in Ref. 10).
Despite having three structurally and functionally distinct

Ca2� messengers operating in cells, remarkable specificity is
observed in pancreatic acinar cells. Both acetylcholine (ACh)
and CCK can trigger Ca2� oscillations in these cells, but only
CCKcan elevateNAADP.On the other hand,ACh activates the
production of cADPR but not NAADP. CCK can also elevate
cADPR but with amuch slower time course thanNAADP, con-
sistent with NAADP being the triggering signal (46, 49). Simi-
larly, in human sperm, progesterone stimulates elevation only
of endogenous cADPR but not NAADP (50).
Dissecting the interaction between the multiple Ca2� stores

and messengers has been greatly aided by the development of
specific inhibitors. The derivatives of cADPR modified at the
8-position of the adenine, 8-amino-cADPR and 8-bromo-
cADPR (Fig. 1), were the first specific antagonists of cADPR

FIGURE 1. Crystal structures of cADPR and NAADP. The structure of cADPR was obtained from crystals of its free acid, and that of NAADP was from the crystals
of the complex of NAADP and CD38. The cyclization site in cADPR is indicated by an ellipse. The C8 of cADPR is indicated by a white asterisk. Attachment of a
bromo (8-bromo-cADPR) or an amino (8-NH2-cADPR) group at this position converts the compound to a specific antagonist of cADPR. The structure of NAADP
is identical to that of its parent NADP, except that the amide nitrogen of the nicotinamide group of NADP is changed to oxygen as indicated by the circle. Blue,
nitrogen; red, oxygen; yellow, phosphorus; green, carbon.

MINIREVIEW: Cyclic ADP-ribose and NAADP

31634 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 38 • SEPTEMBER 14, 2012



developed (51). 8-Bromo-cADPR is commercially available and
is themost widely used diagnostic antagonist for cADPR.Mod-
ulators of the ryanodine receptor, ryanodine and caffeine, can
also be used to assess the cADPRmechanism. A specific antag-
onist forNAADP,NED-19, has been developed based on virtual
screening of chemical libraries for compounds with structural
similarity to NAADP (52). NED-19 specifically blocks both
NAADP-dependent Ca2� signaling andNAADP binding to the
receptor. AsNAADPmobilizes the endolysosomal Ca2� stores,
inhibitors that target their Ca2� transport, such as bafilomycin,
nigericin, etc., have also been used to suppress selectively the
NAADP-dependent Ca2� signaling (49). Likewise, thapsi-
gargin, an inhibitor of the Ca2�-ATPase in the ER, can be used
to selectively block the cADPR or IP3 signaling.

Stimulus-induced Elevation of cADPR and NAADP

That cADPR andNAADP can activate Ca2� signaling in cells
and affect biological functions fulfills only partially the criteria
for second messengers. Their endogenous levels need to be
shown to change in a stimulus-dependent manner. The first
measurement of the endogenous levels of cADPR was done in
various rat tissues using a bioassay based on Ca2� release in sea
urchin egg homogenates (53). Amore convenient and sensitive
fluorometric assay based on signal amplification via the cou-
pling of specific enzymeswas later developed and is widely used
(54). Stimulus-induced changes in cADPR levels have since
been documented in a variety of cells, including plants respond-
ing to abscisic acid (5), a dinoflagellate during the cell cycle (7),
sea urchin eggs responding to fertilization (55), and human
sperm responding to progesterone (50).
That NAADP is endogenously present in cells was first

shown in sea urchin spermusing a radioreceptor assay based on
the egg homogenates (56). A fluorometric assay similar to that
for cADPR has also been developed (48, 57). Diverse agonists
are known to elevate cellular NAADP levels, including CCK
(46), glucagon-like peptide-1 (58), thrombin (59), and insulin
(60). These results establish that cADPR and NAADP are both
secondmessengers operating in a wide range of cells regulating
an equally wide range of cell functions.

Structures of CD38 and ADP-ribosyl Cyclase

As a newly discovered molecule, the enzymatic synthesis of
cADPR was completely unknown. Remarkably, it was its enzy-
matic conversion from NAD, unmasking its Ca2�-mobilizing
activity, that had led to its discovery (4, 14). However, the first
purified enzyme shown to synthesize cADPR was not from sea
urchin but from Aplysia, another marine animal. The Aplysia
ADP-ribosyl cyclase (referred to hereafter as the cyclase) is a
29-kDa protein with a turnover rate of 580 s�1 for cADPR pro-
duction (61), making it one of the most efficient enzymes.
CD38, themammalian homolog of the cyclase, was identified

by sequence comparison (62) and shown to possess cADPR-
synthesizing activity aswell (63–65). Unlike the soluble cyclase,
CD38has a single-transmembrane segment, a shortN-terminal
tail, and a C-terminal domain that possesses all of the enzy-
matic activities (Fig. 2) (28, 66). The sequence identity between
the two proteins is only �23%, but the crystal structure of the
C-terminal domain of CD38 (67) is virtually identical to that of

the cyclase (68). Also, the 10 cysteine residues in the cyclase are
perfectly aligned with those in CD38, and all of them paired as
disulfide linkages. There are five disulfides in the cyclase and six
in CD38 (Fig. 2).
The active sites are located in essentially identical pockets

near the middle of both proteins (Fig. 2), with a highly con-
served segment forming the bottom of both pockets (69, 70).
The conserved catalytic residues Glu-226 in CD38 andGlu-179
in the cyclase are located near the bottom of the active sites (69,
70).

Catalytic Mechanisms of CD38 and the Cyclase

Despite the structural similarity, there is one major catalytic
difference between CD38 and the cyclase. Using NAD as sub-
strate, the cyclase produces essentially all the product as
cADPR, whereas CD38 producesmainly ADP-ribose, with only
a small amount of cADPR (63–65). As noted above, ADP-ri-
bose, as an activator of the TRPM2 channels, is a Ca2�-signal-
ing messenger in its own right. The molecular determinants
that control the NAD-cyclizing and NAD-hydrolyzing activi-
ties have been shown to be Glu-146 and Thr-221 in CD38 and
Phe-174 in the cyclase (71). Mutating Glu-146 to Ala and Thr-
221 to Phe converts CD38 to a cyclase-like enzyme producing
predominantly cADPR from NAD, whereas changing Phe-174
to Thr correspondingly converts the cyclase to a CD38-like
enzyme.
NAADP and cADPR are structurally and functionally dis-

tinct, and their parent compounds are also different. It is thus
remarkable that NAADP is produced by the same enzymes.
Both CD38 and the cyclase catalyze a base-exchange reaction
that replaces the nicotinamide group of NADP with nicotinic

FIGURE 2. Crystal structure of CD38. The secondary structure of the C-ter-
minal domain of CD38 is shown, with helices in red, �-sheets in yellow, and
coils in gray. The disulfides are labeled and colored cyan. The transmembrane
segment is modeled as a gold helix, whereas the N-terminal tail as a random
coil. A molecule of NAD is bound at the active site near the middle of the
C-terminal domain and is rendered in stick configuration. Red, oxygen;
orange, phosphorus; green, carbon; blue, nitrogen. The upper inset shows the
active site in surface view. The nicotinamide end of the bound NAD enters
the site first, whereas the adenine end is positioned toward the opening of
the site. The lower inset lists the multiple reactions catalyzed by CD38. The
synthesis and hydrolysis of cADPR occur at neutral pH, whereas those of
NAADP occur at acidic pH. NA, nicotinic acid, ADPRP, ADP-ribose phosphate.
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acid (28). This reaction is unusual in that it requires acidic pH,
which, in fact, was the first clue suggesting that NAADP could
be targeting the acidic organelles (72). This pH dependence is
dictated by the acidic residues Glu-146 and Asp-155 at the
active site of CD38, whose negative charges at neutrality repel
the approach of the negatively charged substrate nicotinic acid
(73).
The multifunctionality of CD38 and the cyclase goes beyond

synthesizing cADPR and NAADP. Indeed, CD38 can also
hydrolyze NAADP to ADP-ribose phosphate (73), whereas
both enzymes can hydrolyze cADPR toADP-ribose as well (Fig.
2, inset) (63, 74). It thus appears that CD38 is specifically
equipped to metabolize these two novel Ca2� messengers.
Using crystallography in combination with site-directed

mutagenesis, the mechanism of this novel multicatalytic prop-
erty of CD38 and the cyclase has been well elucidated (74–78).
It has been shown that NAD enters the active site pocket with
the nicotinamide end first (74, 76). The adenine end is extended
out of the site and has high degree of freedom to move and
rotate. The 2�-OH of the adenylyl ribose of NAD points toward
the opening of the active site pocket (Fig. 2, inset), and thus, its
phosphorylation does not interfere with the substrate binding,
accounting for why both NAD and NADP can serve as sub-
strates. The catalytic residues Glu-226 in CD38 and Glu-179 in
the cyclase form hydrogen bonds with the –OH groups of the
terminal ribose, destabilizing the glycosidic bond and leading to
its breakage and the release of the nicotinamide. An intermedi-
ate is formed. Both noncovalent and covalent types have been
observed, depending on the substrate used (77).
The final catalytic product formed depends, however, on

which nucleophile is available. With nicotinic acid attacking
the anomeric carbon of the intermediate, NAADP is produced.
On the other hand, cyclization occurs by intramolecular attack
by the N1 of the adenine and produces cADPR instead. If the
access of water to the site is predominating, hydrolysis results,
and ADP-ribose is formed.
The active site also binds cADPR readily, forming hydrogen

bonds between the catalytic residues and the –OH groups of
the terminal ribose, in a manner similar to that observed for
NAD (76). This can lead to similar hydrolysis of the cycling
bond between the anomeric carbon of the terminal ribose and
the N1 of the adenine ring (Fig. 1), producing ADP-ribose.
Themost novel of these catalytic reactions, the cyclization of

NAD, has recently been visualized (79, 80).When a close analog
of NAD, 2�-deoxy-2�-fluoroarabinoside NAD, is used as sub-
strate, it is hydrolyzed like NAD to release the nicotinamide
group, but its anomeric carbon of the terminal ribose then
forms a covalent linkagewith the catalytic residueGlu-226 (80).
One end of the linear intermediate is thus anchored to the
active site, whereas the adenylyl end is free to fold back. Crys-
tallography of the complex shows that there are sixmolecules of
CD38 in each of the asymmetric units. The polypeptide back-
bones of all of these molecules superimpose well, but each has
the covalent intermediate in a different conformation (80).
Similar results were obtained with the cyclase, and eight mole-
cules are seen in each unit (79). All of the conformations of the
intermediate can bemapped to each other by single-bond rota-
tion (71, 79, 80), indicating they are substates of the cyclization

process. A movie of the process can be made by ordering these
substates (see supplemental data in Ref. 79), revealing that the
folding of the linear substrate involves a major rotation of the
adenine ring around its ribosyl bond, such that itsN1 position is
oriented toward the cyclization site, the C1 of the terminal
ribose (Fig. 3). This is an amazing finding, as crystallography is
intrinsically a static measurement, and yet it has been used to
reveal details of a dynamic process.

Physiological Functions of CD38

The identification of CD38 as a mammalian cADPR-synthe-
sizing enzyme allows the use of gene knock-out to assess its
physiological importance. Various type of cells isolated from
CD38 knock-out mice have been found to show impairment in
the stimulus-induced elevation of cellular NAADP as well as
NAADP-mediated Ca2� signaling (81–83). Likewise, the
endogenous cADPR contents decrease greatly in many tissues
of the knock-out mice, indicating that CD38 is the dominant
enzyme for synthesizing cADPR as well (84). However, in some
tissues, particular the brain, a significant level of cADPR
remains, suggesting that other unknown enzymes may be able
to substitute for CD38 to produce cADPR.
Multiple defects are detected in the knock-out mice, includ-

ing impairment in insulin secretion (85), increased susceptibil-

FIGURE 3. Imaging the NAD cyclization by CD38. A mutant of CD38 with
Glu-146 changed to alanine (described in text) was co-crystallized with a close
analog of NAD, 2�-deoxy-2�-fluoroarabinoside NAD, which forms a covalent
linkage between its ribosyl anomeric carbon (C1R) and the catalytic residue
Glu-226. Six molecules of the complex are found in each of the asymmetric
crystal units, each containing a covalent intermediate in a different confor-
mation. The conformations relate to each other by single-bond rotation, indi-
cating that they represent substates of the cyclization process. Ordering the
conformations shows that the cyclization requires a 180° rotation of the ade-
nine ring around its glycosidic bond (yellow arrow), such that the N1 of the
adenine is put into close proximity to the ribosyl anomeric carbon (2.9 Å;
yellow dashed line), the site of cyclization. Rendered in colored sticks are the
starting state, where the adenine ring is farthest from the ribosyl anomeric
carbon, and the ending state, where the two are closest. The substates repre-
senting various degrees of single-bond rotation of the intermediate between
the starting and ending states are colored in shades of gray. Red, oxygen;
orange, phosphorus; green, carbon; blue, nitrogen.
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ity to bacterial infection (84), and altered social behavior (Ref. 8;
reviewed in Ref. 11). It is also noteworthy that the ubiquitous
“NADase” activity observed in tissues that had no known func-
tion is greatly depressed after CD38 ablation (84), clarifying a
long-time enigma.
Before the Ca2�-signaling function of CD38 was elucidated,

it had long been thought of as a lymphocyte antigen. Indeed, its
ligation by antibody can result in activation of cells (reviewed in
Ref. 86). More clinically relevant of its antigenic function is the
recent finding that CD38 can protect cells from HIV infection
by competingwith the virus for binding to CD4 (87). CD38may
indeed be critical for human survival because no CD38-nega-
tive individual has been detected in a screening of a rather large
sample (86).

Regulation of CD38

As described above, CD38 can single-handedly catalyzemul-
tiple reactions in the metabolism of two novel Ca2� messen-
gers. This is a rather unique case, as sequential reactions are
normally carried out by a cluster of enzymes in a complex. How
this novel Ca2�-signaling enzyme is regulated is a question
whose answer is still emerging. Soon after the discovery of
cADPR, it was reported that its synthesis in sea urchin eggs is
activated by a cGMP-dependent process (88). A similar mech-
anism also operates in rat hippocampus (89). More recently,
agonist-induced and cAMP-dependent activation and phos-
phorylation of CD38 have also been observed in human granu-
locytes (90).
However, the membrane topology of CD38 poses a problem.

In lymphocytes, CD38 is expressed on the surface as a type II
protein, with its catalytic C-terminal domain facing outside
(66). On the other hand, phosphorylation generally occurs
inside cells, which is the location of the substrates NAD and
NADP and the Ca2� stores that the products cADPR and
NAADP target.
It is true that it is now well recognized that CD38 is not

exclusively a surface protein but is present in intracellular
organelles as well. It is also known that CD38 is not expressed
only in lymphocytes but is, in fact, a ubiquitous protein found in
virtually all mammalian cells and tissues examined (reviewed in
Refs. 11 and 72). However, its type II membrane orientation
would put the catalytic domain of the organellar CD38 inside
the lumen, away from its substrate and the Ca2� stores as well.
Currently, there are two actively investigated proposals to

resolve this topological paradox. The first one posits that trans-
porters are present in the plasma and organellar membranes to
facilitate the movement of the substrate and products of CD38
(91). Evidence indicates that connexin-43 can mediate the
transmembrane movement of NAD (92), whereas the nucleo-
side transporter can transport cADPR (93).Mediated transport
of NAADP across membranes has also been observed, which is
found to be also inhibited by an inhibitor of the nucleoside
transporter, dipyridamole (58). Moreover, the activity of these
transporters can be regulated. For example, the transport of
NAD by connexin-43 is Ca2�-dependent and suppressed by
phosphorylation (91, 94). Consistent with substrate transport
being involved in regulating the CD38 activity, knockdown of

connexin-43 has been shown to impair the cADPR-mediated
signaling of the Fc� receptor (95).
In essence, the scheme proposes that CD38 itself is not reg-

ulated at all but is constitutively active. Because it is a type II
protein, its activity is, however, suppressed by the membrane
that limits its access to its substrates in the cytosol. The regula-
tion of its activity is therefore not on the enzyme itself but is
instead through the availability of the substrate. This is a
remarkably unconventional mechanism for regulating an
enzyme (Fig. 4).
As an alternative to this scheme of type II CD38 signaling, it

has been proposed that CD38 can be expressed as both type II
and III proteins, with opposite membrane orientations (Fig. 4)
(11). It is generally recognized that one of the important factors
that govern the membrane orientation of a protein is the net
positive charges on the opposite ends flanking the transmem-
brane segment, with the more positive end being cytosolic: the
“positive inside rule.” Examination of the CD38 sequence
shows that the net positive charges on both ends are similar:
three on the N-terminal end and two on the C-terminal end.
This suggests that both membrane orientations are possible,
but with a preference for the N terminus being in the cytosol or
type II orientation.
Coexpression of a membrane protein with two opposite ori-

entations has previously been observed. The prion protein is
one example and is found to be expressed as both type II and III
proteins as well as a glycosylphosphatidylinositol-linked ecto-
protein (96). The bacterial multidrug transporter is another

FIGURE 4. Emerging mechanisms of regulating the signaling function of
CD38. NAADP activates the TPCs in the endolysosomes (Ly), whereas cADPR
targets the ryanodine receptors (RyR) in the ER. Ca2� released by NAADP from
the endolysosomal stores can be amplified Ca2�-induced Ca2� release from
ER stores. This process is potentiated by cADPR through its sensitization of
the ryanodine receptors to Ca2�. CD38 can be coexpressed with both type II
and III membrane orientations. Type II CD38 has its catalytic domain facing
either outside of the cell or inside the lumen of organelles. Regulation of type
II CD38 is proposed to be through substrate limitation, as both NAD and
NADP are in the cytosol. Their transport into the organelles is mediated by
connexin-43 (Cnx), whereas the products cADPR and NAADP, produced in the
lumen, can likewise be transported out to the cytosol by the nucleoside trans-
porters (NuT). Both nucleoside transporters and connexin-43 are also present
on the cell surface to serve a similar function for signaling by the ecto-ex-
pressed CD38. Type III CD38 is amenable to many common regulation mech-
anisms, such as phosphorylation.
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example. It is a homodimer, but the twomonomers are present
in the membrane in opposite orientation (97). In the case of
CD38, transfection of a CD38 construct, with a C-terminal tag
for detection, into MIN6 cells shows that type III CD38 is
expressed and that the ligation of the ecto domain tag of the
CD38 can stimulate glucose-induced insulin secretion (98).
The existence of type III CD38 poses, however, yet another

fundamental problem. CD38 has six disulfides, and all are
important for its enzymatic activity (Fig. 2) (67, 99). It is a gen-
erally accepted dogma that disulfide formation does not occur
in the cytosol but mainly inside the ER. It is thus not clear
whether type III CD38, with its C-terminal domain inside the
cytosol, can actually form the important disulfides and, if not,
whether it is still enzymatically functional. The question has
been directly addressed by making a soluble CD38 construct
containing the C-terminal domain (99). The soluble CD38
directed to express in the cytosol is found to be biologically
active in elevating the intracellular cADPR level. It is also shown
to contain all six disulfides fully formed. This is a remarkable
result that challenges the conventional thinking.
Clearly, the type II and III signaling pathways are not mutu-

ally exclusive but can operate side by side in cells. The type III
mechanism, with the catalytic domain in the cytosol, is amena-
ble to many known types of regulation, such as phosphoryla-
tion. It can be involved in fast cellular responses, such as stim-
ulation by hormonal agonists. On the other hand, the type II
mechanism, requiring substrate and product transport, may be
more suitable for slower and long-term responses, such as cel-
lular differentiation, which has been shown to be regulated by
both cADPR (100) and NAADP (39).
More than 2 decades have passed since the discovery of

cADPR and NAADP. The physiological importance of these
signalingmolecules has nowbeenwell established by gene abla-
tion studies. It is remarkable that the field began with the iden-
tification of a new and hitherto unknown cyclicmolecule. It has
since progressed to yield evenmore novel results. Notable is the
elucidation of the multicatalytic mechanism of CD38. That
endolysosomes are fully functional Ca2� stores regulated by
NAADP likewise opens a new frontier of investigation into the
involvement of the pathway in lysosomal storage diseases (101).
The emerging mechanisms for the regulation of CD38, both
type II and III signaling, are likely to set yet more important
precedents for cell signaling in general.
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The binding of Ca2� to two adjacent Ca2�-binding domains,
CBD1 and CBD2, regulates ion transport in the Na�/Ca2�

exchanger. As sensors for intracellular Ca2�, the CBDs form
electrostatic switches that induce the conformational changes
required to initiate and sustainNa�/Ca2� exchange. Depending
on the presence of a few key residues in the Ca2�-binding sites,
zero to four Ca2� ions can bind with affinities between 0.1 to 20
�M. Importantly, variability in CBD2 as a consequence of alter-
native splicing modulates not only the number and affinities of
the Ca2�-binding sites in CBD2 but also the Ca2� affinities in
CBD1.

In the heart, the Na�/Ca2� exchanger (NCX)2 works in con-
cert with the plasma membrane and sarcoplasmic reticulum
Ca2�-ATPases to remove Ca2� released into the cytosol after
the muscle contraction phase (Refs. 1–5; for general reviews,
seeRefs. 6–8). In this process,NCXpredominantly exports one
Ca2� ion for the uptake of three Na� ions (9) at an estimated
turnover rate of 2500–5000 s�1 (10–12).

NCX exists in three isoforms, NCX1 (13), NCX2 (14), and
NCX3 (15). Numerous splice variants have been described for
NCX1 (16, 17) and NCX3 (18). In NCX1, these are encoded by
one of the mutually exclusive exons, A or B, in combination
with small cassette exons C–F. In this pool of splice forms, the
ADvariant (detected in the brain) constitutes the shortest form,
and the ACDEF form (found in the heart) constitutes the lon-
gest splice variant. Based on the presence of two conserved
regions in the transmembrane domain, generally referred to as
�-repeats (19), NCX has been assigned to the cation/Ca2�

exchanger superfamily (20). Probably originating from an
ancient gene duplication event (19, 21, 22), these �-repeat
regionswere until recently believed to formoppositely oriented
re-entrant loops that were suggested to be involved in ion bind-
ing and translocation (19, 23).

Over two decades ago (24, 25) it was demonstrated that NCX
not only transports Ca2� andNa� but is also regulated by these
ions. In pioneeringwork, Hilgemann et al. (26, 27) dissected the
regulatory properties into Ca2�-dependent activation and
Na�-dependent inactivation. While initial activation occurs at
submicromolar Ca2� concentrations, counteracting Na�-de-
pendent exchanger inactivation may establish when Na� con-
centrations rise above 15 mM. Strikingly, NCX1 splice variants
encoded by exonA can alleviateNa�-dependent inactivation at
elevated intracellular Ca2� concentrations, whereas those vari-
ants encoded by exon B (28–30) cannot. Furthermore, it
appears that exon A-encoded exchanger variants are expressed
predominantly in excitable cells, where high Ca2� fluxes are
needed (31), whereas exon B-encoded variants are generally
restricted to non-excitable cells (18).

Structural Basis for Ca2� Regulation in NCX

Structurally, NCX consists of an �-helical transmembrane
domain and a large �500-residue-long cytosolic loop (Fig. 1A)
(32, 33). Residues 371–509 within this loop have been shown to
bind Ca2� with high affinity (Kd � 140–400 nM) (34, 35). The
solution structure of residues 371–509 of canine NCX1 (36)
redefined the boundaries (Fig. 1B) of amodule earlier described
as the Calx-� domain (37). A single copy of the Calx-� domain
is found in integrin �4 (37, 38), and multiple copies are present
in very large G protein-coupled receptors (39, 40) and extracel-
lular matrix proteins ranging from sponges to humans (41, 42).
A sequence identity of 27% for residues 501–650 with residues
371–500 suggested the presence of an unexpected, second
Ca2�-binding domain (CBD) in the cytosolic exchanger loop
(36). As for the first, the NMR structure of the second CBDwas
determined in theCa2�-bound form. Both domains (CBD1 and
CBD2) have the architecture of a �-sandwich, formed by two
antiparallel �-sheets, with one �-sheet containing strands A, B,
and E and the other containing strands C, D, F, and G (Fig. 1B).
Each domain features a �-bulge in strand A, but only CBD2
displays a second �-bulge in strand G. In contrast, CBD1 pos-
sesses a cis-proline at a structurally similar position. The long
FG loop in each of the individual domains (residues 468–482 in
CBD1 and residues 599–627 in CBD2) is largely unstructured.
A variable region comprising 39–75 residues, depending on the
splice form, precedes the FG loop in CBD2. Superposition of
the ensemble of NMR structures of CBD1 and CBD2 (supple-
mental Fig. S1) shows the largest differences to be in the BC,
CD, and FG loops as well as in parts of the first acidic segment
(residues 446–454 and 577–582, respectively). Ile-374/Phe-
505, Phe-376/Phe-507, Tyr-422/Phe-553, Phe-431/Phe-562,
Phe-456/Phe-587, and Leu-460/Ile-591 form the core of the
two domains and are probably important for stability. Intrigu-
ingly, at the N-terminal side of the domains, the highly con-
served Arg-396/Arg-527 (Fig. 1B) engages in a stacking inter-
action with the conserved Phe-431/Phe-562.Whereas Arg-527
in CBD2 clearly stabilizes the strictly conserved BC loop, the
function of Arg-396 in CBD1 remains unclear.
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Subsequent x-ray structures of Ca2�-bound CBDs (CBD1,
Protein Data Bank (PDB) code 2DPK (43) and codes 3E9T and
3EAD (44); and CBD2, code 2QVM (45)) have provided a more
detailed view of the Ca2�-binding sites. The structures show
that the largest contribution to the Ca2�-binding sites of the
CBDs originates from two acidic segments, located in the EF
loop and at theC terminus of the domains (Fig. 1,B–D), respec-
tively. Interestingly, in CBD2, the EF loop is encoded by one of
the mutually exclusive exons, A or B, which determines

whether NCX1 can overcome Na�-dependent inactivation. In
both CBDs, Ca2�-binding sites are complemented by con-
served glutamate (Glu-385/Glu-516) and aspartate (Asp-421/
Asp-552) residues in the AB and CD loops, respectively. In
CBD1, four Ca2� ions are bound in an arrangement reminis-
cent of C2 domains (Fig. 1C) (43). In contrast, due to Lys-585
and the absence of acidic counterparts of Glu-454, Asp-499,
and Asp-500 of CBD1, the Ca2�-binding sites of CBD2-AD
(Fig. 1D), with AD denoting the presence of residues encoded

FIGURE 1. Structural basis and organization of the two Ca2� sensors (CBD1 and CBD2) in NCX. A, updated topology model of NCX consisting of a
transmembrane domain and an �500-residue-long cytosolic loop that harbors the two Ca2�-binding domains (CBD1 and CBD2). The variable region in CBD2
as a consequence of alternative splicing (AS) is shown in violet. The conserved �-repeat regions that define the cation/Ca2� exchanger superfamily are colored
yellow. B, ribbon diagram displaying the �-sandwich architecture of Ca2�-bound CBD1. The structures of the CBDs redefined the previously described Calx-�
motif by adding strands A and G (yellow). C and D, detailed views of the CBD1 (PDB code 2DPK) and CBD2 (code 2QVM) Ca2�-binding sites in the Ca2�-bound
form. E, hypothetical model of NCX consisting of four domains: transmembrane domain (residues 1–217 and 727–903; gray), the CLD (residues 218 –370 and
651–726; blue), CBD1 (residues 371–500; red), and CBD2 (residues 501– 650; green), with the numbering based on the canine NCX1 AD splice variant (NCX1.4).
The ribbon diagram of CBD2 (upper right) displays the variable region encoded by the mutually exclusive exons A or B (blue) and the small cassette exons
(yellow) at the opposite side of the CBD2 Ca2�-binding sites. F, interface of CBD1 and CBD2, displaying the crucial salt bridges and hydrogen bonds in the
presence of Ca2�. Residues in parentheses refer to the numbering scheme of canine NCX1.
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by exons A and D, show a reduced density of negative charges.
Hence, CBD2-AD coordinates only two Ca2� ions (36, 45),
whereas Arg-578 and Cys-585 in exon B-encoded NCX1 splice
variants prevent binding of Ca2� completely (29, 46).
Comparison of 15N heteronuclear single quantum coherence

NMR spectra of the Ca2�-free and Ca2�-bound forms sug-
gested that there is a substantial loss of structural integrity in
theCa2�-binding sites ofCBD1 in the absence ofCa2�, but only
a modest degree of disorder in the Ca2�-binding sites of
CBD2-AD (36). These preliminary indications were later con-
firmed by an x-ray structure of the Ca2�-free form of CBD1
(PDB code 3E9T, chains C and D) (44), where no electron den-
sity was visible for residues corresponding toAsp-447–Glu-451
and Asp-498–Asp-500. In the case of CBD2-AD, the NMR
structure of the apo-form (PDB code 2KLS) (46) shows that
Lys-585 crucially points into Ca2�-binding site II, where it
forms a salt bridge with Asp-552 and thereby stabilizes the
Ca2�-binding sites. Intriguingly, this NMR structure, deter-
mined at neutral pH, does not reflect a state as rigid and locked
as the state suggested by an x-ray structure of supposedly Ca2�-
free CBD2-AD (PDB code 2QVK) (45) obtained from crystals
grown at pH 4.9.
Using the CBDs as constraints resulted in a model for the

intact exchanger (Fig. 1E) in which the Ca2�-binding sites of
CBD1 are �90 Å away from the transport Ca2�-binding site in
the transmembrane domain (36). In contrast, the Ca2�-binding
sites of CBD2 are close to a predicted third domain that shows
homology to �-catenin (catenin-like domain (CLD)). The pre-
dicted oppositely oriented arrangement of the CBDs was sub-
sequently confirmed by solution structures obtained from
small-angle x-ray scattering (SAXS) (46) and by x-ray struc-
tures of CBD12 fromDrosophila isoformsCalX1.1 andCalX1.2
(47), two-domain constructs containing CBD1 and CBD2.
In CalX1.1, the interface of CBD1 and CBD2 displays a rela-

tive paucity of interactions between the domains (Fig. 1F).Most
importantly, Arg-584, the residue corresponding to the strictly
conserved Arg-532 of canine NCX1, forms a strong salt bridge
with Asp-552 (Asp-500) as well as two hydrogen bonds with
Asp-517 (Asp-448) and Asp-552 (Asp-500), respectively. In
addition, Arg-584 (Arg-532) is further stabilized via a hydrogen
bond to Asn-615 (Asn-564). In the center of the interface, the
side chain ofHis-553 (His-501) forms two hydrogen bondswith
the backbone carbonyls of Leu-677 and Lys-679. At the oppo-
site side of the interface, Glu-521 (Glu-452) maintains a biden-
tate salt bridgewith the conservedArg-673, located in helix 2 of
CBD2. Finally, Phe-519 (Phe-450) at the tip of the EF loop may
be involved in some limited van derWaals interactions with the
side chains ofHis-553, Ile-674, and Ser-678.While the interface
explains previously intriguing functions of the strictly con-
served Asp-517 (Asp-448) (48) and Glu-521 (Glu-452), strik-
ingly, the apparent structural importance of Arg-584 (Arg-532)
in the CBD12 interface (46, 47) is not in line with functional
data for this residue (49).
A recent major development in our understanding of Na�/

Ca2� exchange was the determination of the structure of a pro-
karyotic NCX homolog from Methanococcus jannaschii
(NCX_Mj) in the outward conformation (50). The 1.9 Å crystal
structure revealed a largely symmetrical transmembrane

domain, arranged in the form of two structurally similar halves
of five �-helices with opposite topology (Fig. 2A). Helices 2–5
and 7–10 are tightly packed, whereas helices 1 and 6 are some-
what separated from the bundle and tilted at an angle of �45°
with respect to the vertical axis of the membrane. In line with
the proposed transport stoichiometry of one Ca2� ion in
exchange for threeNa� ions, four cation-binding sites, one spe-
cific for Ca2� and three that probably bindNa�, were identified
in the protein core at the center of themembrane. Strikingly, all
residues participating in ion binding originate from the �-re-
peat regions and are highly conserved in the NCX and Na�/
Ca2�-K� exchanger branches of the cation/Ca2� exchanger
superfamily (20). In particular, in the center, Glu-54 (Glu-113
in canine NCX1) and Glu-213 (Asp-814) coordinate the Ca2�

ion via their carboxylate groups, whereas the backbone car-
bonyl oxygen atoms of Thr-50 and Thr-209 complement the
binding site. In addition, the O�2 atoms of Glu-54 and Glu-213
contribute to the middle Na�-binding site as well as to the
Na�-binding sites toward the extra- and intracellular sides,
respectively. The latter two Na�-binding sites share identical
ligand chemistry and geometry, where Ser-77, Ala-206, Thr-
209, and Ser-210 form the Na�-binding site oriented toward
the extracellular side, and Ala-47, Thr-50, Ser-51, and Ser-236
constitute the Na�-binding site closer to the intracellular side.
Finally, Asn-81 and Asp-240 complete the coordination
scheme of the middle Na�-binding site.
Two hydrophilic pathways permit independent access to the

Na�- and Ca2�-binding sites from the extracellular side. Mak-
ing use of the symmetry of NCX_Mj by applying a molecular
dyad defined by the middle Na� ion and the Ca2� ion also
enabled the construction of a feasible model for the inward-
facing conformation that reflects the access pathways from the
cytosolic side. The crystal structure of the outward-facing con-
formation of NCX_Mj and the inward-facing model led to the
proposal of a simple and rapidNa�/Ca2� exchangemechanism
that is in agreement with the high turnover rates found for
NCX. Together, this work has provided another substantial
piece of information to help solve the puzzle of the intact struc-
ture of mammalian NCX (Fig. 2B). Presently, residues 1–42,
218–258, and 651–726 (numbering according to the AD splice
variant of NCX1), which determine the relative positions of the
domains with respect to each other, are the remaining missing
pieces.

Ca2� Binding Determinants of CBD1 and CBD2

The thermodynamic properties of the Ca2�-binding sites of
CBD1 and CBD2 have been extensively investigated by isother-
mal titration calorimetry (46). Initial sequence comparison of
all available Na�/Ca2� exchanger sequences revealed strict
conservation of the Ca2�-coordinating residues in CBD1 (Fig.
1C). The expected similarity of the Ca2� binding properties of
the three known exchanger isoforms was confirmed by the
titration of CBD1 of canineNCX1 andmouseNCX2 andNCX3
(46). However, these experiments did not allow their individual
macroscopic binding constants to be confidently determined,
but only the approximate range, 100–600 nM. These affinities
make CBD1 the primary Ca2� sensor and thus responsible for
Ca2� activation in NCX (26, 34, 36).
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In strong contrast to CBD1, sequence analysis of CBD2 has
revealed that residue types at positions 552, 578, and 585,
located around Ca2�-binding site II (Fig. 1D), can vary depend-
ing on the isoform and splice variant. As a consequence, the
different isoforms and splice variants bind zero to three Ca2�

ions with affinities�5–50-times lower than those of CBD1 (for
details, see Ref. 46).

Function of Residues Encoded by the Cassette Exons

An increasing amount of evidence indicates that besides the
Ca2�-binding sites of CBD1 and CBD2, residues encoded by
the cassette exonsmay contribute to ion transport regulation in
NCX. The first sign that cassette exons can influence Ca2�

affinities of theCBD1Ca2�-binding sites came from isothermal
titration calorimetry experiments (46) with CBD12-AD and
CBD12-ACDEF, two-domain constructs representing the
brain and heart splice variants. Although the individual CBD
structures suggest that both constructs should bind six Ca2�

ions, strikingly, the longer ACDEF variant appears to bind only
twoCa2� ionswithmedium affinity, whereas CBD12-ADbinds
six Ca2� ions, as expected. Completely lacking the high affinity

component of CBD1, particle-induced x-ray emission experi-
ments (51) confirmed the coordination of four Ca2� ions in
CBD12-ACDEF prior to the start of titration. Thus, residues
encoded by the additional cassette exons C, E, and F, located at
the opposite end of the CBD2 Ca2�-binding sites, apparently
increase the CBD1 Ca2� affinities substantially. This is in line
with the fact that the ACDEF splice variant is found predomi-
nantly in the heart, where the exchanger either is required to
enter the activated state at considerably lower intracellular
Ca2� concentrations or is even permanently activated (52) to
guarantee high Ca2� fluxes.

Electrostatic Switches in CBD1 and CBD2

In analogy to C2 domains (53), analysis of the electrostatic
potentials of CBD1 and CBD2 in the absence and presence of
Ca2� revealed dramatic differences and suggested that the
CBD1 and CBD2 Ca2�-binding sites form electrostatic
switches. In particular, in the absence of Ca2�, the CBD1Ca2�-
binding sites display a strongly negative electrostatic potential
due to the extensive cluster of aspartic and glutamic acid resi-
dues (Asp-421, Asp-446, Asp-447, Asp-448, Asp-498, Asp-499,

FIGURE 2. Structure of the NCX homolog from M. jannaschii and a hypothetical model for intact NCX1. A, ribbon diagram displaying symmetry-related
helices 1–5 (light gray) and 6 –10 (dark gray). The inset shows the detailed coordination of three Na� ions and one Ca2� ion. B, summary of the available
structural data assembled in a hypothetical model for intact NCX1. Residues for which no structural data are available are indicated. The orientation of the
domains with respect to each other is arbitrary, as the linker regions between the CLD and the transmembrane domain, as well as the CBDs, are missing. The
model for the transmembrane domain of NCX1 is based on the structure of NCX_Mj (PDB code 3V5U), whereas the homology model of the CLD is derived from
the structure of �-catenin (code 1H6G).
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Asp-500, Glu-385, Glu-451, and Glu-454) and the lack of any
basic residues (Fig. 1C). This high density of negative charges
not only is responsible for the loss of the structural integrity of
the CBD1 Ca2�-binding sites in the absence of Ca2� but may
also cause repulsion with a highly acidic conserved region con-
sisting of four consecutive glutamate residues (Glu-622–Glu-
625) at the beginning of helix 2 in CBD2. Upon binding of four
Ca2� ions, both the negative potential and the repulsion are
likely to be strongly reduced.
In comparison, the CBD2 electrostatic potential in the

absence of Ca2� is considerably less negative due to the lower
number of acidic residues and the presence of basic residues
(Arg-547, Lys-583, and Lys-585) around Ca2�-binding site II.
In addition, the different numbers and affinities of the Ca2�-
binding sites in the various isoforms and splice variants deter-
mine the strength of the electrostatic switch in CBD2.

Ca2� Induces a Twist in the Hinge between CBD1 and
CBD2

SAXS analysis of CBD12-ADandCBD12-ACDEF constructs
in the absence and presence of Ca2� revealed a substantial con-
formational change upon Ca2� binding that leads to a compac-
tion of the CBDs (46). Although in the intact exchanger this
conformational change is probably constrained by the N- and
C-terminal linker regions to the CLD, the SAXS analysis pro-
vided the first clue of the effects of Ca2� binding to the CBD1
Ca2�-binding sites and indicated that the conformational
change induced may not be identical in CBD12-AD and
CBD12-ACDEF. Indeed, superposition of the crystal structures
of CBD12 from the Drosophila Na�/Ca2� exchanger isoforms
CalX1.1 and CalX1.2 shows a rotation by �9° between them.
Comparison of the interfaces of CalX1.1 and CalX1.2 reveals
that the number of interactions between CBD1 and CBD2 is
reduced in CalX1.2 with respect to CalX1.1.Most prominently,
CalX1.2 apparently lacks the salt bridge between Glu-521 and
Arg-673 (Fig. 1F), resulting in increased interdomain flexibility.

The Drosophila Exchanger Remains Enigmatic

CalX is unique among the characterizedNCXs in thatmicro-
molar levels of Ca2� inhibit rather than activate Na�/Ca2�

exchange (54).With respect to theCBDs, there are at least three
major differences between CalX and the other NCXs. First,
CBD1ofCalX lacksmost of the FG loop that is disordered in the
isolated CBD1 structure of canineNCX1 (36, 43). Similar to the
FG loop of CBD2 at the CBD12 interface, the FG loop of CBD1
may rigidify in intact NCX and potentially interact with the
CLD. Indeed, Hryshko and co-workers (55) could reinstall nor-
mal Ca2� activation in a CalX chimera that had Lys-404–Tyr-
580 substitutedwith the corresponding residues ofNCX1, indi-
cating that the trimmed FG loop in CBD1 might play a role in
Ca2� inhibition of CalX. Second, CalX lacks three of the four
conserved consecutive glutamate residues that might cause
repulsion with the CBD1 Ca2�-binding sites in the absence of
Ca2�. Third, CalX does not show Ca2� binding to CBD2 (PDB
code 3E9U (56)) and is therefore incapable of forming an elec-
trostatic switch in the secondCBD.However, unlike in the exon
B-encoded variants of NCX1, the region around the EF loop of
the individual CBD2 of CalX is structured, although the same

region is intriguingly disordered in the Ca2�-bound CBD12
structures (47).

Potential Mechanism

The combination of available structural and biophysical data
with results from functional studies has resulted in the proposal
of a dual electrostatic switchmechanism for Ca2� regulation in
NCX (Fig. 3, A–C) (46). As intracellular Ca2� concentrations
rise, Ca2� ions initially bind to the CBD1 Ca2�-binding sites.
Increased rigidity and a substantial increase in the electrostatic
potential of the Ca2�-binding sites thereby induce a conforma-
tional change that leads to a compaction of the CBDs as visual-
ized by SAXS analysis and supported by FRET studies using
full-lengthNCX andCBD12 constructs (57). As a consequence,
the tension on the N- and/or C-terminal linker region to the
CLD that relays Ca2� binding and release events to the trans-
membrane domain is most likely reduced. This initial activa-
tion step (Fig. 3B) is referred to as Ca2�-dependent activation
and initiates Na�/Ca2� exchange. Demonstrated by particle-
induced x-ray emission analysis (46) and suggested by FRET
measurements (57), the Ca2� concentration at which NCX
becomes activated probably depends on the residues encoded
by the cassette exons that modulate the affinities of the CBD1
Ca2�-binding sites. This modulation would, for instance, allow
the appropriate response to single Ca2� transients produced by
type 1 metabotropic glutamate receptors (mGluR1) at Purkinje
cell synapses, whereas in hippocampal neurons, mGluR5 gen-
erates a radically different Ca2� signal in the form of an oscil-
latory pattern (8). Although there are no cell-specific expres-
sion data for exchanger splice variants in the brain,
coexpression of NCX1.4 (encoded by exons A and D) with
mGluR1 and of NCX1.5 (encoded by exons A, D, and F) with
mGluR5 would make sense, as the latter probably features
higher Ca2� affinities at the CBD1 Ca2�-binding sites and
thereby could remain activated during the series of action
potentials.
Recently, several reports have suggested that Ca2� ions in

sited I and II of CBD1 are not essential for Ca2� regulation (58,
59). Although the impact of the Ca2� ions in sites III and IV
(Fig. 1F) is without doubtmost dominant due to their proximity
to CBD2, the lack of Ca2�-binding sites I and II would substan-
tially change the electrostatic potential at theCBD1Ca2�-bind-
ing sites. The consequence would be a reduction in the repul-
sion and attraction between the CBD1 Ca2�-binding sites and
CBD2 in the absence and presence of Ca2�, respectively, yet
these predicted effects are not reflected in functional studies
with NCX1 mutants D421A and E454K (58, 59). Nevertheless,
it remains intriguing why sites I and II should not be essential
even though all Ca2�-coordinating residues in CBD1 are
strictly conserved.
To sustain Na�/Ca2� exchange, Ca2� ions probably have to

also bind toCBD2 (Fig. 3C), a process that is isoform- and splice
variant-specific. Functional (29, 45, 59) and thermodynamic
(46) data for exchangers that bind zero to three Ca2� ions at the
CBD2 Ca2�-binding sites, as well as distinct macroscopic Ca2�

binding constants ranging from 250 nM to 20 �M, strongly indi-
cate that the number and affinities of Ca2�-binding sites in
CBD2determine the formof the steady-state exchange current.

MINIREVIEW: Ca2� Regulation of Ion Transport

SEPTEMBER 14, 2012 • VOLUME 287 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 31645



For instance, exon B-encoded NCX1 splice variants become
inactivated in a matter of seconds (29), whereas the NCX1
mutantK585E,which is comparablewith theB variant ofNCX3
and likely binds two Ca2� ions between the CD and EF loops,
shows steady-state outward currents above their correspond-
ing peak currents (45, 59). At the same time, this contradicts
suggestions that Ca2� ions between the CD and EF loops of
CBD2 are not essential either (45), thus implying isoform- and
splice variant-specific determinants to be irrelevant. In con-
trast, different properties of the CBD2 Ca2�-binding sites may
enable optimal adaptation of Na�/Ca2� exchange to meet spe-
cial needs within the cell or a specific tissue.

NCX Inactivation

As cytosolic Na� concentrations are low in normal function-
ing cells, it is unlikely that Na�-dependent inactivation plays a
substantial role under normal physiological conditions. It
could, however, be beneficial by limiting NCX-mediated Ca2�

influx under conditions such as ischemia, in which cytosolic
Na� levels are elevated and phosphatidylinositol 4,5-bisphos-
phate (PIP2) levels are low (52).

As early as 1968, Baker and Blaustein (60) reported that a
drop in cytosolic pH could inhibit Na�/Ca2� exchange. Exten-
sive studies on the effect of pH were later performed on sar-
colemmal vesicles of canine heart (61) and guinea pig ventric-
ular cells (27, 62, 63). Prompted by the proton insensitivity of
the transmembrane domain (62), experiments with the CBDs
revealed that a mild reduction in cytosolic pH from 7.2 to 6.9
caused an up to 3-fold decrease in the Ca2� affinities of CBD1
(64). This implies that pH is an additional regulator of NCX
activity, as it efficiently modulates Ca2� affinities of the CBD1
Ca2�-binding sites.
In addition to its primary function as a Ca2� efflux mecha-

nism, NCXmay also mediate Ca2� influx, where high cytosolic
Na� concentrations induce a mode of exchange activity that
does not require binding of Ca2� to the CBDs (52, 65). Under
these conditions, counteracting Na�-dependent inactivation is
overcome by high levels of PIP2, which keep NCX activated
(Fig. 3D). Furthermore, it has been shown that PIP2 strongly
interacts with residues 218–237 of NCX and that peptides
encoding these residues can inhibit the exchanger (66). As a

FIGURE 3. Hypothetical dual electrostatic switch mechanism of Ca2� regulation in NCX. A, inactive Ca2�-free NCX in extended conformation. B, submi-
cromolar Ca2� concentrations induce a conformational change via the electrostatic switch in CBD1 that results in a compaction of the CBDs and that probably
reduces tension on the linker regions to the CLD. C, binding of Ca2� to CBD2 allows sustained Na�/Ca2� exchange and removes counteracting Na�-dependent
inactivation. Whether Ca2� binding to CBD2 induces yet another conformational change or just promotes an interaction with the CLD remains elusive. D,
depiction of the PIP2-activated state of NCX that is independent of Ca2� binding the CBDs.
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result, this region, which also shows some similarity to the cal-
modulin-binding motif, is referred to as the exchanger inhibi-
tory peptide region. Mutational studies of the exchanger inhib-
itory peptide region in intact NCX revealed a profound effect of
changes in sequencewith respect to the interactionwith PIP2 as
well as Na�-dependent inactivation (67).

NCX in Disease

NCX is of paramount importance in the heart, as, together
with the sarcoplasmic reticulum Ca2�-ATPase, the exchanger
removes �99% (�30% via NCX and �70% via sarcoplasmic
reticulumCa2�-ATPase) of theCa2� released to the cytosol (7).
Dysregulation of this Ca2� balance can lead to cardiac arrhyth-
mias, a leading cause of death in cardiovascular disease. In the
failing heart and in patients with ischemia-reperfusion injury
(68, 69), in cases of salt-sensitive hypertension (70, 71) or mul-
tiple sclerosis (72), NCX appears to operate predominantly in
reverse mode, importing rather than exporting Ca2�. The
resulting excessive Ca2� entry may cause the activation of
Ca2�-dependent proteases such as calpain and caspases (73),
subsequently leading to cell apoptosis. As the damaging role of
NCX is related mostly to its reverse mode, benzyloxyphenyl
derivatives (74) such as KB-R7943 (75, 76), SEA0400 (77), and
SN-6 (78), which specifically inhibit the reversemode operation
of NCX, have attracted a great deal of attention (for review, see
Ref. 3). Although experiences with these inhibitors are overall
rather positive, thorough testing in relevant preclinical models
remains to be performed (79).

Concluding Remarks

Over the last 5 years, high resolution NMR and x-ray struc-
tures of a large part of the regulatory loop of NCX and the
transmembrane domain of a prokaryotic NCX homolog have
added a new dimension to our understanding of the regulation
and function of this essential transporter. In addition, the role
of different splice variants has become increasingly clear. The
variability in CBD2 as a consequence of alternative splicing is
now known to modulate not only the number and affinities of
the Ca2�-binding sites in CBD2 but also the Ca2� affinities in
CBD1 (46). Furthermore, the CBD12 SAXS solution structures
have suggested a conformational change in the hinge between
CBD1 and CBD2 upon Ca2� binding (46), whereas CBD12
x-ray structures have revealed the link between the CBD1
Ca2�-binding sites and CBD2 (47). This description of the
interface includes hydrogen bonds and salt bridges with resi-
dues located in the FG loop of CBD2. Future efforts will aim to
connect the regulatory effects of the CBDs to the ion-conduct-
ing transmembrane domain of NCX.
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Themitochondrial membrane potential that powers the gen-
eration of ATP also facilitates mitochondrial Ca2� shuttling.
This process is fundamental to awide range of cellular activities,
as it regulates ATP production, shapes cytosolic and endoplas-
mic recticulum Ca2� signaling, and determines cell fate. Mito-
chondrial Ca2� transport is mediated primarily by two major
transporters: a Ca2� uniporter that mediates Ca2� uptake and a
Na�/Ca2� exchanger that subsequently extrudesmitochondrial
Ca2�. In this minireview, we focus on the specific role of the
mitochondrial Na�/Ca2� exchanger and describe its ion
exchange mechanism, regulation by ions, and putative partner
proteins. We discuss the recent molecular identification of the
mitochondrial exchanger and how its activity is linked to phys-
iological and pathophysiological processes.

Themovement of calcium ions in and out of mitochondria is
mediated through twomembranes. The first is the outer mem-
brane, which is relatively permeable to ions and small mole-
cules; via this membrane, Ca2� transport is facilitated by the
non-selective voltage-dependent anion channel (1). The second
is the inner mitochondrial membrane, where Ca2� transport is
tightly regulated and ion translocation depends on the activity
of specialized calcium transporters. Inward calcium flux across
thismembrane ismediated primarily via a highly selective path-
way termed the mitochondrial Ca2� uniporter (MCU).3 The
MCU displays the electrophysiological characteristics of a
gated inwardly rectifying Ca2� channel with low affinity and
high Ca2� selectivity (2). Conversely, outward calcium flux is
mediated primarily by a mitochondrial Na�/Ca2� exchanger
(NCX) and also by aH�/Ca2� exchanger. The steepmembrane
potential (mitochondrial ��) of �180 mV (negative inside)
across the mitochondrial inner membrane is the main driving
force for mitochondrial Ca2� entry. It allows mitochondria to

rapidly take up Ca2� from strategically located microdomains
of high Ca2� near the plasma membrane and endoplasmic
reticulum (ER), generated during Ca2�-signaling events. As
Ca2� enters the mitochondria, it is partially buffered through
the formation of calcium phosphate complexes. The ability to
take up substantial amounts of Ca2� underlines two principal
roles of mitochondria; it enables mitochondria to shape the
spatiotemporal profile of cytosolic Ca2� signals and to simulta-
neously transmit these events into themitochondrial matrix. In
the matrix, Ca2� up-regulates the activity of Ca2�-sensitive
dehydrogenases of the Krebs cycle and the F0F1-ATP synthase
(3), thereby controlling the rate of ATP production. A patho-
logical aspect of this process is linked to mitochondrial Ca2�

overload that may trigger the activation of the mitochondrial
permeability transmission pore, which in turn releases apopto-
tic and necrotic signal factors, leading to cell death (4). To
restore resting mitochondrial Ca2� levels, massive amounts of
accumulated Ca2� are extruded from the mitochondria mainly
through the activity of the mitochondrial NCX. This process of
delayedmitochondrial Ca2� release plays a dual role in refilling
the ER Ca2� stores and in shaping the amplitude and duration
of the cytosolic Ca2� signal. Because of its strict Na� depen-
dence, the mitochondrial NCX links between cytosolic Na�

elevations and mitochondrial Ca2� release. Despite the well
recognized importance of mitochondrial Ca2� shuttling in cel-
lular biology, documented for almost half a century, the molec-
ular identities of the major mitochondrial Ca2�-shuttling
transporters, i.e. the Ca2� uniporter and the NCX, remained
elusive. In the last 2 years, promising candidates of the NCX,
the Na�/Ca2�/Li� exchanger (NCLX) (5) and the MCU (6, 7),
were discovered. Here, we briefly describe several functional,
molecular, kinetic, and regulatory aspects of the mitochondrial
NCX, review its molecular identification, and discuss its phys-
iological and pathophysiological roles. The interested reader is
also referred to excellent reviews describing in more detail the
physiological implications of mitochondrial Ca2� shuttling (8,
9) and the role of the mitochondrial NCX (10, 11).

Mitochondrial Na�/Ca2� Exchange, Discovery, Ionic
Selectivity, and Inhibitors

Carafoli et al. (12) were the first to discover that Na� induces
the release of Ca2� from heart mitochondria (Fig. 1). Mito-
chondrial Na�/Ca2� exchange was found to be rather selective
towardCa2�, asMg2� (12) andMn2� (13)were not transported
by the exchanger. On the other hand, the exchanger is only
moderately selective for Na�, as Li� can substitute for this ion
(Fig. 1) to evoke mitochondrial Ca2� release, whereas Cs�, K�,
and Rb� fail to do so (12, 14). Importantly, this functional fin-
gerprint differs from the Li� inert transport mediated by
plasma membrane NCX transporters and was later used to
identify the mitochondrial NCX. Mitochondrial Na�/Ca2�

exchange is regulated by various ions andmolecules.Micromo-
lar concentrations of cytosolic Ca2� induced a partial (�70%)
inhibition of mitochondrial Na�/Ca2� exchange (15), and the
cooperative inhibitory profile indicates thatCa2� interactswith
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several cytoplasm-facing sites of the exchanger. NCLXdoes not
share the hallmark cytosolic Ca2� regulatory site of plasma
membraneNCXproteins.4 Calcium-binding sites are, however,
often elusive, and further molecular analysis is required to
determine whether they are present on NCLX. Mitochondrial
Na�/Ca2� exchange is also regulated by a narrow range of pH
7.5–7.6, but whether this type of regulation is mediated by a pH
sensor on the exchanger or by an interplay with other mito-
chondrial ion transporters such as the mitochondrial Na�/H�

exchanger is unclear (16). Potentiation of NCX activity is
induced by K� ions (17, 18), by BSA (18), and by short chain
alkanols (Fig. 2) (19). In contrast, inhibition of Na�/Ca2�

exchange is induced by several ions such as Zn2�, Co2�, Sr2�,
Ni2�, Mg2�, Ba2�, and La3� (15, 20–23). Several compounds
inhibit mitochondrial Na�/Ca2� exchange. Among them are
CGP-37157 (24, 25), tetraphenylphosphonium (21), trifluoper-
azine (15), diltiazem (24), verapamil (26), clonazepam (24),
amiloride (27), and cyclosporin A (28). The most selective and

effective inhibitor of mitochondrial Na�/Ca2� exchange is the
CGP-37157 compound (24, 25). The affinity of CGP-37157 is at
least 10-fold higher than that of any other blocker, and when
tested in intact cells, CGP-37157 did not interferewith contrac-
tion and did not affect Ca2� fluxes through L-type Ca2� chan-
nels or the activity of the ER Ca2� pump sarco/endoplasmic
reticulum Ca2�-ATPase (SERCA), in isolated mitochondria
and cardiomyocytes (29, 30). Furthermore, an at least 10-fold
higher concentration of CGP-37157 is required to inhibit the
plasmamembraneNCX isoforms (31). Due to these properties,
most subsequent studies employed CGP-37157 at 10 �M or
below. Recent studies suggest, however, that even low concen-
trations of CGP-37157 may modulate other Ca2� transporters.
For example, when the effect of CGP-37157 was determined in
cardiac sarcoplasmic reticulum (SR)microsomes reconstituted
into lipid bilayers, it augmented Ca2� flux via the ryanodine
receptors and blocked the SR Ca2� pump SERCA (32). This
finding suggested that CGP-37157 displays, as do other benzo-
thiazepines, a complex pattern of interference with transport-
ers involved in Ca2� signaling. A noteworthy example is the4 I. Sekler, personal communication.

FIGURE 1. Functional and molecular identification of the mitochondrial NCX. a, the first evidence for Na�- or Li�-dependent mitochondrial Ca2� exchange.
Original data were taken from Ref. 12. Li� (Œ), Na� (E), or K� (●) was added to isolated mitochondria while monitoring Ca2� efflux. b and c, note that Na�

promoted the mitochondrial efflux of Ca2�, demonstrating a Na�/Ca2� exchange pathway in this organelle. Unlike the plasma membrane NCX family
members, the mitochondrial exchanger also mediated Li�/Ca2� exchange, indicating that it has distinct functional properties. NCLX was identified as the
mitochondrial exchanger. Studies were conducted on cells expressing the mitochondrial Ca2� sensor mito-pericam. Knocking down the expression of
mitochondrial NCLX using NCLX siRNA (si NCLX) abolished either Na�-dependent (b) or Li�-dependent (c) mitochondrial Ca2� efflux. Thus, NCLX shares similar
functional properties with the mitochondrial NCX. Original data were taken from Ref. 5. si control, control siRNA.
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interaction of this compound with the L-type Ca2� channel,
which led to conflicting findings on the role of the exchanger in
regulating insulin secretion (33, 34). Thus, studies aiming to
elucidate the physiological role of the exchanger should con-
sider employing additional and independent functional criteria,
for example, monitoring Na� dependence of the exchanger or
using molecular tools for modulating the expression or activity
of NCLX.

Molecular Identity of the Mitochondrial NCX

In 1992, Garlid and co-workers (35) reported the successful
purification of an �110-kDa mitochondrial polypeptide that,
upon reconstitution into proteoliposomes, exhibited NCX and
Li�/Na� exchanger activity. Antibodies made against this pro-
tein blocked the reconstitutedNa�/Ca2� activity and identified
the �110-kDa fragment along with an additional non-active
�60-kDa fragment. However, although these promising find-
ings were corroborated by subsequent work (18), they were not
followed up at the molecular level, and 2 decades would pass
before the exchanger gene was finally identified. The failure to
identify the exchanger led to the hypothesis that plasma
membrane NCX isoforms are targeted to and contribute to
Ca2� transport in the mitochondria. This hypothesis was
supported by the presence of NCX1–3 isoforms in isolated
mitochondrial fractions and in situ (36, 37). There were,
however, several lines of evidence against this theory. The
localization of NCX family members to the mitochondria
was controversial (38), antibodies against the mitochondrial
NCX did not react with polypeptides from cardiac sarco-
lemma vesicles (35), and enhanced plasma membrane NCX
expression did not correlate with mitochondrial exchange
activity (39). Perhaps most importantly, the cation selectiv-
ity and inhibitor sensitivity of the mitochondrial NCX were
clearly distinct from those of all plasma membrane NCX
family members (18).

The molecular identification of the mitochondrial NCX
came about when we sought to identify a gene mediating Na�/
Zn2� exchange activity, monitored primarily on neuronal cell
membranes (40). On the basis of this mechanism, we reasoned
that it belongs to the NCX superfamily and cloned a putative
member termed FLJ22233 (41). Phylogenetic analysis of this
gene indicated that it did not belong to either one of the major
mammalian Na�/Ca2� subfamilies, NCX and the Na�/
Ca2�/K� exchanger (SLC8 and SLC24), and that it diverged
earlier in evolution to form a distinct subfamily with a single
mammalian member (42, 43). The FLJ22233 gene product
mediated Na�/Ca2� but not Na�/Zn2� exchange. Unexpect-
edly and in contrast to other NCXs, this transporter mediated
both Li�- and Na�-dependent Ca2� exchange activity and was
therefore named NCLX (5). The Li�/Ca2� exchange of NCLX
prompted us to ask whether it is the mediator of this activity in
mitochondria. Immunoblot analysis and immunoelectron
microscopy analyses in cultured cells and native tissue revealed
NCLX localization in the inner membranes of mitochondria,
and increased expression of NCLX enhanced mitochondrial
Ca2� efflux (5). Furthermore, NCLX-mediated mitochondrial
Ca2� effluxwas fully blocked byCGP-37157, byNCLX siRNAs,
or by a catalytic mutant that had strong dominant-negative
effect on mitochondrial Na�/Ca2� exchange. Finally, Ca2�

efflux mediated by mitochondrial NCLX was Li�- or Na�-de-
pendent (Fig. 1). Altogether, the localization and functional
analyses indicate that NCLX is the long-sought mitochondrial
NCX (5). These findings gained independent support by a
recent study showing thatNCLXwas localized tomitochondria
in B lymphocytes and thatmitochondrial Na�-dependentCa2�

exchange in these cells was abolished by genetic knock-out or
by siRNA-mediated knockdown of NCLX expression (44).

Regulation of the Mitochondrial Exchanger by Protein
Interactions

Several studies suggested that interaction of the mitochon-
drialNCXwith other proteins (18, 35) regulated its activity (Fig.
2) (45–49). At least two protein kinases (PKC and PINK1), a
member of the stomatin family (SLP-2), and the anti-apoptotic
protein Bcl-2 modulate the activity of the mitochondrial NCX.
A report by Yang et al. (49) showed that tetanic-induced syn-
aptic potentiation (TISP) is dependent on the activity of the
mitochondrial NCX, which is in turn regulated by PKC. Sur-
prisingly, although TISP is Ca2�-dependent, it occurs in the
absence of extracellular Ca2�. To clarify the functional basis for
this type of synaptic potentiation, Yang et al. showed that an
increase in Na� concentration at nerve terminals triggers Ca2�

release frommitochondria and that inhibition of themitochon-
drial NCX or PKC activity abolishes TISP. Direct interaction
between PKC and the mitochondrial exchanger appears plau-
sible, as the mitochondrial localization of PKC, as well as its
physical interaction with transport proteins on both the outer
and inner mitochondrial membranes, has been reported (47).
Gandhi et al. (46) showed that the loss of PINK1 function in
neurons leads to profound inactivation of mitochondrial Na�/
Ca2� exchange, triggering mitochondrial Ca2� overload and
neuronal death in a model of Parkinson disease. Similarly, Zhu
et al. (39) found thatNa�/Ca2� exchange activity is inhibited in

FIGURE 2. Schematic representation of ions, transporters, and kinases
that interact or modulate the activity of the mitochondrial NCX. Func-
tional cross-talk between the ER and plasma membrane fluxes of Na� and
Ca2� regulates the activity of the mitochondrial NCX, which in turn controls
the Ca2� content in the ER or plasma membrane microdomain and Ca2�

signaling in the cytosol. NHE, Na�/H� exchanger; RyR, ryanodine receptor;
IP3R, inositol trisphosphate receptor; SOC, store-operated calcium channel;
LTCC, L-type Ca2� channel; TRP, transient receptor potential channel.
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isolated mitochondria from hearts of transgenic mice overex-
pressingBcl-2.A similar inhibitory effectwas recently found for
themitochondrial protein SLP-2 (48). A study by Da Cruz et al.
(48) showed that enhancing SLP-2 expression causes inhibi-
tion, whereas depleting SLP-2 expression results in augmenta-
tion of mitochondrial Na�/Ca2� exchange activity. Finally, the
calcium-dependent �-calpain mediates cleavage of the mito-
chondrial NCX in isolated mitochondria (45). Analyses of
NCLX sequence have not show a clear PINK1 or Bcl-2 phos-
phorylationmotif,4 suggesting that the interaction of these pro-
teins with the exchanger may be indirect. The molecular iden-
tification of the exchanger as described below invites future
studies to elucidate the molecular basis of these important reg-
ulatory mechanisms.

Stoichiometry of the Mitochondrial NCX

Whether the mitochondrial NCX action is electrogenic is a
key issue, as it determines the transmitochondrial Ca2� and
Na� gradients. Early studies indicated that the velocity of Ca2�

efflux is a function of [Na�]4 and that it is stimulated by energy-
linked respiration (14, 26, 50), suggesting an electrogenic pro-
cess in which three Na� ions are exchanged for one Ca2� per
cycle. Subsequent studies further indicated that the thermody-
namic requirements for the Ca2� gradient established by the
mitochondrial NCX require that itmediates electrogenic trans-
port (51, 52). In contrast, several studies presented evidence
against electrogenicity of the exchanger, as its activity does not
produce a change in mitochondrial �� (53), additional evalua-
tion of the Na�/Ca2� kinetics suggested that the velocity of
Ca2� efflux is in fact a function of [Na�] (27, 54),4 and mito-
chondrial Na/Ca2� exchange activity was not affected by an
electroneutral H�/Ca2� uncoupler (A23187), thereby favoring
the electroneutral model (55). A recent analysis by Kim and
Matsuoka (56) successfullymeasured changes inmitochondrial
�� induced by mitochondrial Na�/Ca2� exchange following
blockage of the respiratory chain. They found that, under these
conditions, activation of the mitochondrial exchanger resulted
in hyperpolarizationwhen the exchanger acted in reversemode
(Ca2�

in/Na�
out) and in depolarization when the exchanger was

active in direct Ca2� forward mode (Na�
in/Ca2�

out). These
findings are consistent with a stoichiometry of at least three
Na� ions/one Ca2� ion per transport cycle and agree with a
recent theoretical model also favoring a similar exchangemode
(56, 57). Interestingly, when expressed in HEK293 cells, a frac-
tion of NCLX reaches the plasma membrane and allows direct
measurement of a Ca2�-dependent outward current, which is
consistent with a stoichiometry of three to four Na� ions/one
Ca2� ion (41, 58). Taken together, a growing number of studies
now support an electrogenic mode of three to four Na� ions/
one Ca2� ion per transport cycle mediated by the mitochon-
drial exchanger, and electrophysiological analysis of its activity
may provide another important tool for studying its function
and regulation.

Cytosolic Na� and Mitochondrial NCX Activity

The mitochondrial NCX is also the major pathway for Na�

influx into mitochondria. Mitochondrial Na� is subsequently
balanced by a Na�/H� exchanger, an important mitochondrial

transporter whose molecular identity remains to be elucidated.
The Km of the mitochondrial exchanger for Na� is �7–10 mM,
remarkably tuned to the resting cytosolic Na� concentration.
This implies that even a small change in cytosolic Na� will
strongly modulate its activity. Such effects were indeed docu-
mented in several cell types and were linked to various physio-
logical processes, including synaptic activity (49), energy bal-
ance (59, 60), and phagocytosis (61). Another interesting
demonstration of Na�-induced mitochondrial Ca2� release
was recently reported in a study showing that, in smooth mus-
cle cells, activation ofTRPC6 followingERCa2� store depletion
leads to a marked increase in cytosolic Na�, followed by subse-
quent release of mitochondrial Ca2� (62). This Ca2� release
may contribute to salt-sensitive hypertension. Whether this
phenomenon is extended to other cell types or other TRPC
family members is an intriguing possibility with broad and
important implications in cellular physiology. In cardiac myo-
cytes, elevated cytosolic Na� is followed by strong acceleration
of mitochondrial Ca2� efflux, which inhibits themitochondrial
metabolic rate and formation of reactive oxygen species (59,
63). In melanoma cells, a rise in cytosolic Na� mediated by a
splice variant of the Na� channel Nav1.6 promotes mitochon-
drial calcium release, which accelerates the invasiveness of
these tumor cells (60). Activation of mitochondrial Na�/Ca2�

exchange by an increase in intracellular Na� is also a prime
suspect in several cellular pathologies such as heart failure, can-
cer, and hypertension. Collectively, these studies highlight a
role of cytosolic Na� as a dynamic and important regulator of
the mitochondrial NCX.

Role of the Mitochondrial NCX in the Regulation of
ER Ca2�

Over recent years, many studies (reviewed in Refs. 64–67)
have revealed a dynamic and structural association between
mitochondria and ER compartments where specialized and
restricted calcium shuttling occurs (Fig. 2). The release of Ca2�

through the mitochondrial NCX supports a major pathway by
which mitochondria feed Ca2� into the ER. Mitochondria act
both to recycle Ca2� leaving the ER, preventing the depletion of
neighboring ER regions (68), and to facilitate the shuttling of
Ca2� fromplasmamembrane store-operatedCa2� channels en
route to the ER and cytosol (69–71). The physiological signifi-
cance of the mitochondrial NCX in keeping Ca2� shuttling
between theER andmitochondriawas demonstrated by various
studies showing, for example, that it is critical for maintaining
and controlling the frequency of oscillatory Ca2� waves (72–
75) or for proper protein folding (76). Recently, this activity was
addressed for the first time using both pharmacological and
genetic manipulation tools, demonstrating that, in B lympho-
cytes, the mitochondrial Na�/Ca2� exchanger NCLX main-
tains Ca2� recycling between mitochondria and ER, thereby
playing a pivotal role in B cell responses to antigen (56). Finally,
in vivo measurements of mitochondrial Ca2� recycling in
mouse skeletal muscle during contraction also revealed an
important role for the NCX in Ca2� shuttling between the
mitochondria and SR (77).
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Mitochondrial Na�/Ca2� Exchange in Brain and
Secretory Systems

The dominant role of the exchanger is to counterbalance
mitochondrial Ca2� uptake following transient cytosolic eleva-
tions by subsequent release to maintain resting mitochondrial
Ca2� at the required physiological levels. The released mito-
chondrial Ca2� plays a major role in modulating the cytosolic
Ca2� response, as it generates a “shoulder”-like extension that
shapes themagnitude and duration of the cytosolic Ca2� signal
(78–83). The high density of mitochondria in synaptic regions
and the importance of Ca2� signaling in these sites prompted
many studies to focus on the role of the mitochondrial
exchanger in synaptic transmission. Indeed, in various neuro-
nal preparations, synaptosomal neurotransmitter release was
modulated by CGP-37157. These effects were reproduced by
inducing changes in intracellular Na�, thus linking the mito-
chondrial exchanger to several forms of synaptic plasticity (49,
81, 84, 85) and arguing against a non-selective effect of CGP-
37157. Similarly, other forms of secretion are alsomodulated by
the activity of the mitochondrial exchanger such as exocytosis
of gonadotropins from rat gonadotrophs (75) and secretion of
glutamate by cortical astrocytes (86).
There is a large body of literature describing the connection

between brain disorders and abnormalities in mitochondrial
Ca2� handling, and only few examples are briefly described
here. Cytosolic andmitochondrial Ca2� overloads are principal
pathophysiological events during brain ischemia. The majority
of studies suggest a neuroprotective role for blocking the mito-
chondrial exchanger activity (11). A harmful effect of mito-
chondrial Na�/Ca2� exchange activity following ischemic-like
conditions was shown in rat hippocampal slices, where a pro-
longed neuronal cytosolic Ca2� rise triggered by toxic levels of
NMDA was augmented by elevation of cytosolic Na� and
blocked by CGP-37157 (87). Similarly, in hypoxic slices,
increased release of free fatty acids (amarker for tissue damage)
was reduced byCGP-37157 (88). The increase inmitochondrial
Ca2� by CGP-37157 in immature neurons during NMDA
insult also induces a neuroprotective release of mitochondrial
NO (89). In contrast, however, Scanlon et al. (90) reported that
application of CGP-37157 does not profoundly alter glutamate-
mediated changes in mitochondrial function following toxic
NMDA insults. Also, mitochondrial NCX activity is required
for the neuroprotective effect of cannabinoids during neuronal
Ca2� overload (91). Thus, whether mitochondrial Na/Ca2�

exchange activity is harmful or neuroprotective during ische-
mia requires additional investigation. A molecular control for
the exchanger expression or activity employing, for example,
NCLX knock-out mice may help in clarifying some of the
uncertainties related to the role of themitochondrial exchanger
in these syndromes.
Dysfunction of neuronal metabolism is a major factor in

many forms of seizure activity. Seizure-like events are accom-
panied by frequent stimulation of sodium channels that are
likely to contribute to intracellular Na� loads (92) and have
been shown to be translated into mitochondrial Ca2� tran-
sients conveyed by the MCU and NCX (93). These findings
indicate that, through modulation of mitochondrial Ca2�, epi-

leptic activity results in changes in mitochondrial function that
may contribute to subsequent neuronal injury. Impairments in
Ca2� homeostasis and mitochondrial function are also hall-
mark events in Parkinson (PD), Huntington (HD), and
Alzheimer (AD) diseases. Although an elegant study showed
that striatal neurons expressing the HD disease-related mutant
huntingtin exhibit impaired mitochondrial Ca2� shuttling fol-
lowing mitochondrial Ca2� loads, the specific role of the mito-
chondrial exchanger remained unclear (94). Chin et al. (95)
found a possible link between neuronal damage andmitochon-
drial Ca2� shuttling in AD, as application of �-amyloid, the
main component of senile plaques found in the brains of AD
patients, to rat basal forebrain neurons triggered a cytosolic
Ca2� overload that could be partially rescued byCGP-37157. In
PD, the genetic mutated markers Parkin and PINK1 are tar-
geted to themitochondria and regulate diverse aspects of mito-
chondrial function, includingmembrane potential and calcium
homeostasis. PINK1-deficient neurons show excessive mito-
chondrial Ca2� overload linked to profound inhibition of the
mitochondrial NCX; however, how this kinase regulates the
exchanger is still unresolved (46). Further studies are required
to determine whether changes in the activity or expression pat-
tern of the mitochondrial NCX are part of AD, PD, and HD
etiology.

Mitochondrial Na�/Ca2� Exchange in Heart

In cardiomyocytes, the ability of the mitochondria to modu-
late cytosolicCa2� transients is not fully resolved.An intriguing
and controversial issue is whether the mitochondrial Ca2�

shuttling can manage to follow a beat-to-beat rate (reviewed in
Refs. 96–98). Some of this controversy is probably related to
differences in species and developmental stages of the cardiac
preparations or the limited accessibility and specificity of the
MCU and the NCX inhibitors in intact cardiomyocytes. In
addition, ATP production during normal cardiac pacing does
not seem to be strongly affected by mitochondrial Ca2�, con-
sistent with multiple pathways involved in this process (99).
Mitochondrial Ca2� does seem to play a metabolic role during
accelerated pacing or following ischemia. The latter syndrome
may lead to a rise in cytosolic Na� that triggers mitochondrial
Ca2� efflux, which in turn depletes mitochondrial Ca2� con-
tent and causes oxidative phosphorylation inhibition and ATP
shortage (59). Conversely, according to another study, hypoxia
may lead to mitochondrial Ca2� overload due to reversal of the
mitochondrial exchanger (100). Themolecular identification of
both MCU and NCLX now provides potentially more selective
genetic tools to assess the physiological and pathophysiological
roles of mitochondrial Ca2� shuttling in intact cardiac
preparations.

Conclusions

Forty years of research led to the recognition of the major
role played by the mitochondrial NCX in cellular biology.
Numerous studies showed that, by releasing mitochondrial
Ca2�, the mitochondrial NCX regulates the cells metabolic
rate, shapes intracellular Ca2� signaling, and contributes to cell
death in normal or disease states. Other studies demonstrated
that the mitochondrial NCX is regulated by the cellular ionic
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milieu or by various proteins. A principal limitation in under-
standing the physiological roles of this exchanger was that its
molecular identity was unknown, and studies had to rely on
inhibitors (primarily CGP-37157) that could also modulate the
activity of other Ca2� transporters. Identification of the mito-
chondrial NCXNCLX can facilitate molecular based biochem-
ical and biophysical analysis aimed to identify its regulatory
sites and partner proteins. NCLX knock-out or knockdown
models may be used to study the role of the mitochondrial
exchanger in vivo and under tight genetic control to allow a
tissue-specific analysis of the exchanger’s role in heart, brain,
and endocrine pancreas and to determine whether a change in
its expression pattern in animals and humans is linked to neu-
ronal, cardiac, or endocrine disorders.
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Many cellular Ca2�-dependent signaling cascades utilize cal-
modulin (CaM) as the intracellular Ca2� receptor. Ca2�/CaM
binds and activates a plethora of enzymes, including CaM
kinases (CaMKs). CaMKK2 is one of the most versatile of the
CaMKs and will phosphorylate and activate CaMKI, CaMKIV,
and AMP-activated protein kinase. Cell expression of CaMKK2
is limited, yet CaMKK2 is involved in regulating many impor-
tant physiological and pathophysiological processes, including
energy balance, adiposity, glucose homeostasis, hematopoiesis,
inflammation, and cancer. Here, we explore known functions of
CaMKK2 and discuss its potential as a target for therapeutic
intervention.

Ca2� is pervasive second messenger that controls many cell
functions by forming a complex with calmodulin (CaM)3 (1),
which serves as a ubiquitous intracellular Ca2� receptor (2).
Upon Ca2� binding, CaM increases its affinity for a large num-
ber of CaM-binding proteins, including three multifunctional
CaM kinases (CaMKI, CaMKII, and CaMKIV) (3). For full acti-
vation, CaMKI and CaMKIV require phosphorylation on an
activation loop Thr by CaMKK� or CaMKK� (CaMKK1 or
CaMKK2, respectively). The requirement of two CaMKs in the
same signaling pathway led to the concept of a CaMK cascade
(4). In addition to its role in these enzymatic cascades, CaMKK2
is also a physiologically relevant upstream activator of the
AMP-activated protein kinase (AMPK) (5–7), and one role for
this CaMKK2-AMPK complex is the regulation of energy bal-
ance by acting in the hypothalamus (8).

CaMKK2: Structure and Function

CaMKK2 is a 66–68-kDa kinase in rat, mouse, and man
(9–14). Analysis of CaMKK2 cDNA clones revealed a �90%
species similarity in the amino acid coding region but with het-
erogeneity in the 3�-noncoding termini (12–14). Similar to
other CaMK family members, CaMKK2 consists of unique N-
and C-terminal domains and a central Ser/Thr-directed kinase
domain that is followed by a regulatory domain composed of
overlapping autoinhibitory and CaM-binding regions (15). The
deduced amino acid sequences of cloned CaMKK2 cDNAs
reveal 30–40% sequence identity of the kinase homology
domain to other members of the CaMK family. However,
CaMKK2 contains a unique 22-residue Pro/Arg/Gly-rich insert
between the ATP-binding and protein substrate motifs (11).
The human CaMKK2 locus spans over 40 kb pairs, maps to

chromosome 12q24.2, and is organized into 18 exons and 17
introns (16). Two major transcripts are generated by use of
polyadenylation sites present in the last two exons. Addition-
ally,CaMKK2 transcripts can be generated by alternative splic-
ing of internal exons 14 and/or 16; this mechanism produces
variants with different roles in neuronal differentiation (16, 17).
PKA and CaMKIV have been reported to be involved in regu-
lation of alternative splicing of the CaMKK2 transcript (17).
Analysis of the sequences of the promoter and 5�-untrans-

lated region of the human CaMKK2 gene identified consensus
DNA-binding sequences for several transcription factors,
including Ikaros, RUNX1 (Runt-related transcription factor 1),
and GATA1 (GATA-binding factor 1). The expression of these
transcription factors is typically restricted to stem cell progen-
itors, in which their role is to regulate hematopoiesis and neu-
ropoiesis (19–21). This may be relevant to the fact that
CaMKK2 is expressed in a restricted number of cell types, as
well as the involvement of CaMKK2 in processes regulating
development of neurons and blood progenitors (22, 23).
The most well characterized substrates of CaMKK2 are

CaMKI and CaMKIV. CaMKK2 phosphorylates CaMKIV and
CaMKI on activation loop Thr residues (Thr-200 and Thr-177,
respectively), which increases their kinase activities. Accord-
ingly, mutation of the Thr residue abolishes both phosphoryla-
tion and activation of CaMKI/CaMKIV byCaMKK2 (12).More
recently, AMPK� was shown to be an additional substrate of
CaMKK2. Phosphorylation and activation of AMPK occur in
response to an increase in intracellular Ca2� in LKB1 (liver
kinase B1)-deficient cells, and this effect is dependent on
CaMKK2 (5). Down-regulation of CaMKK2 in mammalian
cells using RNA interference almost completely abolishes
AMPK activation (6). Finally, purified CaMKK2will phosphor-
ylate and activate AMPK� in vitro (6), and these two kinases
form a stable multiprotein complex consisting of Ca2�/CaM,
CaMKK2, AMPK�, and AMPK� (8), which is regulated by
Ca2�, but not by AMP, due to the absence of the AMP-binding
subunit. Green et al. (24) demonstrated that CaMKK2 and
AMPK associate through their kinase domains and found that
CaMKK2must be in an active conformation to bindAMPK, but
not to associate with other substrates, such as CaMKIV. These
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findings suggest the hypothesis that signals modifying the acti-
vation status of CaMKK2may act asmolecular switches to cou-
ple CaMKK2with AMPK- and/or CaMK-dependent pathways.
The molecular mechanism regulating the enzymatic activity

of CaMKK2 is still not completely defined (Fig. 1). CaMKKs are
autoinhibited by a sequence located immediately C-terminal to
their catalytic domain. This includes overlapping autoinhibi-
tory andCaM-binding regions that are similar to those found in
CaMKI and CaMKIV (11). However, the x-ray structure of
Ca2�/CaMbound to this region reveals that the structure of the
bound CaMKK domain is markedly different from those of
other CaMK CaM-binding domains whose structures have
been solved (25). Clearly Ca2�/CaM binding causes unique
conformational changes in the CaMKKs relative to other
CaMKs, although the mechanistic reason for this difference
remains to be clarified.
CaMKK2 exhibits significant activity even in the absence of

Ca2�/CaM binding (autonomous activity) (12). By using trun-
cation mutants of CaMKK2, a region of 23 amino acids (resi-
dues 129–151) located N-terminal to the catalytic domain was
identified as an important regulatory element of autonomous
activity (26). Mass spectrometry revealed three phosphoryla-
tion sites, Ser-129, Ser-133, and Ser-137 (26, 27), which are
highly conserved in mouse, rat, and human isoforms of
CaMKK2.CaMKK2withmutations of these Ser residues exhib-
its increased autonomous activity but no change in Ca2�/CaM-

dependent activity (27). Notably, phosphorylation of Ser-129,
Ser-133, and Ser-137 also increases the stability of CaMKK2.
CDK5 (cyclin-dependent kinase 5) and GSK3 (glycogen syn-
thase kinase 3) have been identified as upstream kinases
responsible for phosphorylating these sites and, in turn, for the
regulation of the autonomous activity of CaMKK2 (27). Fur-
thermore, it has been proposed that a major consequence of
relief from autoinhibition is autophosphorylation of Thr-482, a
post-translational change that likely contributes to the
increased autonomous activity of CaMKK2 (Fig. 1) (28). How-
ever, even though CaMKK2 has autonomous activity against
CaMKI and CaMKIV, substrates that are not regulated by
Ca2�/CaM, such as AMPK, still require Ca2�/CaM binding to
CaMKK2 to become phosphorylated (7). This helps to explain
the conundrum of why two enzymes in a cascade require the
same allosteric activator. It also suggests that either a Ca2�

signal or other non-canonical signaling events could regulate
CaMKK2 activity and serve asmolecular switches to couple this
kinase to several downstream effector pathways.

CaMMK2 Expression in Cells and Tissues

Although CaMKI and CaMKII are ubiquitously expressed,
the expression of other CaMK family members is considerably
more restricted. For example, CaMKIV is expressed at high
levels in testis, aswell as in nervous and immune systems (3, 29).
CaMKK2 is present in many areas of the brain, including the

FIGURE 1. Schematic representation of the structure-activity relationships of CaMKK2. A, CaMKK2 consists of unique N- and C-terminal domains (blue and
green, respectively) and a central Ser/Thr-directed kinase domain (red) that is followed by a regulatory domain composed of overlapping autoinhibitory and
CaM-binding regions (Autoreg/CaM, gray). A region of 23 amino acids (residues 129 –151) located at the N terminus of the catalytic domain has been identified
as an important regulatory element. CDK5 and GSK3 phosphorylate Ser-129, Ser-133, and Ser-137. PKA phosphorylates Ser-100, Ser-495, and Ser-511. Thr-482
has been identified as an auto/transphosphorylation site. B, although CaMKK2 has autonomous activity for some substrates, binding to Ca2�/CaM relieves
autoinhibition, resulting in a fully active kinase. Mutation of Ser-129, Ser-133, and Ser-137 increases autonomous activity with little change in Ca2�/CaM-de-
pendent activity. Of note, mutation of Ser-129, Ser-133, and Ser-137 also decreases the stability of CaMKK2. This implies that the autonomously active CaMKK2
generated by dephosphorylation of these Ser residues would display a shorter half-life and be more rapidly degraded. Mutation of PKA residues does not affect
CaMKK2 autonomous activity. Phosphorylation of Ser and Thr residues is depicted as blue and red clouds, respectively.
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olfactory bulb, hippocampus, dentate gyrus, amygdala, hypo-
thalamus, and cerebellum (Refs. 12 and 14; see the Gene
Expression Nervous System Atlas (GENSAT) (30)). In addition
to the nervous system, CaMKK2 is present at lower levels in
testis, spleen, and lung (12, 31). In other tissues, such as kidney,
intestine, and heart, the evidence for expression remains less
clear (12, 31, 32).
CaMKK2 can be clearly detected in isolated murine preadi-

pocytes, embryonic fibroblasts, and isolated hepatocytes and in
human umbilical cord vein endothelial cells (32–34). Most
recently, the presence of CaMKK2 in immune cells was exam-
ined and found exclusively in cells of themyeloid linage, includ-
ing bone marrow-derived and freshly isolated peritoneal
macrophages (35).

CaMKK2 and Brain Functions

Calcium controls many neuronal functions, such as neu-
rotransmitter synthesis and secretion and dendritic spine mor-
phology (36). Thus, it is not surprising that proteins involved in
Ca2�-dependent pathways, such as CaMKK2, play critical roles
in the development of neurons and brain physiology (37, 38).
Hippocampal Memory—Germ-line ablation of CaMKK2

impairs long-term memory formation (39, 40). The absence of
CaMKK2 is associated with selective loss of long-term potenti-
ation at hippocampal CA1 synapses and with a decrease in spa-
tial training-induced cAMP response-element binding protein
(CREB) activation in the hippocampus (39). However, in con-
trast to CaMKK1�/� mice, loss of CaMKK2 does not correlate
with deficits in fear conditioning (41).
Initiation and maintenance of synaptic plasticity in CA1

pyramidal neurons of the hippocampus require morphological
changes in dendritic spines, which constitute the main struc-
tural basis for memory formation (42). Studies in cultured neu-
rons revealed requirements for a CaMKK/CaMKI cascade in
regulation of axonal growth cone morphology and outgrowth,
dendritic arborization, and spine and synapse formation (37).
CaMKK and CaMKI co-localize with �PIX (p21-activated
kinase-interacting exchange factor) and GIT1 (G-protein-cou-
pled receptor kinase-interacting protein 1) in dendritic spines
as part of a multiprotein complex that regulates actin dynamics
(43). Differential splicing and phosphorylation of critical Ser
residues affect the ability of CaMKK2 to control dendrite/axon
formation (17, 27). Thus, a CaMKK2/CaMKI cascade regulates
learning-induced neuronal cytoskeleton remodeling associated
with memory formation.
Cerebellar Development—Cerebellar granule cells (CGCs)

are the most abundant neurons in the cerebellum. They
develop from granule cell precursors (GCPs), which migrate
from the rhombic lip to form a secondary proliferative zone in
the external granule layer (EGL) (44, 45). During postnatal
development, GCPs in the EGL cease proliferation andmigrate
again to form the internal granule layer, where they make syn-
aptic connections with Purkinje cells. This complex process is
fine-tuned by BDNF, which influences CGC development by
promoting GCP exit from the cell cycle and acting as a chemo-
kinetic factor to induce GCP migration. CaMKK2 is expressed
in the cerebellum, as well as in isolated CGCs (14, 46). Studies
with mouse models revealed that loss of CaMKK2 or its down-

stream target CaMKIV impairs the ability of GCPs to cease
proliferation in the EGL and migrate to the internal granule
layer (23). This phenotype is correlated with decreased CREB
phosphorylation and reduced BDNF expression inGCPs. Thus,
a CaMKK2/CaMKIV/CREB signaling cascade is required for
regulation of BDNFproduction in the postnatal cerebellumand
execution of the program that mediates CGC development
(23).
Hypothalamus—The hypothalamus serves as a center for

integration of hormonal and nutrient signals to modulate food
intake, energy expenditure, and peripheral glucose metabolism
(47, 48). Multiple neuronal populations residing in the hypo-
thalamic arcuate nucleus (ARC) play a critical role in these reg-
ulatory circuits (47, 49). Due to their electrical activity and
release of the orexigenic neuropeptide Y (NPY), NPY/Agouti-
related protein (AgRP) neurons positively regulate feeding
behavior. In contrast, pro-opiomelanocortin neurons inhibit
feeding by releasing the �-melanocyte-stimulating hormone.
AgRP neurons inhibit pro-opiomelanocortin neurons and thus
serve amodulatory function to reduce satiety and promote food
intake.
Ghrelin is a hormone produced in the intestine that exerts a

potent central orexigenic effect by acting on hypothalamic
NPY/AgRP neurons via activation of the growth hormone
secretagogue receptor to promote release of NPY (50, 51).
Ghrelin exerts its effects by binding to this Gq-coupled growth
hormone secretagogue receptor, leading to an increase in intra-
cellular Ca2� that is required for transcriptional activation of
the NPY gene, and AMPK has been identified as one relevant
signaling component (52). Accordingly, genetic ablation of
CaMKK2 impairs hypothalamic AMPK activity and down-reg-
ulates NPY and AgRP gene expression in NPY neurons, thus
protectingmice from diet-induced obesity, hyperglycemia, and
insulin resistance (8). Interestingly, because CaMKK2 forms a
complex with AMPK�/� and Ca2�/CaM, this has been pro-
posed to function as the physiologically relevant signaling com-
plex formediatingCaMKK2-mediated central effects on energy
homeostasis (8).
CaMKK2 is present in themedial hypothalamus, especially in

ventromedial nuclei (8, 14, 53, 54). In these neurons, cell-spe-
cific gene inactivation studies revealed that brain-derived sero-
tonin uses aCaMKcascade involvingCaMKK2 andCaMKIV to
phosphorylate CREB in response to signaling through the
Htr2c serotonin receptor. Thus, CaMKK2 regulates the expres-
sion of genes necessary for optimal sympathetic activity and, in
turn, bone mass accrual, which is negatively correlated with
sympathetic tone (54). Serotonin also acts via its Htr1a and
Htr2b receptors in ARC neurons to favor appetite and decrease
energy expenditure (55).However, to date, neither the nature of
the molecular events elicited by serotonin nor the role of
CaMKK2 in ARC neurons has been explored.

CaMKK2 in Adipose Tissue and Liver

Although CaMKK2�/� mice are protected from diet-in-
duced obesity, glucose intolerance, and insulin resistance (8),
they have more adipose tissue thanWTmice when fed regular
chow. Moreover, pair feeding of WT mice to match food con-
sumption of CaMKK2 mice slows weight gain but fails to pro-
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tect from diet-induced glucose intolerance (32). Taken
together, these findings suggested that CaMKK2 may partici-
pate in circuits regulating the metabolic response to overnutri-
tion in peripheral metabolic tissues. Indeed, this idea has been
confirmed by recent studies revealing roles for this kinase in
adipogenesis and hepatic glucose metabolism (32, 33).
Adipogenesis—White adipose tissue (WAT) is an organ

whose major function is to regulate energy homeostasis (56).
Adipocytes differentiate from mesenchymal stem cells in a
complex process known as adipogenesis, which begins in late
gestation and is largely regulated by nutrient availability. In the
adult, there is a general consensus that the number of adi-
pocytes cannot increase by �10% after puberty. Although
CaMKK2 is barely detectable in adult mouse WAT or in iso-
lated adipocytes, this kinase is expressed in preadipocytes (33).
Indeed, genetic ablation of CaMKK2 led to an increase inWAT
mass, which correlated with a decrease in the number of prea-
dipocytes in this tissue. Interestingly, when exposed in vitro to
adipogenic stimuli, primary CaMKK2�/� preadipocytes dis-
play a greater ability to differentiate into adipocytes than do
WT cells. Moreover, during the differentiation process of WT
adipocytes, the increase in molecular markers of the mature fat
cell inversely correlates with the disappearance of CaMKK2.
Interestingly, the silencing of AMPK� exerts effects compara-
ble to genetic ablation of CAMKK2 by promoting terminal dif-
ferentiation of preadipocytes. Finally, inhibition of the
CaMKK2/AMPK signaling cascade in preadipocytes reduces
Pref-1 (preadipocyte factor 1) and Sox9 (SRY-related HMG
box) mRNA, resulting in accelerated adipogenesis. Thus,
CaMKK2/AMPK� functions in the signaling network that reg-
ulates adipocyte development (33).
Hepatic Glucose Metabolism—Although initial reports (11,

12, 31) failed to identify CaMKK2 in liver, this kinase is present
in isolated hepatocytes (32). In fact, acute reduction of hepatic
CaMKK2 reduces blood glucose in mice fed either a regular or
high-fat diet (32). Notably, acute deletion of CaMKK2 in pri-
mary hepatocytes prevents the up-regulation of key enzymes of
the gluconeogenesis pathway, such as glucose-6-phosphate
dehydrogenase and phosphoenolpyruvate carboxykinase, in
response to noradrenaline, an agonist of Ca2� signaling. More-
over, freshly isolated hepatocytes from CaMKK2�/� mice also
exhibit an increased rate of de novo lipogenesis relative to that
of WT cells. Quiescent and noradrenaline-exposed CaMKK2-
null hepatocytes express less mRNA encoding the PGC-1�
(peroxisome proliferator-activated receptor � coactivator 1�)
compared with WT hepatocytes, and this defect may be
responsible for impaired glucose-6-phosphatase and phos-
phoenolpyruvate carboxykinase gene expression (32). The
PGC-1� promoter can be activated by the CREB-CREB-bind-
ing protein-TORC2 complex in response to PKA signaling and
repressed by HDAC5 (histone deacetylase 5), a putative target
of CaMKs (57–59). In primary hepatocytes, loss of CaMKK2
prevents phosphorylation of HDAC5 on two residues that are
critical for relief of repression (32). These data inspired the idea
that a CaMKK2/CaMKI signaling cascademay control HDAC5
phosphorylation and, in turn, relief of repression of genes
whose protein products are required for gluconeogenesis (32).

CaMKK2 and Myeloid Cell Physiology

CaMKK2 substrates control important functions in hemato-
poietic and immune cells (29, 60, 61). CaMKIV regulates sur-
vival of activated dendritic cells and the amplitude of the anti-
body response induced by vaccines (62, 63). CaMKI has been
implicated in TLR4 (Toll-like receptor 4) signaling, as well as in
the inflammatory response induced by sepsis (64), and AMPK
plays an important role in the inflammatory response (65).
Together, these findings suggest that CaMKK2 could be
involved in the control of blood cell formation and inflamma-
tory response. Indeed, recent reports identified functions for
CaMKK2 in granulopoiesis andmacrophage activation (22, 35).
Granulopoiesis—The formation of blood cells is a complex

process inwhich hematopoietic stem cells (HSCs) self-renewor
differentiate into more lineage-committed progenitors to ulti-
mately generate all mature blood cells (66). The ability of HSCs
to undergo self-renewal is partly regulated by external signals
originating from the stem cell niche, and a high concentration
of Ca2� at the HSC-enriched endosteal surface provides a
unique microenvironment for stem cells (67, 68). An implica-
tion of these data is that Ca2�/CaM-dependent pathways may
play critical roles in hematopoiesis. Supporting this idea,
CaMKIV is involved in regulating HSC survival and mainte-
nance (61).
Most recently, CaMKK2�/� mice were found to possess

reduced numbers of HSCs and total bone marrow cells (22).
However, unlike the case for loss of CaMKIV, depletion of
CaMKK2 did not affect the proliferation, survival, or function
of HSCs. Rather, loss of CaMKK2 resulted in marked defects in
early myeloid progenitor populations. Surprisingly, engraft-
ment of CaMKK2-null HSCs by bone marrow transplant led to
an increased repopulation of myeloid cells, and an increased
ability of CaMKK2-null myeloid progenitors to differentiate
into colony-forming unit-granulocytes and Gr1�Mac1� gran-
ulocytes was confirmed in vitro. Intriguingly, similar to adi-
pocytes, expression of CaMKK2 inversely correlates with pro-
gression of differentiation, and CaMKK2 mRNA is present in
myeloid progenitors but is undetectable inmature granulocytes
(22). Taken together, the findings on adipogenesis, granulo-
poiesis, and CGCs (22, 23, 33) suggest an intriguing scenario in
which CaMKK2 plays a more general role in progenitor cell
biology, operating as a critical component of the signaling path-
way that regulates proliferation, terminal differentiation, and
commitment of progenitor cells toward a specific lineage.
Macrophages—Macrophages are phagocytes that play an

essential role in clearing the body of debris, apoptotic cells, and
pathogens (69). In lean subjects, macrophages display an atten-
uated inflammatory phenotype and protect adipose tissue from
metabolic stress. Contrariwise, in response to overnutrition,
monocytes recruited to adipose tissue develop into macro-
phages with a proinflammatory phenotype that play a causative
role in the glucose intolerance andmetabolic syndrome associ-
ated with obesity (70). Because macrophages release mediators
that regulate all aspects of host defense, inflammation, and
homeostasis, they play a critical role in the pathogenesis of sep-
sis and many other conditions characterized by an abnormal
response to pathogens and stressing agents (71, 72).
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Genetic ablation of CaMKK2 protects mice from diet-in-
duced obesity, insulin resistance, and glucose intolerance (8).
The ability of CaMKK2 to control food intake in the hypothal-
amus and gluconeogenesis in the liver contributes to this phe-
notype (8, 32). However, obesity is associated with a chronic
inflammatory response that, in turn, causes abnormalities in
glucose metabolism (73, 74). Thus, loss of CaMKK2 could also
exert its effects, at least in part, by mitigating the inflammatory
response to overnutrition, as this would attenuate the detri-
mental effects of chronic inflammation on glucosemetabolism.
Indeed, genetic ablation of CaMKK2 protects mice from the
effects of a high-fat diet by preventing accumulation of macro-
phages and inflammatory cytokines in the adipose tissue of
obesemice (35). Interestingly, CaMKK2-null mice are also pro-
tected from endotoxin shock and fulminant hepatitis induced
by bacterial LPS.
Among blood cell types, CaMKK2 is expressed selectively in

macrophages, and its ablation impairs the ability of macro-
phages to spread, phagocytize bacteria, and release cytokines/
chemokines in response to LPS. This might seem incongruous
because AMPK�, a known downstream effector of CaMKK2 in
macrophages, negatively regulates macrophage activation and
polarization and contributes to protection against obesity,
inflammation, and insulin resistance (75–77). However, analy-

sis of events proximal to the TLR4 signaling cascade indicates
that, at early time points, LPS stimulation induces a decrease in
phospho-AMPK�, and an increase in phospho-AMPK can be
observed only at later time points (77). Thus, AMPK� activa-
tion may not be a direct consequence of TLR4 engagement but
rather mediated by the wave of cytokines released by activated
macrophages, such as IL-10 (77). Taken together, these data are
not compatible with AMPK� being a downstream effector of
CaMKK2 in TLR4-mediated signaling.
Actually, loss of macrophage CaMKK2 uncouples TLR4 sig-

naling from the phosphorylation of PYK2/PTK2B (protein
tyrosine kinase 2) and from activation of PYK2 downstream
effectors, such as ERK1/2, NF�B, c-Jun, and AKT (35).
CaMKK2may regulate the stability and/or endosome recycling
of PYK2, thus tuning the cross-talk between integrin signaling
and the TLR4-dependent cascade. Thus, in macrophages as
well as in neurons, CaMKK2 participates in signaling pathways
controlling cytoskeleton remodeling and morphological
changes induced by external stimuli (17, 27, 37).

CaMKK2 and Prostate Cancer

The androgen receptor (AR) regulates prostate growth and is
the principal target of therapy aimed at preventing growth and
spreading of androgen-dependent prostate cancer (78). In an

FIGURE 2. CaMKK2 functions as a molecular hub to regulate critical cell functions. CaMKK2 can be activated by signaling through Gq-coupled receptors,
IP3-mediated release of Ca2� via activation of the IP3 receptor, or Ca2� entry into cells via plasma membrane ion channels (i.e. voltage-dependent calcium
channel (VDCC)). Calcium signals from integrin and other immunoreceptor tyrosine-based activation motif (ITAM)-coupled immune receptors can activate
IP3-mediated release of Ca2�, activate CaMKK2, and cross-regulate heterologous receptors, such as the Toll-like receptors (TLR). Signaling pathways modulat-
ing GSK3/CDK5 activities can modulate the stability and autonomous activity of CaMKK2. Signals regulating the intracellular level of cAMP can activate
EPAC/PKA-dependent pathways and, in turn, regulate CaMKK2 activity. CaMKI, CaMKIV, and AMPK couple CaMKK2 to multiple downstream cascades, which
conspire to regulate critical cell functions. FcR, Fc receptor; PDE, phosphodiesterase.
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attempt to determine androgen-responsive genes, two groups
recently identified CaMKK2 to be associatedwith prostate can-
cer (79, 80). Frigo et al. (80) revealed that androgens stimulate
the expression of CaMKK2 in androgen-dependent prostate
cancer cells. These authors also identified AMPK� as the
downstream effector of CaMKK2 and identified CaMKK2 and
AMPK as components of the signaling pathway downstream of
the AR that mediates prostate cancer cell migration and inva-
sion. Subsequently,Massie et al. (79) used a different strategy to
identify CaMKK2 as a direct AR target, reporting that it is con-
sistently overexpressed in prostate cancer based on analysis of
nine independent clinical gene expression studies. This study
also revealed that the AR directly up-regulated expression of
molecules required for glucose uptake and glycolysis. Pharma-
cological inhibition or siRNA-mediated down-regulation of
CaMKK2 decreased phospho-AMPK�, glycolytic flux, glucose
uptake, and lactate and citrate production. Thus, the authors
proposed CaMKK2 to be an important regulator of anabolic
pathways downstream of the AR in prostate cancer cells (79).

Concluding Remarks and Perspectives

CaMKK2 is regulated at many levels bymany signaling path-
ways (Fig. 2). Generation and/or splicing of the primary tran-
script is a regulated event, and in prostate cancer cells, tran-
scription can be regulated by androgens (16, 17, 79, 80).
CaMKK2protein is also subject to numerous post-translational
modifications (Fig. 1) that affect protein stability and activity
(27, 28). The cAMP/PKA pathway can inhibit CaMKK2 activ-
ity, and other inhibitory signals await discovery (81). As
depicted in Fig. 2, CaMKK2 can be activated by signaling
through Gq-coupled receptors, inositol 1,4,5-trisphosphate
(IP3)-mediated release of Ca2� via activation of the IP3 recep-
tor, Ca2� entry into cells via plasma membrane ion channels,
and Toll-like receptors (5, 8, 34, 35). Intriguingly, CaMKK2 can
also be activated by resveratrol, and because this field is still in
its infancy, other stimulatory signals are likely to be discovered
(82). Thus, it may be appropriate to consider CaMKK2 as a
signaling hub that is capable of receiving and decoding signals
transmitted via many diverse cellular regulatory pathways (Fig.
2). Considered in this light, CaMKK2 is one of the most versa-
tile of the multifunctional CaMKs.
The information about CaMKK2 summarized herein sug-

gests that it could be an attractive target for therapeutic inter-
vention in liver and results in improved whole body glucose
homeostasis, at least in part, by changing the primary hepato-
cyte fuel source from glucose to fat (32). In addition, depletion
of CaMKK2 from preadipocytes accelerates their differentia-
tion into adipocytes (33). Finally, among peripheral blood cells,
CaMKK2 is expressed only in those of the myeloid lineage and
controls the activation, cytokine production, phagocytosis, and
motility of macrophages (35). Together, these actions conspire
to render mice resistant to high-fat diet-induced glucose intol-
erance, insulin resistance, and diabetes. Mice deficient in
CaMKK2 fail to accumulate fat when fed a high-fat diet proba-
bly due in part to depletion of the preadipocyte pool during
development and to the inability of macrophages to move into
adipose tissue and produce the proinflammatory cytokines/
chemokines that accelerate diabetes and progression to meta-

bolic syndrome (33, 35). Because, at present, only one small-
molecule inhibitor of CaMKK2 has been reported (83), it might
be prudent to renew the quest to identify potent, highly selec-
tive inhibitors of this versatile protein kinase.
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Increases in intracellular free Ca2� play a major role in many
cellular processes. The deregulation of Ca2� signaling is a fea-
ture of a variety of diseases, and modulators of Ca2� signaling
are used to treat conditions as diverse as hypertension to pain.
The Ca2� signal also plays a role in processes important in can-
cer, such as proliferation andmigration.Many studies in cancer
have identified alterations in the expression of proteins involved
in themovement of Ca2� across the plasmamembrane and sub-
cellular organelles. In somecases, theseCa2� channels or pumps
are potential therapeutic targets for specific cancer subtypes or
correlate with prognosis.

Our understanding of calcium signaling and its intersection
with specific processes important in tumor progression is only
recent. We now appreciate that altered expression of specific
Ca2� channels and pumps is a characterizing feature of some
cancers. By comparison, the link between calcium signaling and
other conditions, such as cardiovascular and neurological dis-
eases, was made many years ago. The direct link between Ca2�

and processes linked to a specific pathology, such as vascular
tone and neurotoxicity, meant that these conditions attracted
the initial focus of researchers devoted to defining the role of
Ca2� in disease.
In their seminal review “TheHallmarks of Cancer,” Hanahan

andWeinberg (1) described six acquired characteristics of can-
cers: the ability to evade apoptosis, self-sufficiency in growth
signaling, insensitivity to anti-growth signals, the capacity to
invade and metastasize, “limitless” replication potential, and
the promotion of angiogenesis. Calcium signaling is linked
either directly or indirectly to each of these processes, and this
has been reviewed elsewhere (2–6). A remodeling of calcium
homeostasis can occur in cancer cells. Although alterations
in Ca2� signaling may not be a requirement for the initiation
of cancer, the consequences of altered calcium transport in can-
cer cells may be significant and contribute to tumor progres-
sion. Characterizing such changes may help to identify new
therapeutic targets. In this minireview, we discuss how remod-
eling of Ca2� signaling is a feature of some cancers and provide
examples of how this remodeling is often achieved through the
differential expression of specific Ca2� pumps and channels.

Examples of this remodeling are discussed, particularly those
that illustrate the complexities of expression changes and their
contribution to tumor progression.

Ca2� Transport in Cancer Cells

Cancer cells use the same calcium channels, pumps, and
exchangers as non-malignant cells. However, there are often
key alterations in calcium channels and pumps in cancer cells.
Such changes in cancer cells may include the expression of cal-
cium channels or pumps (or their specific isoforms) not nor-
mally present in non-malignant cells of the same cell type, pro-
nounced changes in the level of expression (as outlined in Table
1), altered cellular localization, altered activity through changes
in post-translational modification, gene mutations, and
changes in activity or expression associated with specific can-
cer-relevant processes (e.g.migration). These changes are often
reflected in alterations in Ca2� flux across the plasma mem-
brane or across intracellular organelles.

Ca2� Influx in Cancer

The influx of calcium across the plasma membrane into the
cell is a key trigger or regulator of cellular processes relevant to
tumor progression, including proliferation,migration, and apo-
ptosis. Ca2�-permeable ion channels of almost every class have
now been associated with aspects of tumor progression. This
minireview will particularly focus on transient receptor poten-
tial (TRP)2 channels and ORAI-mediated store-operated Ca2�

influx as examples of Ca2� influx pathways altered in some
cancers.
TRP Channels—TRP ion channels consist of six subfamilies,

with most members permeable to Ca2�, many of which have a
role in distinguishing sensations, including pain, temperature,
taste, and pressure (7). This family is arguably the most studied
ion channel class in cancer. The key early work on calcium
signaling in cancer was focused on cancers of the prostate gland
and more specifically the calcium-permeable ion channel
TRPM8 (8). Although now studied predominately in the con-
text of its role as a cold receptor (9, 10), TRPM8 was first iden-
tified by its overexpression in some prostate cancers (8). Early
work by Zhang and Barritt (11) demonstrated that both the
silencing of TRPM8 and menthol-mediated activation of
TRPM8 reduced the viability of LNCaP prostate cancer
cells. That both activators and inhibitors are proposed as poten-
tial therapeutic agents for prostate cancer cells that overexpress
TRPM8 is reflective of the duality of the calcium signal (12),
wherebyCa2� is both a key regulator of proliferation and, in the
case of Ca2� overload, an initiator of cell death. The ability of
TRPM8 activation by prostate-specific antigen to inhibit the
migration of PC3 prostate cancer cells now extends the appli-
cability of channel activators as therapeutics beyond just induc-
ers of cancer cell death (13). Further detailed work on TRPM8
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in prostate cancer showed androgen-mediated increases in
TRPM8 in LNCaP prostate cancer cells (11, 14). This finding
provides one of the first examples of hormone-mediated
changes in the expression of a calcium-permeable ion channel
in a cancer cell line. As discussed below, this has now been seen
with other calcium channels and pumps in breast cancers.
The contribution of TRPM8 to cancer progression, as wewill

see for other Ca2� channels and pumps,may not always involve
its classic role (in this case as a plasmalemmal ion channel). As
opposed to the usual plasmamembrane localization, endoplas-
mic reticulum localization of TRPM8 is observed in some pros-
tate cancer cells (11, 15), with the consequence being reduced
levels of endoplasmic reticulum Ca2� and increased resistance
to apoptosis (15). Aside fromprostate cancer, overexpression of
TRPM8 is also associated with other cancer types, including
melanoma and cancers of the pancreas, breast, colon, and lung
(see Table 1). However, the utility of TRPM8 as a target for
cancer therapy might be limited and require knowledge of the
individual tumor expression of the channel. For example,
TRPM8 expression actually appears to decrease as prostate
cancer cells transition to androgen independence and
increased aggressiveness (16, 17).
TRPV6 is another TRP channel linked to prostate cancer.

TRPV6 levels correlate with tumor progression and have been
proposed as a predictor of invasiveness (18, 19). TRPV6 is
highly Ca2�-selective and is constitutively active (20). When
TRPV6 expression is silenced in LNCaP prostate cancer cells,
there is inhibition of Ca2� influx and consequently reduced
activation of NFAT. Crucially, this illustrates the importance of
calcium-dependent transcription pathways as a mechanism for
tumor promotion (19).
Like TRPM8, alterations in TRPV6 expression are not con-

fined to cancers of the prostate, with increased expression levels
reported in thyroid, colon, ovarian, and breast cancers (see
Table 1). In breast cancers, the expression of TRPV6 varies
widely between tumors (21). The consequences of TRPV6over-
expression in tumors may relate to effects on cancer cell sur-
vival, as TRPV6 silencing in T47D breast cancer cells reduces
cell viability (21). Further studies are needed to address the
mechanisms leading to TRPV6 overexpression in cancers and
the association between TRPV6 levels and breast cancer prog-
nosis. Analogous to the androgen dependence of TRPM8
expression in LNCaP prostate cancer cells, TRPV6 levels also
appear to be hormonally regulated, with estradiol increasing
TRPV6 mRNA in T47D breast cancer cells (21).
Other examples of TRP channels that are overexpressed in

multiple cancer types include TRPC3 and TRPC6. TRPC3 is
elevated in some breast (22) and ovarian epithelial tumors, and
its silencing reduces ovarian cancer cell line proliferation in
vitro and tumor formation in vivo (23). TRPC6 is elevated in
cancers of the breast, liver, stomach, and esophagus and in glio-
mas (22, 24, 25), and its silencing reduces the proliferation of
some esophageal and breast cancer cell lines and glioma cell
lines (22, 24, 25). For esophageal and glioma cell lines, these
effects are due to G2/M cell cycle arrest (24, 25).

The importance of some TRP channels in tumor progression
appears to extend beyond the primary tumor. Fiorio Pla et al.
(26) showed that migrating endothelial cells have a greater

cytosolic calcium response to theTRPV4 activator 4-�-phorbol
12,13-didecanoate than non-migrating cells. Furthermore, they
showed increased expression of TRPV4 in endothelial cells
derived from breast cancers compared with those derived from
normal tissue, implicating TRPV4 as a possible key component
in angiogenesis associated with breast cancers. Other Ca2�

channels have also been associated with angiogenesis, as
reviewed recently (4).
Calcium entry into the cell via someTRP channelsmay result

in localized Ca2� signals that contribute to cancer cell migra-
tion (3). One example of such a localized event is referred to as
Ca2� flickers (27), which are highly localized (�5-�m diame-
ter) and transient (10 ms to 4 s) increases in Ca2� that control
the direction of migration as lung fibroblasts move toward a
growth factor. Ca2� flickers during migration are regulated by
TRPM7 (27), which may act as a stretch or mechanical sensing
channel (28). With TRPM7 inhibition, there is a reduction in
migration of a number of cancer cell types, including those of
the pancreas, lung, and nasopharynx (29–31).
The examples above highlight some studies in which cancer

cells have been associated with a remodeling of TRP channel
expression or in which TRP channels have been linked to spe-
cific processes important in tumor progression. The interest
and understanding of TRP channels in cancer are likely to
expand in the coming years, and these channels may represent
the first class of ion channel targeted for the treatment of a
specific cancer.
Store-operated Ca2� Influx—Store-operated Ca2� entry is a

critical Ca2� influx pathway and represents the major Ca2�

influx mechanism in non-excitable cells (32), such as those of
the epithelia, from where most cancers originate. The pathway
involves the activation of Ca2� influx upon intracellular Ca2�

store depletion (32–34). The canonical components of store-
operated Ca2� entry are the calcium influx channel ORAI1 and
the endoplasmic Ca2� depletion sensor STIM1 (stromal inter-
action molecule 1) (35, 36). Although this pathway has rapidly
become one of the Ca2� influx pathways most studied in breast
cancer, it also appears to be an important Ca2� influx route
during lactation (37), suggesting an important role in normal
breast function.
ORAI1 and STIM1 silencing inMDA-MB-231 breast cancer

cells reduces migration, invasion through Matrigel, and the
establishment of lung metastasis after tail vein injection in
NOD/SCID mice (38), the latter of which can be mimicked by
the pharmacological store-operated Ca2� influx inhibitor
SKF96365 (38). The anti-metastasis effects of ORAI1 and
STIM1 silencing appear to be due in part to alterations in focal
adhesion turnover (38). The effects of ORAI1 silencing on
breast cancer cells are not restricted to inhibition of processes
important in migration; ORAI1 silencing has antiproliferative
properties in MCF-7 breast cancer cells in culture and in vivo.
These changes may be due in part to reductions in basal Ca2�

influx, leading to reduced ERK1/2 phosphorylation and cyclin
D1 expression (39).

Alterations in the expression of specific components of
store-operated Ca2� entry are also a feature of some breast
cancer cells. ORAI1 mRNA levels are higher in some breast
cancer cell lines compared with non-malignant breast cell lines
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(37).When breast cancer subtypes are stratified by gene expres-
sion, basal breast cancers (associated with a poor prognosis and
a lack of effective therapies) are characterized by an elevated
STIM1/STIM2 ratio. Correspondingly, those patients with
breast cancerswith a high STIM1/STIM2 ratio andhigh STIM1
levels have significantly reduced survival (37), placing STIM
proteins as either potential key regulators or biomarkers of
breast cancer progression. The significance of STIM1 may
extend beyond breast cancers given its role in the migration of
cervical cancer cells (40). The mechanisms responsible for
enhancedORAI1-mediatedCa2� influx in breast cancer appear
to be complex and related to cancer subtypes. As discussed
below, in addition to STIM1-mediated activation of ORAI1,
some breast cancers that overexpress the SPCA2 isoform may
be characterized by elevated ORAI1-mediated Ca2� influx.
The ORAI1 isoform is not the only ORAI protein with a

cancer association. ORAI3 protein levels and ORAI3-depen-
dent store-operated Ca2� influx are both elevated in estrogen
receptor-positive breast cancer cell lines (41) compared with
estrogen receptor-negative cell lines, in which store-operated
Ca2� influx is mediated predominately by ORAI1. A strength-
ening of the causative link with cancer was provided by a study
in estrogen receptor-positive MCF-7 breast cancer cells in
which ORAI3 silencing inhibited proliferation through G1
arrest (42). Although the examples above point to an up-regu-
lation of ORAI-mediated influx, some cancer types might be
associated with a down-regulation of this pathway that may in
turn help in the acquisition of apoptotic resistance (6). Indeed,
reduced ORAI1-mediated Ca2� influx and expression are fea-
tures of androgen-independent prostate cancer cells, and
silencing of ORAI1 reduces apoptosis in LNCaP cells (43).
In this minireview, we have given examples of how ORAI1

may regulate processes important for carcinogenesis, including
cell proliferation, migration, and apoptosis sensitivity, and this
may occur in a store-dependent or store-independent manner.
Examples of how ORAI1 regulates these key cancer processes
are shown schematically in Fig. 1.

Although not a focus of this minireview, voltage-gated cal-
cium channels are increasingly studied in cancer, and in many
cases, the studies have examined the reasons for changes in
expression levels in cancer. This is particularly illustrated in
studies assessing mechanisms of altered expression of voltage-
gated ion channels. For example, higher relapse in Wilms
tumors is associated with higher DNA copy numbers of the
�1-subunit of the voltage-gated Ca2� channel CACNA1E (44),
and reduced expression of CACNA2D3 via promoter hyper-
methylation is associated with poor prognosis in gastric cancer
(45). These methodological approaches will be applied to other
channels and pumps and other cancers in the future.

Ca2� Efflux in Cancer

Ca2� efflux across the plasmamembrane can bemediated by
both Na�/Ca2� exchangers and primary active transport via
plasma membrane Ca2�-ATPases (PMCAs). However, most
studies of Ca2� efflux pathways in cancer cells have focused on
the latter mechanism. PMCAs are encoded by four genes
(PMCA1–4), which are alternatively spliced to generate a suite
of Ca2� efflux pumps responsible for maintaining resting cyto-
solic free Ca2� at low (�100 nM) levels (46, 47). PMCAs also
contribute to specific cell functions, such as the transport of
Ca2� into milk through PMCA2 (48).
An area in which PMCAsmay be critically important in can-

cer is the regulation of cell death, as reflected in early work
assessing the consequences of PMCA overexpression. Overex-
pression of some PMCA isoforms in CHO cells reduces Ca2�

levels within the endoplasmic reticulum and also attenuates
mitochondrial Ca2� accumulation after cell activation (49), a
consequence that would be hypothesized to result in anti-apo-
ptotic effects. Indeed, the overexpression of PMCA in HeLa
cells increases their resistance to cell death induced by cer-
amide (50). Recent studies in T47D breast cancer cells show
that the overexpression of PMCA2 reduces the degree of cell
death induced by ionomycin, and this is associated with a
reduction in the duration and magnitude of increases in cyto-

FIGURE 1. ORAI1 regulates processes important for cancer cell proliferation, migration, and apoptosis. A, in MCF-7 human breast cancer cells, SPCA2
partially localizes to the plasma membrane and interacts with ORAI1 to mediate store-independent Ca2� influx. This is associated with phosphorylation of
ERK1/2, nuclear translocation of NFAT, and increased cell proliferation (39). B, silencing of ORAI1 or STIM1 in MDA-MB-231 human breast cancer cells reduces
store-operated Ca2� influx and is associated with reduced focal adhesion turnover, cell migration, and metastasis formation in vivo. Expression of constitutively
active Ras or Rac in these cells partially rescues impaired focal adhesion turnover and cell migration induced by inhibition of store-operated Ca2� entry,
implicating possible roles for these small GTPases in Ca2�-dependent cell migration (39). C, in LNCaP human prostate cancer cells, ORAI1 expression is
regulated by the androgen receptor (AR), and ORAI1 silencing is associated with resistance to thapsigargin (TG)-, TNF�-, cisplatin-, and oxaliplatin-induced
apoptosis (43). In A and B (black), ORAI1 expression may promote carcinogenesis; in C (red), ORAI1 expression may inhibit carcinogenesis (i.e. promote
apoptosis). IP3Rs, inositol 1,4,5-trisphosphate receptors.
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solic [Ca2�] mediated by this Ca2� ionophore (51). PMCA2 is
an isoformwith reported overexpression in some breast cancer
cell lines (52) and in clinical human samples, in which high
levels appear to be associated with a poor prognosis in some
patient groups (51). Collectively, these studies suggest that the
remodeling of calcium efflux associated with increases in
PMCA expression contributes to the acquisition of an anti-
apoptotic phenotype in cancer cells.
Studies assessing the expression of PMCA isoforms during

the differentiation of colon cancer cells suggest that a remodel-
ing of PMCA isoform expression is not confined to cancers of
the breast. PMCA1 expression remains fairly constant during
differentiation of human colon cancer cell lines, whereas
PMCA4 undergoes a pronounced increase in expression with
differentiation (53, 54). PMCA4 overexpression studies in
HT29 colon cancer cells suggest that the down-regulation of
PMCA4 in colon cancer may help to augment cytosolic Ca2�

responses to proliferative stimuli without sufficiently increas-
ing cytosolic [Ca2�] to levels that promote apoptosis (55). The
changes in PMCA4 expression seen in the differentiationmod-
els correlate well with human colon cancer clinical samples, in
which PMCA4 mRNA is reduced in colon adenocarcinomas
compared with normal colon (55). The up-regulation of
PMCA2 expression in breast cancer and the down-regulation
of PMCA4 in colon cancer may seem to conflict; however, in
both cases, the changes in PMCA expression appear to bestow
an advantage to the cancer cell. In the case of PMCA2, this
appears to be related to the acquisition of greater resistance to
cell death in breast cancer cells, and for PMCA4 augmented
responses to proliferative signals in colon cancer cells.

Intracellular Organelle Ca2� Channels and Pumps and
Cancer

Intracellular organelles play critical roles in Ca2�-regulated
processes either through the regulation of cytosolic free Ca2�

or through modulation of Ca2�-regulated proteins that reside
within the organelle. We will outline examples of Ca2� chan-
nels and pumps of the endoplasmic reticulum and Golgi, as
these have been the most studied in cancer. However, the
recent identification of proteins that play major roles in mito-
chondrial Ca2� influx and efflux (56–58) and the recently iden-
tified two-pore channel proteins present in endosomes (TPC1)
and lysosomes (TPC2) (59) represent new opportunities to
improve our understanding of the remodeling ofCa2� signaling
in some cancers andwill no doubt be the focus of research in the
future (60).

Regulators of Endoplasmic Reticulum Ca2� Levels

One of the earliest links between the regulation of endoplas-
mic reticulumCa2� and cancer comes from studies of the anti-
apoptotic protein Bcl-2 (B cell lymphoma-2). In addition to its
early and now well established role in inhibiting the release of
the pro-apoptotic factor cytochrome c (61–63), Bcl-2 decreases
the Ca2� content of the endoplasmic reticulum (50, 64, 65).
Mechanistically, this occurs at least in part through interaction
with the inositol 1,4,5-trisphosphate receptor (66), likely reduc-
ing the ability to achieve the high Ca2� loads required formito-
chondria to accumulate Ca2� sufficiently to trigger apoptotic

cell death (67). Some examples of alterations in the expression
of key calcium channels and pumps of the endoplasmic reticu-
lum are highlighted in Table 1. Similar to increases in the
expression of PMCA4 during colon cancer cell line differentia-
tion and the down-regulation of PMCA4 expression in some
colon cancers, SERCA3 pump expression increases with the
differentiation of colon cell lines and is down-regulated in colon
cancer (68), implicating a major remodeling of active Ca2�

transport in colon cancer. The significance of the down-regu-
lation of SERCA3 is not restricted to colon cancer given the
more recent report of a significant down-regulation of SERCA3
in breast cancers, an event that is even seen in benign lesions
(69). Further evidence of the potential significance of sarco/
endoplasmic reticulum Ca2�-ATPase (SERCA) down-regula-
tion in cancer is reflected in studies of mice haplodeficient for
SERCA2 (70, 71). These mice are characterized by increased
incidence of squamous cell tumors, the mechanism of which
likely involves altered Ca2� signaling and a subsequent change
in the microenvironment of skin epithelia (70).

Regulators of Golgi Ca2� Levels

Although more recently identified and less widely studied in
the context of contributions to cellular processes than SERCAs,
secretory pathway Ca2�-ATPases (SPCAs), both the ubiqui-
tously expressed SPCA1 isoform and the more restricted
SPCA2 isoform (72, 73), are beginning to be assessed in cancer
cells. In MDA-MB-231 basal-like breast cancer cells (which do
not express the SPCA2 isoform), SPCA1 silencing inhibits pro-
liferationwithout changes in global cytosolic [Ca2�], consistent
with the minor role of SPCAs (cf. PMCAs and SERCAs) in con-
tributing to cytosolic [Ca2�] recovery in most cell types (74).
Instead, as may be the case for other Ca2� channels and pumps
located on the membranes of intracellular organelles, the
mechanism by which SPCA1 silencing inhibits proliferation
may involve alterations in the Ca2� levels within the Golgi
lumen,whereCa2�-regulated enzymes reside. Indeed, one con-
sequence of SPCA1 silencing in MDA-MB-231 breast cancer
cells is the inhibition of cleavage of the pro-insulin-like growth
factor 1 receptor likely through reduced activity of the Ca2�-
sensitive proprotein convertase furin (74). The consequences of
reduced SPCA1-mediatedCa2� sequestrationmay be cell type-
and context-dependent as shown by the increased susceptibil-
ity of Spca1�/� mice to develop squamous skin tumors (75).
One of the proposed roles for the other SPCA isoform,

SPCA2, has been the sequestration of Ca2� during lactation
(76); however, this pump also appears to play a role in the
pathophysiology of breast cancer. SPCA2 levels are increased in
luminal-like breast cancer cell lines and clinical breast cancers
belonging to the luminal B and ERBB2molecular subtypes (39).
This may be related to hormonal factors given that, in MCF-7
breast cancer cells, SPCA2mRNA levels increasewith prolactin
(77). Silencing of SPCA2 in breast cancer cell lines that overex-
press this Ca2� pump, such as MCF-7 cells, reduces their pro-
liferation, anchorage-independent growth, and growth in vivo
(39). However, in contrast to SPCA1 in breast cancer cells,
SPCA2 does not appear to contribute to tumor progression
through alterations in Ca2� levels within the Golgi. In a result
that was initially counterintuitive, SPCA2 overexpression

MINIREVIEW: Calcium Channels and Pumps in Cancer

SEPTEMBER 14, 2012 • VOLUME 287 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 31669



increases cytosolic basal [Ca2�] rather than decreasing it, as
might be expected for a calcium pump that sequesters Ca2�

from the cytoplasm into the Golgi. Overexpression of SPCA2
leads to its localization at the plasma membrane, where it acti-
vates ORAI1 channels, the consequence of which is activation
of the transcription factor NFAT (nuclear factor of activated T
cells; shown in Fig. 1A) (39). SPCA2 overexpression-induced
increases inCa2� influx across the plasmamembrane represent
an example in which the contribution that a calcium pump
makes to tumor progression is not directly related to its own
Ca2�-transporting ability. The ability of SPCA2 to contribute
to tumor growth independently of its own Ca2�-transporting
ability suggests that pharmacological inhibitors of SPCA2Ca2�

transport functionmay be ineffective in breast cancers inwhich

SPCA2 solely contributes to tumor growth through this
ORAI1-dependent mechanism and demonstrates the impor-
tance ofmechanistic studies assessing the contribution of Ca2�

channels and pumps to tumorigenic pathways.

Calcium Signaling and Cancer: New Horizons

Major advances have occurred in the last decade in our
understanding of how calcium signaling is remodeled in some
cancer cells and how specific calcium channels or pumps rep-
resent potential new therapeutic targets in oncology. However,
there are areas of cancer research where the link between cal-
cium signaling is still relatively unexplored, such as the “emerg-
ing hallmarks of cancer” recently described by Hanahan and
Weinberg (78). These include cellular energy metabolism

TABLE 1
Examples of altered expression of calcium channels and pumps in human cancers

Change with cancer
Ca2� pump or channel Cancer type mRNA Protein Ref.

Transient receptor potential channels
TRPC1 Breast cancer: patient tissue samples 1a 1 89
TRPC3 Ovarian cancer: patient tissue samples 1 23

Breast cancer: patient tissue samples 1 22
TRPC6 Esophageal cancer: patient tissue samples 1 1 24

Glioma: patient tissue samples 1 1 25
Liver cancer: patient tissue samples 1 1 90
Breast cancer: patient tissue samples 1 1 22, 89

TRPM7 Pancreatic cancer: patient tissue samples 1 1 29
Breast cancer: patient tissue samples 1 1 89

TRPM8 Pancreatic cancer: cell lines (mRNA) and
patient tissue samples (protein)

1 1 91

Prostate cancer: cell lines and patient
tissue samples

1 1 8, 17, 92

Breast cancer: patient tissue samples 1 1 8, 89
Melanoma: patient tissue samples 1 8
Colorectal cancer: patient tissue samples 1 8
Lung cancer: patient tissue samples 1 8

TRPV1 Bladder cancer: patient tissue samples 2 2 93
Prostate cancer: patient tissue samples 1 1 94

TRPV6 Breast cancer: patient tissue samples 1 1 18, 21, 89, 95
Prostate cancer: patient tissue samples 1 1 18, 95
Thyroid cancer: patient tissue samples 1 95
Colon cancer: patient tissue samples 1 95
Ovarian cancer: patient tissue samples 1 95

Voltage-gated calcium channels
Cav1.2 Colon cancer: patient tissue samples 1 96
Cav3.2 Prostate cancer: patient tissue samples 7 1 97

Store-operated calcium channels
ORAI1 Breast cancer: cell lines 1 7 37, 41
ORAI3 Breast cancer: cell lines and patient tissue

samples (mRNA only)
1,7 1 37, 41, 42

Plasma membrane calcium ATPases
PMCA2 Breast cancer: cell lines (mRNA only) and

patient tissue samples
1 1 51, 52

PMCA4 Colon cancer: patient tissue samples 2 55
Store release channels
IP3R1 Glioblastoma: patient tissue samples 2 98
IP3R3 Glioblastoma: patient tissue samples 1 98

Colorectal cancer: patient tissue samples 1 99
Sarcoplasmic/endoplasmic reticulum

calcium ATPases
SERCA2 Oral cancer: cell lines (mRNA only) and

patient tissue samples
2 2 100

SERCA3 Colon cancer: cell lines and patient tissue
samples

2 68

Breast cancer: patient tissue samples 2 69
Secretory pathway calcium ATPases
SPCA1 Breast cancer: basal-like clinical samples

and cell lines
1 74

SPCA2 Breast cancer: cell lines and patient tissue
samples (mRNA only)

1 1b 39

a1, increase;2, decrease;7, no significant difference.
b MCF-7 versusMCF-10A.
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reprogramming, whereby cancer cells shift their energymetab-
olism to glycolysis, a phenomenon first described byOttoWar-
burg almost a century ago (78–80). Further studies on the pos-
sible role of Ca2� signaling in the regulation of glycolysis, the
switch to glycolysis, and the use of glycolysis-generated ATP to
fuel Ca2� pumps in cancer cells are required (81, 82). Another
aspect of cancer biologywhereCa2� signaling is clearly going to
be critical but has not been fully explored is the tumormicroen-
vironment (78). Due to the depth of work in the area of tumor
microenvironment, readers are encouraged to consult the
numerous reviews on this topic (83–85). An aspect of the
tumor microenvironment where signaling is likely to be partic-
ularly significant is cancer-associated fibroblasts, which are in
an “activated” state and are in a dynamic signaling interplay
with cancer cells (78, 86). Ca2� may be critical to this signaling,
as reflected by the importance of PDGF in the signaling
between cervical cancer cells and cancer-associated fibroblasts
(87) and the ability of PDGF to elevate cytosolic [Ca2�] in other
cell types (88).

Conclusions

Manyprocesses contribute to cancer development, andCa2�

signaling seems to play a role inmany of them. Numerous stud-
ies have now established that some cancers are associated with
major changes in the expression of specific Ca2� channels and
pumps and that inhibition of some of these proteins inhibits the
proliferation and/ormetastasis of cancer cells. The next decade
will see the role of Ca2� in cancer further defined and may see
agents that specifically target Ca2� channels or pumps used in
cancer therapy.
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Intracellular free Ca2� ions regulate many cellular functions,
and in turn, the cell devotes many genes/proteins to keep tight
control of the level of intracellular free Ca2�. Here, we review
recent work on Ca2�-dependent mechanisms and effectors that
regulate the transcription of genes encoding proteins involved
in the maintenance of the homeostasis of Ca2� in the cell.

Control of intracellular free calcium is a delicate balance
between mechanisms that provide the ion, including extracel-
lular membrane calcium channels (voltage-, ligand-, and store-
operated types) and intracellular calcium release channels
(ryanodine (RyR)2 and inositol 1,4,5-trisphosphate (IP3R)
receptors), andmechanisms that clear the ion from the cytosol,
including calcium pumps and exchangers that are localized
both in extra- and intracellularmembranes (1, 2). Consolidated
evidence, as well as recent evidence, indicates that this group of
proteins, with the mission to keep tight control of free Ca2�

concentration, is in turn subjected to regulation by several
mechanisms controlled by changes in free Ca2� concentration.
In some cases, these self-regulatory processes involve parallel
compensatory changes in several Ca2� regulatory proteins so
that increases or decreases in intracellular stores and cytosolic
Ca2� levels slowly adjust the concentrations of key signaling
pathway components (3). In other cases, components of the
homeostasis machinery are coordinately modified to respond
to chronic pathological conditions as in end stages of heart
failure (4, 5) or in neurodegenerative processes. Thus, in Hun-
tington disease striatal neurons accumulate changes in the
expression ofmost, if not all, genes related to Ca2� homeostasis
(6). Also, in Alzheimer disease (AD), changes in the expression
of RyRs and STIM (stromal interacting molecule) have been
observed in the hippocampus of presymptomatic AD mouse
models (7) and post-mortem human brain samples (8) and in B

lymphocytes from patients with familial AD mutations in the
presenilin-1 gene (9), respectively. Of the different control
mechanisms, here we will review those that control Ca2�

homeostasis at the transcriptional level and that are directly
regulated by Ca2�. A review of the transcriptional control of
calcium homeostasis, with particular emphasis on the roles of
members of the Egr (early growth response) family of zinc fin-
ger immediate-early transcription factors and the closely
related protein WT1 (Wilms tumor suppressor 1), has been
published recently (10).
Control of the activity of specific transcriptional networks by

Ca2� is regulated by cytosolic and nuclear mechanisms that
decode the calcium signal specificity in terms of frequency and
spatial properties. Thus, the Ca2� entry site (synaptic versus
extrasynaptic) or its intracellular source (mitochondria, endo-
plasmic reticulum (ER), or Golgi apparatus) makes the Ca2�

ions face different microdomains that are composed of specific
sets of proteins and determines the biological outcome of the
Ca2� signal by inducing temporal and spatial changes in spe-
cific nuclear interactomes. For recent reviews on the formation
of Ca2� microdomains by differential assembly of key Ca2�

signaling proteins within domains, see Refs. 11 and 12.
Work over the last decade has helped to outline three broad

mechanisms downstream from the detection of changes in
intracellular free Ca2� concentration byCa2� sensors. The first
mechanism involves the activation of signaling cascades led by
Ca2�-dependent kinases and phosphatases that either modify
the trans-activating activity or nuclear localization of transcrip-
tion factors ormodulate cofactors thatwill change nucleosomal
properties, thus changing the accessibility of the transcription
initiation complex to specific genes. The second mechanism is
based on Ca2�-dependent protein-protein interactions
between the calcium sensor and transcription factors or, gen-
erally, proteins involved in transcription as parts of the enhan-
ceosome. As a result of this interaction, binding to DNA or
recruitment of certain cofactors is modified, and transcription
is adjusted. Finally, the third mechanism involves a change in
the properties of binding of the calcium sensor to specific sites
in the DNA as a result of binding to Ca2�.

Regulation of Voltage-gated Calcium Channels

Voltage-gated calcium channels (VGCCs) are multihetero-
meric membrane entities composed of a main pore-forming �
subunit and several auxiliary subunits, including �, �2�, and �
forms. In neurons and cardiac myocytes, VGCCs are the main
source of extracellular calcium, coupling changes inmembrane
potential to muscle contraction and changes in gene expres-
sion, including their own expression as first shown in cardiac
myocytes (13–15). Several mechanisms have been proposed to
explain excitation-transcription coupling: (i) the classic signal-
ing through calmodulin/CaMK/CREB phosphorylation, (ii)
signaling by VGCC-mediated Ca2� entry secondary to differ-
ential microdomain assembly due to heterogeneous distribu-
tion of VGCCs in the membrane, (iii) signaling by nuclear
translocation of fragments or subunits of the VGCCs, and (iv)
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signaling by nuclear translocation of DREAM (downstream
responsive element antagonist modulator). Because the two
first mechanisms have been extensively reviewed (16–19),
here, we focus on recent evidence supporting auto-transcrip-
tional control by the distal C-terminal (dCT) fragment of the
L-type channel and by the transcriptional repressorDREAM, as
well as the new unexpected nuclear function of specific � sub-
units. These different mechanisms are schematically shown in
Fig. 1.
The dCT fragment corresponds to the fragment spanning

from the consensus calpain cleavage site to the C-terminal end
of the Cav1.2 channel protein (� subunit). Like other � subunit
C-terminal fragments, the dCT fragment was originally associ-
atedwith the regulation of channel gating (20, 21). The first clue
of a nuclear role for the dCT fragment came with the observa-
tion of its nuclear presence in neurons (22) and, more recently,
in cardiomyocytes (21). In neurons, the nuclear presence of the
dCT fragment, also known as the calcium channel-associated
transcriptional regulator CCAT, correlated with up-regulation
of connexin-31.1 and down-regulation of NCX1 (Na�/Ca2�

exchanger 1) (22), another important regulator of calcium
homeostasis. In cardiomyocytes, chromatin immunoprecipita-
tion assays established the interaction between the dCT frag-
ment and an area of the Cav1.2 promoter containing binding

sites for NKX2.5/MEF, C/EBP, and CRM1, suggesting an auto-
regulatory loop inwhich the dCT fragment is part of the sensing
mechanism as well as part of the executing downstreammech-
anism repressing Cav1.2 expression (23). Regulated dCT
nuclear localization has been shown in neurons in response to
high extracellular K� and in cardiomyocytes after serum expo-
sure (22, 23). However, to complete a self-regulatory signal
transduction loop, there ismissing evidence for either aCa2� or
calpain requirement for dCT fragment release. Phosphoryla-
tion of the dCT fragment by PKA and PKC and dCT fragment
interactions with calcineurin and A-kinase anchoring protein
are processes that need to be further explored to fully under-
stand the function of the dCT fragment (24).
Acute changes in VGCC expression occur following channel

opening, CaMKII activation, andCREBphosphorylation. Inter-
estingly, it has been recently shown that L-type Ca2� channel
current density in ventricular myocytes from CaMKII� knock-
out mice is increased due to increased expression of the pore-
forming Cav1.2 subunit (25), whereas overexpression of either
cytosolic (�C) or nuclear (�B) CaMKII isoforms selectively
down-regulates the expression of Cav1.2 (26). The effect of
CaMKII is related to increased Ca2�-dependent nuclear trans-
location of the transcriptional repressor DREAM and its bind-
ing to a downstream responsive element (DRE) site at position

FIGURE 1. L-type Ca2� channels and Ca2�-dependent transcriptional regulation. L-type channels regulate their own expression through different Ca2�-
dependent transcriptional mechanisms. Differential clustering of L-type channels at the membrane or different subunit composition determines their involve-
ment in distinct microdomains (MD-I or MD-II), different calcium signaling, and final effect on specific sets of target genes. Phospho-CREB-dependent activation
through cAMP-responsive element (CRE) sites and repression mediated by sumoylated DREAM through DRE sites and/or the dCT fragment through NKX2.5/
MEF/C/EBP and CRM1 sites are also indicated. Additional transcriptional effects of the dCT fragment and the �4c channel subunit through the interaction with
several nucleoproteins are shown.
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�511 in the Cav1.2 promoter, repressing its transcription (26).
It was proposes that L-type Ca2� channel down-regulation
through the Ca2�/CaMKII/DREAM cascade constitutes a
physiological feedbackmechanism enabling cardiomyocytes to
adjust the calcium intrusion through L-type channels to the
amount of intracellular calcium detected by CaMKII. However,
this study did not specify where CaMKII phosphorylates
DREAM and did not analyze which other post-translational
modifications in the DREAM protein may be also present in
cardiomyocytes. In this regard, we have recently shown that
sumoylation regulates the nuclear localization of DREAM in
differentiated neurons (27). Single Lys-to-Arg mutations at
Lys-26 and Lys-90 reduce DREAM nuclear localization and
transcriptional activity, although sumoylation mutants retain
the ability to bind to the DRE sequence in vitro (27). Interest-
ingly, it has been reported that the sumoylation process can be
enhanced by phosphorylation of specific residues near the
sumoylation site (28). No CaMKII consensus phosphorylation
sites are located near the two known sumoylation sites in
DREAM; however, sumoylation at additional sites cannot be
discarded. Nevertheless, throughCaMKII-induced increases in
sumoylation and nuclear translocation of DREAM and/or
through yet unknown mechanisms, our experiments using
transgenic mice overexpressing a Ca2�-insensitive dominant
active DREAM mutant (daDREAM) have shown a significant
reduction of Cav1.2 mRNA levels in the heart as well as in the
cerebral cortex (Fig. 2), thus supporting the idea of DREAM
regulation of L-type channel expression.

Importantly, although not related to transcriptional regula-
tion, two recent reports further implicatedDREAMand related
KChIPs in the regulation of L-type and also T-type channels at
the level of channel gating. One report demonstrated that
DREAM forms a signaling complex with Kv4 and voltage-de-
pendent T-type calcium (Cav3) channels in cerebellar stellate
cells (29). Electrophysiological measurements propose that
T-type channels efficiently couple calcium influx with
DREAM/KChIP3 to modulate Kv4 function, establishing
DREAM as a physiological calcium sensor for the Kv4 channel
in cerebellar stellate neurons. A second work using KChIP2�/�

cardiac myocytes has shown that KChIP2, a closely related
member of the DREAM/KChIP family of proteins, directly
interacts with voltage-dependent L-type calcium channels
(Cav1.2), augmenting their current amplitude (30). Whether
other KChIPs can also interact with Ca2� channels and the
physiological significance in different tissues remain to be
investigated. These reports collectively point to DREAM and
other KChIPs as key modulators of membrane conductance
through the regulation of several cationic channels at multiple
levels.
VGCC� subunits are best known for their roles in regulating

surface expression and gating of voltage-gatedCa2� channel�1
subunits. However, yeast two-hybrid and biochemical assays
revealed that the �4c subunit interacts directly with the chro-
moshadow domain of chromobox protein HP1� (heterochro-
matin protein 1�), a nuclear protein involved in long-term gene
silencing (31). As a result of the interaction, the �4c subunit
blocks HP1� and turns on a set of genes (not yet fully charac-
terized) that might include targets related to calcium homeo-
stasis. The effect is specific for the truncated short splice variant
�4c subunit that is distinctly expressed in the vestibular and
deep cerebellar nuclei. Interestingly, �4a or �4b isoforms
widely expressed in the brain do not show this interaction. Site-
directedmutagenesis revealed that the primary chromoshadow
domain interaction occurs through a �4c C-terminal PXVXL
consensus motif, adding the �4c channel subunit to a growing
PXVXL protein family with epigenetic responsibilities, includ-
ing transcriptional regulation (TIF1�) and nucleosome assem-
bly (CAF1) (32). The �4c subunit is therefore a multifunctional
protein that is part of the Ca2� channel and also regulates gene
transcription. Further studies should clarify the Ca2� depend-
ence of this process and its importance in Ca2� homeostasis.

Regulation of Receptors for IP3 and Ryanodine

IP3R1–3 and RyR1–3 are specialized intracellular Ca2�

release channels located at the sarco/endoplasmic reticulum
membrane that respond to IP3 or to Ca2� and the pyridine
nucleotide cyclic ADP-ribose, respectively, releasing calcium
from the ER to the cytosol. In a seminal study performed in
cerebellar granules, Carafoli and co-workers (33) found that
expression of IP3R1 was induced after membrane depolariza-
tionwith potassium,whereas RyR2 levels remained unchanged.
The induction of IP3R1 was absolutely dependent on Ca2�

influx through L-type VGCCs and was abolished by treatment
with inhibitors of the Ca2�/calmodulin-dependent protein
phosphatase calcineurin, FK506 and cyclosporin A (33). An
effect of calcineurin on IP3R1 transcription has been observed

FIGURE 2. Expression of the L-type channel � subunit is reduced in the
heart and cerebral cortex from mice expressing daDREAM. Shown are the
results from comparative real-time quantitative PCR analysis of Cav1.2 mRNA
levels in wild-type and DREAM-overexpressing transgenic mice. Normaliza-
tion was done with respect to hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT) expression. *, p � 0.05 (Student’s t test, n � 6 –7).
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also in skeletal muscle (34), although the mechanism is still
unresolved because no NFAT-binding sites have been identi-
fied in the IP3R1 promoter (35), suggesting that the IP3R1 gene
might be an indirect target of activity-dependent gene tran-
scription through the calcineurin/NFAT pathway.
More recently, expression of RyR2 in the hippocampus has

been shown to be dependent on the LMO4 (LIM domain only
4) transcription cofactor because it is greatly reduced in mice
carrying a forebrain-specific deletion of LMO4 (36). The LMO4
protein was identified as a calcium-responsive transactivator
that activates gene expression in an activity-dependentmanner
(37), indicating that, in the hippocampus, RyR2 expression is
Ca2�-dependent and suggesting that LMO4 regulates calcium-
induced calcium release in hippocampal neurons (36). In addi-
tion, it has been shown that, in response to extracellular stimuli,
LMO4 translocates from the cytoplasm to the nucleus (38),
where it serves as a cofactor of many transcription factors (37,
39, 40), and also interacts with transmembrane receptors to
modulate their signaling (41, 42). Whether LMO4 couples sig-
nals from membrane receptors to changes in the expression of
RyRs or additional genes related to Ca2� homeostasis is pres-
ently not known. However, it has been recently shown that
increased Ca2� levels after dopamine D1 receptor activation
result in a significant increase in RyR1 and RyR2 mRNA and
protein levels in midbrain and cerebral cortical neurons in pri-
mary culture (43, 44), suggesting an effect at the transcriptional
level. Interestingly, a parallel increase in the �2� subunit of the
VGCCwas observed in these cultures after dopamineD1 recep-
tor stimulation (45). Increased expression of RyR2 in the mid-
brain and cortex has also been described after nicotine admin-
istration (46). Nicotine-induced RyR2 up-regulation was
mediated by CREB phosphorylation and caused a long-lasting
reinforcement of Ca2� signaling via the process of Ca2�-in-
duced Ca2� release. Because RyR2 up-regulation was itself
required for long-term phosphorylation of CREB, this mecha-
nism sets a positive feedback signaling loop with perhaps func-
tionally important implications for the process of addiction to
nicotine (46). Supporting this idea, inhibition of RyR activation
in vivo abolishes sensitization to nicotine-induced habituated
locomotion, a well characterized behavioral index for onset of
drug dependence (46).

Regulation of Sodium/Calcium Exchangers and Calcium
Pumps

NCX1–3 are the best studied members of the Ca2�/cation
antiporter superfamily of proteins (reviewed in Ref. 47).
NCX1–3 are integral plasma membrane proteins that mediate
Ca2� and Na� fluxes across the neuronal membrane, depend-
ing on the intracellular concentration of Ca2� and Na�. Thus,
in the “forward mode” NCX will extrude Ca2� and enter Na�,
whereas in the “reverse mode,” NCXwill mediate the extrusion
of Na� and the entrance of Ca2� ions (48, 49). NCX1, the most
widely expressed member, is developmentally regulated in the
heart, where its expression coincides with the switch of car-
diomyocyte Ca2� handling from the plasma membrane to the
sarcoplasmic reticulum (50) and is increased during contractile
dysfunction of the heart. Analysis of the NCX1 promoter did
not provide clues of a direct Ca2�-dependent regulation of

NCX1 (51), although recent work (52) in neonatal rat cardiac
myocytes has shown that a rise in cytosolic Ca2� by exposure to
very low concentration of thapsigargin activates the calcineu-
rin/NFAT pathway. As a result, transcription/expression of
NCX1 is increased, but also SERCA2 (sarco/endoplasmic retic-
ulum Ca2�-ATPase 2) and phospholamban are induced, pro-
viding a thorough homeostatic mechanism for long-term con-
trol of cytosolic Ca2� by Ca2� ions. Expression of NCX2 and
NCX3 is differentially regulated by potassium depolarization in
cultured granular neurons via a Ca2�/calcineurin-dependent
mechanism that repress NCX2 and activates NCX3 expression
(53). In addition, Ca2�-dependent induction of NCX3 is con-
trolled by theCa2�-dependent unbinding of the transcriptional
repressor DREAM from the NCX3 promoter as shown in the
hippocampus and the cerebellum in vivo and in cultured cere-
bellar neurons from daDREAM transgenic mice (54). No effect
on NCX1 or NCX2 expression was observed in DREAM-over-
expressing mice, suggesting a specific regulation of NCX3 (54).
The plasma membrane Ca2�-ATPases PMCA1–4, together

with SERCA1–3 and the secretory pathway Ca2�-ATPases
SPCA1 and SPCA2, represent the major transport systems to
extrude free calcium from the cytosol, counteracting transient
increases that occur during Ca2� signaling. Early work using
cerebellar neurons in culture showed that expression of the
four PMCA genes is dependent on calcium, although in a dif-
ferentmanner (55–57). Although PMCA4 expression is rapidly
down-regulated after Ca2� entry through NMDA receptors or
throughVGCCs following exposure toNMDAor to high extra-
cellular potassium, the expression levels of PMCA1–3 are
slowly up-regulated, reaching a plateau 48 h after exposure to
the same depolarizing agents (56). Furthermore, inhibition of
calcineurin blocks the down-regulation of PMCA4 and does
notmodify the increase in the other three pumps (57).Opposite
regulation of PMCA2 and PMCA4was also reported in sensory
neurons from dorsal root ganglia after calcium entry following
bradykinin or ATP bath application (58), although this study
refers to pump activity, and the levels of the differentmRNAsor
proteins were not directly assessed. In a more recent study, it
was shown that expression of PMCA2 in CA3 pyramidal neu-
rons is reduced following excitatory synapse inactivity induced
by AP5/6-cyano-7-nitroquinoxaline-2,3-dione exposure. The
effect was specific for PMCA2, with no change in the levels of
other pumps, and was rapidly reversed by calcium influx
through NMDA receptors (59). Finally, PMCA1 and PMCA4
protein levels are increased in T cells upon T cell receptor acti-
vation in parallel with an up-regulation of STIM1 and STIM2
expression (60). The molecular mechanisms directing Ca2�-
dependent PMCA induction in these different systems are
presently unknown. Induction of the ER calcium sensors
STIM1 and STIM2 ismediated by Erg1-binding sites present in
their promoters and follows calcium entry and CREB phospho-
rylation (61). Because STIM proteins and the Ca2�-selective
Orai1 channel form the molecular substrate for store-operated
calcium entry, their induction uponT cell activation represents
another example of Ca2�-dependent transcriptional regulation
of calcium homeostasis.
Alternative splicing of the three genes encoding sarco/endo-

plasmic reticulum Ca2�-ATPases generates up to 10 different
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isoforms, of which SERCA2b is ubiquitously expressed at vary-
ing levels in all cell types (62). Expression of the SERCA2 gene
has been widely studied and shown to be regulated by several
stimuli in different cell types. Calcium up-regulates SERCA2
expression in cardiac myocytes through the calcineurin/NFAT
pathway (52, 63), an effect that is blocked by induction of gly-
cogen synthase kinase-3, a negative regulator of NFAT nuclear
translocation (64). Furthermore, Ca2� oscillations regulate
SERCA2 expression in astrocytes after growth factor receptor
stimulation (65) and in human lens epithelial cells (66),
although there is no evidence of NFAT binding to the SERCA2
promoter. In addition, MAPK- and PKC-dependent induction
of Erg1 results in down-regulation of the SERCA2 gene,
although, again, the effect is probably indirect because no func-
tional Erg1-binding sites are found in the SERCA2 promoter
(10, 67, 68).

Other Ca2�-generated Transcriptional Effectors

The “conventional” PKC� isoform is regulated by diacylglyc-
erol, which binds the C1 domain, and by Ca2�, which binds the
C2 domain. Recently, it has been shown that calpain-mediated
proteolytic processing of PKC� in ischemic myocardium gen-
erates a persistent and constitutively active free catalytic frag-
ment, PKC�-CT (69), which constitutively localizes in the
nucleus and is a potent inducer of nucleocytoplasmic shuttling
ofHDAC5 following phosphorylation. As a result,MEF-depen-
dent inflammatory pathway genes are de-repressed, inducing a
cell-autonomous transcriptional inflammatory response as
shown by genome-wide analysis and deep RNA sequencing
(70). As pointed out, because calpain-mediated processing of
PKC isoforms could occur in many tissues wherein calcium is
increased by stress or injury, the identification of PKC�-CT as a
constitutively active transcriptional regulatormight have broad
ramifications for understanding and preventing the pathologi-
cal transcriptional stress response. Furthermore, in a closely
related study, Olson and co-workers identified a novel mecha-
nism (71) that could preventMEF-dependent cardiac hypertro-
phy after CaMKII�-induced nucleocytoplasmic shuttling of
HDAC4 (72, 73). The mechanism is triggered by �-adrenergic
receptor stimulation and regulates cardiac transcription
through regulated proteolysis ofHDAC4 (71). Interestingly, the
N-terminal HDAC4 cleavage product, HDAC4-NT, selectively
inhibits the activity ofMEF2 but not the serum response factor,
thereby antagonizing the prohypertrophic actions of CaMKII
signaling without affecting cardiomyocyte survival. Thus,
HDAC4 functions as a molecular nexus for the antagonistic
actions of the CaMKII and PKA pathways (71).

Concluding Remarks

Calcium ions control Ca2� homeostasis through several
overlapping mechanisms, acting at different levels and often in
opposite directions. As a result, the cell reaches a balance to
adjust intracellular free and intraorganellar calcium concentra-
tions under physiological and pathological conditions. The evi-
dence reviewed here clearly supports the idea of a self-regula-
tory loop by which Ca2� ions regulate Ca2� homeostasis. The
picture is far from complete, and future studies should explore
newmechanisms, such as the potential Ca2�-dependent trans-

lational control of Ca2� homeostasis bymicroRNAs, an emerg-
ing subfield with important physiological implications as
shownby their role in L-type calciumchannel regulation during
neuropathic pain (74) and in NCX1 regulation in ischemic
heart injury (75).
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GRN mutations cause frontotemporal lobar degeneration
with TDP-43-positive inclusions. The mechanism of pathogen-
esis is haploinsufficiency. Recently, homozygous GRN muta-
tions were detected in two patients with neuronal ceroid lipo-
fuscinosis, a lysosomal storage disease. It is unknown whether
the pathogenesis of these two conditions is related. Progranulin
is cleaved into smaller peptides called granulins. Progranulin
and granulins are attributed with roles in cancer, inflamma-
tion, and neuronal physiology. Cell surface receptors for pro-
granulin, but not granulin peptides, have been reported. Reveal-
ing the cell surface receptors and the intracellular functions of
granulins and progranulin is crucial for understanding their
contributions to neurodegeneration.

Progranulin: The Basics

Progranulin (encoded byGRN) is widely expressed in epithe-
lia, bone marrow, immune cells, solid organs, and the nervous
systemboth during development and in adulthood (1–5). In the
brain, intracellular expression is highest in neurons and acti-
vated microglia (6–8). At the subcellular level, progranulin co-
localizes with the endoplasmic reticulum and Golgi markers in
the secretory pathway and the lysosomalmarker Lamp1 (9, 10).
Progranulin is a secreted glycoprotein and is readily detected in
blood and cerebrospinal fluid (11–13).
Progranulin is evolutionarily conserved in Animalia:

homologs exist in vertebrates and Caenorhabditis elegans (14),
but seemingly not in Drosophila. It has no robust sequence
homology to any other known protein family. Biological activ-
ities attributed to progranulin are numerous; the protein is
made up of several granulin domains, which can be individually
liberated by neutrophil proteases (see Fig. 1). These “granulins”
were discovered first, before the cloning of the full-length gene.
Whether the biological activities of progranulin are mediated

by the full-length protein, individual granulins, or both is not
clear. We begin our discussion with the consequences of pro-
granulin deficiency.

Progranulin Haploinsufficiency Causes Frontotemporal
Lobar Degeneration with Ubiquitinated TDP-43-positive
Inclusions

In 2006, mutations in GRN were discovered to be a cause of
frontotemporal lobar degeneration (FTLD)3with ubiquitinated
TDP-43-positive inclusions (FTLD-TDP) (15, 16). FTLD is the
second most common presenile dementia disorder after
Alzheimer disease, representing 5–15% of all dementias (17,
18). More than 70 mutations inGRN, almost all of which result
in null alleles, have been identified in FTLD patients. A few
causative missense mutations also result in reduced levels of
progranulin (19).
Clinical manifestations of heterozygous loss-of-function

GRNmutations include variants of the FTLD spectrum, parkin-
sonism, and the corticobasal syndrome (20). Neuropathologi-
cally, atrophy of the brain parenchyma (most severe in the
frontal cortex) is usually observed. The atrophy can be asym-
metrical, and different brain regions are affected with varying
frequency. Loss of pigmentation of the substantia nigra, hip-
pocampal sclerosis, and atrophy of temporal and parietal lobes
are variably observed (20). The characteristic cellular pathology
is neuronal cytoplasmic inclusions and dystrophic neurites.
These inclusions are positive for TDP-43, an RNA-binding pro-
tein and splicing modulator that binds GRN mRNA (21, 22).
TDP-43 protein in these inclusions is ubiquitinated and hyper-
phosphorylated andmay be proteolytically processed (23). Loss
of normal nuclear staining for TDP-43 is typical. Gliosis is also
commonly observed (Table 1).
In hereditary cases, the mode of inheritance is autosomal

dominant with incomplete penetrance (24, 25). Serum pro-
granulin levels are lower in mutation carriers and patients
(lower than �60 ng/ml) than in controls (higher than �125
ng/ml) (26, 27). Based on the rationale that FTLD-TDP with
GRNmutations is caused by haploinsufficiency of progranulin,
small molecule enhancers of progranulin expression have been
pursued as potential treatments (28, 29).

Homozygous Progranulin Mutation Causes Neuronal
Ceroid Lipofuscinosis

TwohomozygousGRN-deficient patients have been recently
reported (30). These patients presented with adult onset neu-
ronal ceroid lipofuscinosis (NCL), suffering from progressive
loss of vision, retinal dystrophy, cerebellar ataxia, and seizures
(Table 1). Circulating progranulin was undetectable.
NCLs are genetic progressive lysosomal storage diseases

characterized by accumulation of lipofuscin (31). At least 10
related disorders are now classified as NCLs. Causative muta-
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tions occur in genes encoding lysosomal enzymes and several
incompletely characterized membrane proteins.
Lipofuscin is an aggregate of oxidized cross-linked proteins

and lipids. It can be toxic to cells by chelatingmetals, enhancing
oxidative damage, and inhibiting mitochondrial and lysosomal
function (32). Lipofuscin accumulation occurs during normal
aging but is greatly accelerated in NCLs. Interestingly,
increased accumulation of lipofuscin has not been reported in
cases of FTLD-TDP but has been detected in mouse models of
the disease (see below).

Mouse Models of Progranulin Deficiency

Several independent mouse lines with genetic Grn deletions
have been generated. Behaviorally, the most consistent finding
is social interaction deficits (33–35). In a classic test of hip-
pocampal learning and memory (Morris water maze), Grn�/�

mice hadmild deficits at old age (18–21months) in two studies
(33, 36) but no deficits at 8 months of age in another study (35).
Other reported behavioral deficits include depression-like
behavior and either increased (35, 37) or decreased (33) anxiety.
These behavioral phenotypes are fairly consistent with the clin-
ical manifestations of FTLD, which include early behavioral
problems and later deficits in memory.
Histopathologically, robust microgliosis, astrogliosis, and

increased ubiquitin staining are observed in the brains of aged
Grn�/� mice (7, 33–35, 38). Ahmed et al. (7) recently showed
that intracytoplasmic ubiquitinated aggregates observed in
these mice are probably composed of lipofuscin. This finding
was replicated in an independent Grn�/� line (36). Although
some vacuolation was observed in the habenula and hippocam-
pus in very old (23 months) Grn�/� mice (7), overt neuronal
loss seems to be very mild or absent (34), in contrast with the
severe atrophy observed in human FTLD. Yin et al. (33)
observed increased stainingwith an antibody against phosphor-
ylated TDP-43 in the brains of 18-month-old Grn�/� mice;
however, none of the other studies detected overt TDP-43 pro-
teinopathy. Wils et al. (36) recently reported somewhat
increased phospho-TDP-43 immunoreactivity in detergent-in-
soluble fractions ofGrn�/�mouse brains; nonetheless, they did
not detect a significant difference in TDP-43 staining by immu-
nohistochemistry. Interestingly, none of these findings were
reported in heterozygousGrn�/� mice, which would be analo-
gous to the haploinsufficient condition in human FTLD-TDP.
Progranulin-deficient mice display dysregulated immune

responses in the brain (38) Macrophages from Grn�/� mice
express higher levels of proinflammatory cytokines (MCP-1,

CXCL1, IL-6, IL-12p40, and TNF-�) in response to LPS, but
they express less IL-10. Microglia cultured from these animals
have toxic effects on co-cultured wild-type neurons. However,
the immunomodulatory role of progranulin in the periphery
may be different. In a recent study, Grn�/� mice on a high fat
diet had reduced IL-6 concentrations in blood and adipose tis-
sue. Interestingly, Grn ablation was protective against insulin
resistance (5). Finally, loss of the progranulin homolog results
in accelerated clearance of apoptotic cells inC. elegans (14) and
disruption of motor neuron development in zebrafish (39).

What Does Progranulin Do?

Reported biological activities of progranulin fall into three
broad categories: growth factor-like activities, modulation of
immune responses, and neuronal effects. Progranulin is over-
expressed in many human and experimental tumors, including
carcinomas (40–43), gliomas (44), and sarcomas (45). It may
act akin to a growth factor, stimulating proliferation (46, 47),
survival (48), and invasion (49). Progranulin has been reported
to activate many of the typical cell proliferation signaling path-
ways, including ERK, PI3K, and Akt pathways (48, 50, 51), not
only in tumor cells but also in neurons (52, 53). Progranulin
may be a prognostic marker (54) or a therapeutic target in can-
cer: progranulin overexpression confers an aggressive pheno-
type to adenocarcinoma (46), immortalized ovarian epithelial
cells (55), breast cancer (49, 56), and hepatocellular carcinoma
(57), and anti-progranulin treatment reduces in vivo tumorige-
nicity of teratoma (58) and breast cancer cell lines (59). How-
ever, it should be emphasized that although these early studies
strongly linked progranulin to cancer, no cell surface receptor
has been shown to mediate these effects.
Full-length progranulin is generally anti-inflammatory;

whereas proteolytically released granulins may have the oppo-
site effect (see below). Progranulin reduces reactive oxygen spe-
cies production by immune complex-activated neutrophils (60)
and blocks TNF-�-induced immune responses, namely respi-
ratory burst, degranulation, and spreading of adherent human
neutrophils (61). Progranulin also attenuates TNF-�-induced
IL-8 release (62). A recent finding suggests that these activities
may be mediated at the level of TNF receptors (TNFRs) (63).
Importantly, recombinant or proteolytically released granulins
do not antagonize TNF-�.
Progranulin expression is induced by inflammatory stimuli

in astrocytes (64). Consistent with its immunomodulatory role,
progranulin expression was found to be induced in multiple
sclerosis, a classic example of neuroinflammation (65). How-

TABLE 1
Comparison of two diseases caused by GRN mutations
Note that both FTLD-TDP andNCLmay be caused bymutations in other genes. The information presented here applies only to caseswithGRNmutations. For FTLD-TDP,
most common findings are listed; the clinical presentation and pathology can be heterogeneous.

Disease FTLD-TDP with GRNmutations NCL with GRNmutation

GRNmutations Heterozygous loss of function, �70 different mutations reported Homozygous loss of function, c.813_816del
(p.Thr272Serfs*10) reported in two
siblings

Most common clinical
presentation

Behavioral changes, language dysfunction Vision loss, seizures

Macroscopic pathology Severe frontotemporal cortical atrophy Cerebellar atrophy
Microscopic pathology Neuronal loss and gliosis, neuronal cytoplasmic and intranuclear

inclusions, dystrophic neurites, ubiquitinated phosphorylated
TDP-43 aggregates

“Fingerprint profiles” seen by EM in skin
biopsy samples, brain pathology
unknown
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ever, no difference in cerebrospinal fluid progranulin levels was
reported in multiple sclerosis in an earlier study (66). Pickford
et al. (67) reported that progranulin may also be a chemotactic
cue for microglia. In this study, intracerebral injection of pro-
granulin led to microgliosis in excess of that seen in a control
lesion. This is somewhat dissimilar to the knock-out studies
discussed above, where the deletion of progranulin was shown
to lead to gliosis. In contrast, Kessenbrock et al. (60) have
reported that recombinant progranulin reduced neutrophil
infiltration in a reverse passive Arthus reaction model. These
disparate results may perhaps be explained by differential in
vivo proteolysis of progranulin into proinflammatory granulins
or by differential effects on microglia and neutrophils.
Progranulin expression is stimulated in the early phases of

wound healing together with proinflammatory mediators (61).
In this context, progranulin may be an attractant for neutro-
phils, monocytes, fibroblasts, and endothelial cells. It also stim-
ulates tube formation of endothelial cells (68). In mice with
genetic deletion of antileukoproteinase (secretory leukocyte
protease inhibitor (SLPI)), an inhibitor of progranulin degrada-
tion, exogenous progranulin was shown to enhance cutaneous
wound healing (61). Recently, progranulin was found necessary
for efficient activation of TLR9 (Toll-like receptor 9) by CpG
oligodeoxynucleotides (69). In this study, macrophages from
Grn�/� mice had a muted response to CpG. However, it was
somewhat unclearwhether full-length progranulin or granulins
mediated this effect.

How Does Progranulin Affect Neurons?

An early study by Van Damme et al. (12) showed that pro-
granulin induced neurite outgrowth. This has been replicated
by Gao et al. (53) but could not be replicated by Hu et al. (10).
Exogenous recombinant progranulin increased survival of
motor neurons in serum-free conditions in the study by Van
Damme et al., but knocking down progranulin to �20% of nor-
mal levels did not affect survival of hippocampal neurons in
another study (70). Two recent studies investigated the effect of
progranulin deficiency on neuronal morphology and synaptic
transmission. Both genetic deletion of Grn in mice (35) and
siRNA-mediated knockdown of progranulin (70) led to
reduced dendritic length and reduced spine density in
hippocampal neurons. These results seem to support the
abovementioned neurite outgrowth-promoting effects of
progranulin.
Electrophysiologically, the ratio of field excitatory postsyn-

aptic potential slope to afferent volley amplitude was dimin-
ished in hippocampal slices prepared from Grn�/� mice (35).
This study also reported that induction of long-term potentia-
tion in Grn�/� slices was more difficult and that mean long-
term potentiation amplitude (change in field excitatory post-
synaptic potential slope) was diminished in Grn�/� slices. The
authors interpreted these findings as suggesting reduced syn-
aptic connectivity and impaired synaptic plasticity in Grn�/�

mice. However, the variation from slice to slice was large, espe-
cially in the Grn�/� group.
Progranulin knockdown in cultured hippocampal neurons

resulted in reduced numbers of co-localized pre- and postsyn-
aptic markers (i.e. reduced synapse density), an increased num-

ber of synaptic vesicles per synapse (as revealed by electron
microscopy), and increased miniature excitatory postsynaptic
current frequency (70). This suggests decreased synaptic con-
nectivity but enhanced transmission at individual synapses,
indicative of a homeostatic response.

What Is the Progranulin Receptor?

Progranulin has a classic N-terminal signal peptide and sev-
eral N-glycosylation sites (71). It is readily secreted in cell cul-
ture and detected in serum and cerebrospinal fluid in animals.
Exogenous recombinant progranulin has many biological
effects as detailed above. Hence, several groups have searched
for progranulin receptors.
The first cell surface protein conclusively shown to bind pro-

granulin was sortilin (10). Sortilin has diverse biological func-
tions, including prosaposin trafficking to lysosomes (72),
hepatic VLDL secretion (73), and proneurotrophin-induced
apoptosis (74). It is a regulator of extracellular progranulin lev-
els (75). Sortilin knock-out mice are grossly normal, have
increased levels of extracellular progranulin, and are resistant
to motor neuron injury (76). Sortilin does not seem to be a
signal-transducing receptor itself but acts as a coreceptor for
the low affinity neurotrophin receptor p75NTR. Neurotrophins
are overexpressed in cancer (77) and implicated in neurodegen-
eration and inflammation (78). Sortilin binds via theC terminus
of progranulin, suggesting that theC-terminal granulin domain
can potentially mediate the binding even after proteolytic
cleavage. However, the precise role of progranulin binding in
sortilin function remains unknown.
Perhaps the most interesting candidates for the elusive pro-

granulin receptor are the TNFRs. In 2011, Tang et al. (63)
reported that progranulin bound to TNFRs with high affinity
and blocked the binding of TNF-�. They also showed that pro-
granulin or a synthetic progranulin fragmentwas therapeutic in
an arthritis model (63), essentially acting as an endogenous
TNF-� antagonist. Replication of these findings will be
immensely valuable to the field because TNF-� antagonism can
potentially explain most biological effects attributed to pro-
granulin. Several lines of evidence, especially the knock-out
models, strongly suggest that progranulin has anti-inflamma-
tory effects. Furthermore, Zhu et al. (61) previously reported
that full-length progranulin suppressed TNF-�-induced neu-
trophil activation. Perhaps, progranulin haploinsufficiency
leads to an overabundance of TNF-� activity. However, it is
somewhat puzzling that an excess of TNF-� activity would lead
to a specific neurodegenerative phenotype rather than any of
the other inflammatory conditions associated with this cyto-
kine (79), most notably arthritis. A recent report suggested that
the serum levels of IL-6, TNF-�, and IL-18 were unchanged in
GRNmutation carriers compared with controls (although IL-6
levels were increased in symptomatic GRN mutation carriers)
(80). We are not aware of any published work detailing the
prevalence of a TNF-�-related autoimmune disease (e.g. rheu-
matoid arthritis) in GRN mutation carriers or FTLD patients.
An epidemiologic study showing increased risk of inflamma-
tory disease for individuals with progranulin deficiency will be
required to strengthen the hypothesis that progranulin is an
endogenous TNF-� antagonist.
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Antagonism of TNF-� can potentially explain some of the
cancer-promoting effects of progranulin. TNF-� was first dis-
covered as a humoral factor that caused rapid hemorrhagic
necrosis of experimental tumors. It is cytotoxic to several
tumor cell lines in vitro, increases endothelial permeability,
may stimulate an antitumor immune response, and is in clinical
use for immunotherapy of limb sarcomas (81). By overexpress-
ing progranulin, a presumed TNF-� antagonist, tumors may
escape TNF-� toxicity. However, this hypothesis remains
untested.
TNF-� is involved in synaptic scaling, maintaining synapses

in a plastic state (82). After silencing, TNF-� enables up-regu-
lation of surface AMPA receptor expression and miniature
excitatory postsynaptic current amplitudes (83). If progranulin
is acting as a TNF-� receptor antagonist at the synapse, we
would expect that progranulin deficiencywould be functionally
equivalent to overabundance of TNF-�. However, this does not
seem to be the case (70).
Unlike the case of full-length progranulin, no cell surface

receptor has been shown to mediate the biological effects of
proteolytically released granulins. Individual granulins do not
bind TNFRs, whereas only granulin E is expected to bind sorti-
lin. A precursor protein being proteolytically processed into
active species is a relatively common mechanism in cellular
biology (e.g. TGF-� family of growth factors). We critically
examine the case of granulins below.

Proteolytic Cleavage of Progranulin and the Case of
Granulins

In the 1990s, several�6-kDa granulin peptides were purified
from leukocyte granule extracts and bone marrow (84), kidney
(85), and various other biological sources (86). It was later dis-
covered that all of these peptides are encoded by a single gene
(GRN) translated into a large precursor protein, progranulin

(87). Granulins are released following proteolytic cleavage of
progranulin. Human progranulin contains seven full-length
granulin domains and one half-length granulin domain. These
granulins are named, from theN terminus of progranulin to the
C terminus, granulins p,GF, B,A,C,D, andE,with “p” denoting
the half-length “paragranulin” domain (Fig. 1). The molecular
structure of individual granulin domains has been solved. Each
granulin domain consists of parallel stacked �-hairpins held
together by six disulfide bonds (Fig. 1) (88, 89).
Progranulin is proteolytically cleaved by neutrophil elastase

(61), proteinase 3 (a neutrophil protease) (60),MMP-12 (matrix
metalloproteinase 12; macrophage elastase) (64), MMP-14
(90), andADAMTS-7 (a disintegrin andmetalloproteinasewith
thrombospondinmotifs 7) (91). Zhu et al. (61) havemapped the
neutrophil elastase cleavage sites and shown that cleavage
occurs in the linker regions between granulin domains. How-
ever, they did not detect any cleavage sites between granulins F,
B, and A (Fig. 1) even though granulins A and B had been indi-
vidually purified from various sources. Notably, incubation of
recombinant progranulin with these proteases does not always
result in the release of solely 6–12-kDa fragments as would be
expected if the�80-kDa precursor proteinwas completely pro-
cessed to 71⁄2 granulin domains. At least five intermediate prod-
ucts larger than 15 kDa seem to be present after overdigestion
with any of these proteases according to data presented previ-
ously (60, 61, 64). However, Kojima et al. (62) observed mostly
�6-kDa bands after 16 h of digestion at 37 °C with elastase.
After in vitro incubation with MMP-12, several fragments
(15–45 kDa) were still detectable with an antibody against the
C terminus of progranulin (64).
SLPI protects progranulin fromproteolysis by elastase. Inter-

estingly, SLPI binds progranulin directly, and this interaction is
protective against proteolysis even when the active site of SLPI

FIGURE 1. Schematic depicting the domain structure of progranulin. Boxed letters denote granulin domains. The NMR structure of granulin A according to
coordinates deposited by Tolkatchev et al. (89) (MMDB ID 63884) is shown on top. Disulfide bridges are shown in orange, �-sheets in yellow, and the peptide
backbone in green. Scissors denote elastase cleavage sites according to data presented by Zhu et al. (61). Asterisks denote linker regions where proteolytic
cleavage also takes place, but the protease that releases granulins A and B has not been conclusively identified. The amino acid sequence of granulin A is shown
at the bottom. Cysteines are highlighted in red. Numbers denote approximate positions of granulin domains relative to full-length human progranulin (593
residues).
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is mutated (61). Apolipoprotein A-I similarly inhibits pro-
granulin proteolysis (92).
Even though progranulin is known to be secreted and circu-

lates in the full-length form in blood, proteolytic processing
probably takes places intracellularly to some extent. Progranu-
lin cleavage products are detected in cellular fractions, and dou-
ble deletion of neutrophil elastase and proteinase 3 increases
intracellular progranulin levels (60). MMP-12 cleaves pro-
granulin intracellularly in microglia but not in conditioned
medium (64). An early study that identified an acrosomal gly-
coprotein later shown to be identical to progranulin also
showed that progranulin was partially proteolyzed as the sperm
moved along the epididymis (93).MMP-14 is active in theGolgi
apparatus, but the physiological significance of progranulin
cleavage by MMP-14 is undetermined.
Biological effects have been attributed to the granulin pep-

tides. Granulin A has been reported to induce anchorage-inde-
pendent growth of cultured keratinocytes and fibroblasts while
apparently inhibiting proliferation of other cancer cell lines (85,
87, 94). The effect of granulin B was generally inhibitory and
antagonistic to granulin A. At least in one case (87), full-
length progranulin did not have the same activity as granulin
A. An independent group reported that granulin D increased
DNA synthesis in cultured astrocytes and, to a limited
extent, in primary glioblastoma cells (44). Granulin E was
reported to act similarly to progranulin and to support neu-
ronal survival in cell culture (12). Notably, purified recom-
binant granulins do not have the anti-inflammatory activi-
ties of full-length progranulin but, on the contrary, seem to
be proinflammatory (61). For example, elastase-digested
progranulin induced IL-8 release from A549 cells, whereas
recombinant granulin B induced IL-8 release from both
A549 and SW-13 cells.

Perspectives

The number of distinct biological activities attributed to pro-
granulin is remarkable. How can we reconcile these seemingly
nonspecific functions with the fact that progranulin deficiency
leads to two specific neurodegenerative conditions (FTLD in
the case of haploinsufficiency andNCL in the case of a homozy-
gous mutation)? Progranulin is almost certainly a multifunc-
tional protein, and multifunctional proteins are common in
eukaryotic organisms (95). Nevertheless, independent replica-
tion, particularly with cautious scrutiny toward impurities in
progranulin and granulin preparations, may whittle this large
number of biological activities down to a shorter list of bona
fideprogranulin functions. Furthermore, we believe that granu-
lin peptides are almost certainly bioactive and that a search for
granulin receptor(s) is warranted. Of particular interest is
whether the recombinant progranulin is proteolyzed in tissue
culture conditions, an observation that we feel has been insuf-
ficiently addressed.
Could GRN haploinsufficient FTLD-TDP and NCL with

homozygous GRN mutations be manifestations of the same
spectrum of diseases? In NCL, time of disease onset varies from
the neonatal period to young adulthood according to the
mutated gene, but patients with “mild” hypomorphic muta-
tions are known to present with later onset than those with
“classic” loss-of-functionmutations of the same genes (31). The
patients with homozygous loss-of-function mutations of pro-
granulin reported previously (30) presented in their 20s, which
is quite late compared with other known NCL mutations. Per-
haps, GRN haploinsufficient FTLD-TDP represents a very late
onset form of atypical NCL. This hypothesis seems to be sup-
ported by the mouse models: Grn�/� mice display behavioral
characteristics of FTLD together with lipofuscinosis. However,
exaggerated lipofuscinosis has not yet been reported in FTLD-

FIGURE 2. Trafficking of prosaposin and progranulin. Both prosaposin and progranulin consist of several repeats of saposin and granulin domains, respec-
tively (step 1). Both proteins are N-glycosylated (step 2) and secreted (step 3). Prosaposin is also directly transported to the lysosomes (Lys) via the mannose
6-phosphate receptor (step 4). Sortilin also plays a role in lysosomal trafficking of prosaposin (not shown). Reuptake of progranulin is mediated by sortilin,
whereas prosaposin reuptake is mediated by the LDL receptor-related protein (LRP), the mannose receptor (not shown), and the mannose 6-phosphate
receptor (not shown) (step 5). Both proteins are probably proteolyzed intracellularly, although this has not been shown directly for progranulin (step 6). In the
lysosome, the saposins activate lysosomal enzymes (pink pentagon) partly by lifting their substrates (green) out of the lipid bilayer (step 7). Lysosomal functions
of granulins remain unknown. Prosaposin is shown in blue, progranulin is shown in red. ER, endoplasmic reticulum.
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TDP patient brains (or other tissues), in which the main ubiq-
uitinated protein is known to be TDP-43. Furthermore, differ-
ent regions of the brain seem to be primarily affected in FTLD-
TDP compared with NCL. Thus, it remains possible that
FTLD-TDP andGRNmutant NCL are caused by disruptions of
disparate pathways that are differentially sensitive to progranu-
lin dosage.
Another relatively poorly understood concept is the role of

intracellular progranulin or granulins. Given the recent finding
of adult onset lysosomal storage disease caused by homozygous
progranulin deficiency and the high affinity binding between
progranulin and the lysosomal transport protein sortilin, an
essential intracellular role for progranulin in lysosomal biology
is a possibility. Moreover, another recently identified function
of progranulin/granulins, binding of CpG oligodeoxynucle-
otides toTLR9, takes place intracellularly in lysosomes. It is also
likely that proteolytic cleavage of progranulin into granulins
occurs in lysosomes (or somewhere along the way from the
endoplasmic reticulum to the lysosome). Could progranulin or
granulins be acting as activators or transporters of lysosomal
enzymes? Accumulation of the autophagy-related receptor p62
and the lysosomal protease cathepsinDwas reported inGrn�/�

mice. Perhaps progranulin functions akin to prosaposin, which
is likewise synthesized as a precursor protein, secreted, and
taken up again into the cells, followed by proteolytic processing
into small (8–11 kDa) bioactive saposin polypeptides (Fig. 2)
(96, 97). Saposins act as activators of lysosomal enzymes, and
genetic abnormalities of prosaposin cause lysosomal storage
disorders of varying severity. Lysosomal enzymes also play roles
in the regulation of immune responses, apoptosis, and defense
against pathogens (98, 99). Therefore, lysosomal functions of
progranulin/granulins could explain their immunomodulatory
properties. We believe that progress along these lines will ulti-
mately lead to the identification of the biological mechanisms
underlying selective vulnerability of frontotemporal regions of
the brain to progranulin deficiency and, we hope, to novel drug
targets for the treatment of GRN-deficient conditions.
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With advancing age, the brain becomes increasingly suscep-
tible to neurodegenerative diseases, most of which are charac-
terized by the misfolding and errant aggregation of certain
proteins. The induction of aggregation involves a crystalliza-
tion-like seedingmechanismbywhich a specific protein is struc-
turally corrupted by its misfolded conformer. The latest
research indicates that, once formed, proteopathic seeds can
spread from one locale to another via cellular uptake, transport,
and release. Impeding this process could represent a unified
therapeutic strategy for slowing the progression of a wide range
of currently intractable disorders.

Most, if not all, age-related neurodegenerative diseases
involve the misfolding and accumulation of specific proteins.
This simple fact, although itself illuminating, raises numerous
questions, the answers to which are in various stages of matu-
ration. We will address two fundamental issues: the nature of
the prime mover of protein aggregation in vivo and the means
by which proteinaceous lesions spread through the nervous
system.
First, it is worth considering the dimensions of the protein

misfolding problem.More than 50 diseases of abnormal protein
deposition (broadly referred to as proteopathies, conforma-
tional diseases, or proteinopathies) have been identified in the
brain and systemic tissues of humans (supplemental Table 1).
Although these disorders vary widely in their clinical and
pathologic manifestations, a common feature is the misfolding
and abnormal aggregation of disease-specific proteins (1). Fur-
thermore, the diseases may originate and progress within the
body by a molecular mechanism resembling that of prion dis-
ease (see below). The most prevalent risk factor for idiopathic
(sporadic) proteopathies is advancing age, probably because the
cellular regulation of protein production and disposal (protein
homeostasis, or “proteostasis” (2)) becomes increasingly com-

promised with age in certain tissues (2–4). Because life expect-
ancy is rising in much of the world, the proteopathies collec-
tively impose a growing burden on aging societies.
Many proteins fold into their native, biologically functional

conformations shortly after they are generated; others, known
as intrinsically disordered proteins, inherently lack a stable ter-
tiary structure (5). Under pathogenic conditions such as amino
acid substitutions, post-translational modifications (cleavage,
phosphorylation, etc.), protein crowding, or partial unfolding of
structured proteins, some proteins are liable to misfold, self-
aggregate, and accumulate inside or outside of cells.
Amyloidosis, the most widely known embodiment of prote-

opathy, is a pathologic hallmark of many diseases (supplemen-
tal Table 1). Despite vastly differing amino acid sequences of
amyloid-forming proteins, the amyloid deposits share particu-
lar features; a current definition of amyloid is “an in vivo depos-
ited material, which can be distinguished from non-amyloid
deposits by characteristic fibrillar electronmicroscopic appear-
ance, typical x-ray diffraction pattern, and histological staining
reactions, particularly affinity for the dye Congo red with
resulting green birefringence” (6). Previously, amyloid was con-
sidered to be exclusively an extracellular lesion, but the defini-
tion of amyloid continues to evolve (7); for instance, intracellu-
lar fibrillar deposits have been included in the latest definition
(6). In any case, it is important to recognize that some protein-
aceous lesions do not strictly conform to classical and/or cur-
rent definitions of “amyloid.” Such lesions include (or previ-
ously included) neurofibrillary tangles (tau protein (8)), Lewy
bodies (�-synuclein (9)), myopathic inclusion bodies (amy-
loid-� (A�)3 (10)), and ectopic aggregated transcription factors
such as TDP-43 (TAR DNA-binding protein-43) and FUS
(fused in sarcoma) (11). In addition, some “diffuse” aggregates
of proteins that have the ability to form amyloid (such as A� or
the prion protein) do not show green birefringence after stain-
ing with Congo red, yet such aggregates are not normally found
in the brain and thus can be considered manifestations of a
pathogenic process. Whether they are a stage in the develop-
ment of amyloid or autonomous lesions (or both) remains
uncertain; it is likely that protein aggregation can proceed along
multiple pathways (12).
At the molecular level, aggregation is often associated with

the conformational corruption (misfolding) of a protein, i.e.
either a deviation from the native folded state or the induced
folding of a disordered protein into a pathogenic conformer.
Misfolding increases the tendency of the protein to self-assem-
ble into stable structured aggregates and frequently renders it
resistant to normal cellular clearancemechanisms. At the light-
microscopic level, the morphology and localization of the
lesions are often pathognomonic for the associated diseases
(Fig. 1), and it is possible that the supramolecular appearance of
deposits reflects the secondary, tertiary, and quaternary archi-
tecture of the misfolded molecules (12). In addition to the
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lesions that are observable by lightmicroscopy, pathogenic pro-
teins can exist as small prefibrillar ensembles, collectively
known as oligomers, which consist of only a few protein mole-
cules and hence are less readily detected compared with larger
multimers (13–15). Because such soluble (and diffusible) pro-
tein assemblies can adversely affect cellular function and viabil-
itymore potently than fibrils, they can profoundly influence the
nature and course of proteopathic disease, even in the absence
of visible deposits (13, 14, 16, 17).

Seeded Induction of Protein Aggregation

An intriguing mechanistic commonality among the pro-
teopathies is that some, and perhaps most, of them can be
induced and propagated by corruptive protein templating, or
seeding (12, 15, 18–21). Corruptive protein templating broadly
refers to the structural alteration of a protein through interac-
tion with a misfolded form of the protein by a mechanism
resembling seeded crystallization (22). The prion diseases are
the prototype of this pathogenic process (17, 23–25). Prion dis-
eases are remarkable in that they can be genetic, idiopathic, or
infectious (transmissible) in origin (23). The prion protein in its
pathogenic form is enriched in �-sheet secondary structure,
which modifies the physicochemical properties of the mole-
cule. In this altered state, the protein is able to bind and confor-
mationally convert other prion protein molecules. Over time,
the pathogenic protein conformers multiply, as the seeds con-
tinually corrupt prion proteinmolecules that are normally pro-
duced by cells (23). Transmission (“infection”) involves the
structural corruption of endogenous prion protein by interac-
tion with exogenous seeds. Variations in the course and patho-
logic signature of prion disease suggest that the prion is not a
unitary agent but rather that prions can exist as polymorphic
and polyfunctional strains (25–27).
Although prion diseases remain the only demonstrably

infectious proteopathies (in the sense that some of them can be
readily transmitted from one organism to another), recent in
vitro and in vivo evidence indicates that proteins linked to clin-
ically and pathologically dissimilar proteopathies can be

induced to aggregate by mechanisms that, at the molecular
level, bear striking similarities to the infectivity of prions (15,
19–21, 28–39). Some cerebral proteopathies that are thought
to involve the prion-like induction of protein deposition
include Alzheimer disease, Parkinson disease, Huntington dis-
ease, amyotrophic lateral sclerosis (ALS), frontotemporal lobar
degeneration, and chronic traumatic encephalopathy (see Ref.
18 for review). Much of the information on this emerging path-
ogenic principle has come from experimental models, which
generally do not recapitulate human neurodegenerative dis-
eases in their entirety (40, 41). The models do, however, allow
us to systematically examine the molecular underpinnings of
protein aggregation and spread, and thus can uniquely enrich
our understanding of the essential disease process.
The first evidence that a non-prion proteopathy might be

inducible in the brain came from attempts to transmit
Alzheimer disease to a NewWorld primate, the common mar-
moset (Callithrix jacchus). Baker et al. (42) found that senile
plaques and cerebral A� angiopathy are increased in marmo-
sets 5–6 years following the intracerebral injection of
Alzheimer brain homogenates. Unlike wild-type mice and rats,
most non-human primates express the human-type A�
sequence, and they naturally develop A� deposits in old age
(41). Unexpectedly, the A� sequence inmarmosets is predicted
to have a substitution of histidine for aspartate at position 23
(www.ncbi.nlm.nih.gov/protein/296231956). Whether this
change influences the susceptibility of marmosets to the exog-
enous (or endogenous) induction of A� aggregation is an
intriguing unanswered question.
The advent of transgenicmice expressing the humanA� pre-

cursor protein (APP) established amore rapid, economical, and
definitive model in which to test the hypothesis that A� depo-
sition is inducible by exogenous seeds (30). In APP transgenic
rodents, A� deposition can be instigated within a few months
by the intracerebral infusion of brain extracts containing
minute amounts of aggregated (multimeric) A� (29–31,
43–49). The collective evidence from the injection of brain

FIGURE 1. Proteopathic lesions in Alzheimer disease and Lewy body disease. A, senile plaque (arrow) and neurofibrillary tangles (one is indicated by the
arrowhead) in the brain of a patient with Alzheimer disease. The plaque consists of a core of compact A� (pink) surrounded by abnormal neurites (brown/black)
and reactive glial cells (not readily visible). Naoumenko-Feigin/Periodic acid-Schiff stain was used. B, Lewy body (arrow) that is immunoreactive with an
antibody to �-synuclein (brown) in the brain of a patient with Lewy body disease. Note also the fine, filamentous, �-synuclein-immunoreactive neurites
scattered about the neuropil (one is marked with an arrowhead). The section was counterstained with hematoxylin (blue). Scale bar � 50 �m for A and B.
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extracts indicates that aggregated A� itself is the seeding agent
(18). This conclusion has recently been borne out by the seed-
ing of A� deposition in APP transgenic mice by aggregated
synthetic A� (49), although, for unknown reasons, seeds con-
sisting of synthetic A� are less effective than seeds generated in
vivo (31, 49). Interestingly, brain-derived A� seeds can occur as
large, proteinaseK-resistant aggregates aswell as small, soluble,
proteinase K-sensitive aggregates, indicating that a diversity of
A�multimers can induce cerebral A� proteopathy (45), similar
to prions (50). Their size, potency, and diffusibility implicate
solubleA� seeds in the expansion ofA� lesionswithin the brain
(45). Similarly, small assemblies of SOD1 (superoxide dismu-
tase-1), the protein that misfolds and aggregates in familial
autosomal dominant forms of ALS, appear to be particularly
effective at seeding SOD1 aggregation in cultured cells (51).

Seeded Spread of Protein Aggregates

Emerging methods for mapping the connectivity of the
human brain have begun to bolster the hypothesis that a path-
ogenic agent accesses networked sites via the brain connectome
(52, 53). Earlier investigations of post-mortem brains at various
stages of apparent Alzheimer pathogenesis have suggested that
neurofibrillary tangles and senile plaques proliferate systemat-
ically as disease severity increases (54–57). Because of its strong
neuronal links to the medial temporal lobe (an area of severe
pathology in Alzheimer disease) and its exposure to the outside
environment, the olfactory system has been considered a pos-
sible focal point for the initiation of Alzheimer pathology (55,
58). Although the pattern of presumptive spread differs for the
two protein pathologies, aggregated tau and A� (18, 54), these
observations suggest that a pathogenic agent somehow takes
root in a particular place in the nervous system and then
migrates along connectional pathways by active neuronal
transport or by passive diffusion. In a like manner, the orderly
advance of symptoms, brain functional changes, and associated
lesions in ALS (59, 60) and Huntington disease (33, 61) hints at
a key role of neuronal connections as inadvertent conduits for
disease-causing agents (38). The neuronal transport of patho-
gens has been well established in virology in that several viruses
are conveyed by axonal transport to and within the central
nervous system (62). Additionally, prions injected into the vit-
reous humor of the eye spread in the brain along defined visual
pathways (63, 64). Because early evidence for a similar mecha-
nism in non-prion neurodegenerative diseases was indirect,
and because it required assumptions about the staging of dis-
ease based on analyses of post-mortembrains, definitive testing
of the cellular transport hypothesis was not possible until the
introduction of suitable animal models.
Spread of A� Proteopathy—In our original studies of A�

seeding in APP transgenic mice, we injected small amounts of
dilute Alzheimer brain extracts unilaterally into the dorsal hip-
pocampus (30, 65). Four to six months later, the injected hip-
pocampus had developed substantial seeded A� deposits (Fig.
2B). At this point, we also noticed a small isolated region of A�
immunoreactivity exclusively in the ventral entorhinal cortex,
some distance from the extract injection site (Fig. 2D) (65).
Jucker et al. (18) and Eisele et al. (29) have shown that the
reverse also holds, i.e. that injection of A� seed-rich brain

extract into the ventral entorhinal cortex yields deposition in
the hippocampal formation. The entorhinal cortex is a major
neocortical relay station for information flowing to and from
the hippocampus. Inasmuch as induced A� deposits were
largely absent in other cortical regions of seeded mice at this
time point, it is likely that the isolated immunoreactivity in the
entorhinal cortex or hippocampus results from axonal trans-
port of the proteopathic agent, although other modes of traf-
ficking cannot yet be entirely excluded (18). Notably, one study
has found that APP transgenic expression selectively in the
entorhinal cortex induces behavioral impairments and hip-
pocampal neuronal dysfunction indicative of trans-synaptic
trafficking of endogenous A� (66). Furthermore, endogenously
generated A� aggregates expand preferentially among inter-
connected brain regions in an APP transgenic mouse (67). In
this latter model, increased A� immunoreactivity appears first
within cells, followed by diffuse extracellular deposits in the
subiculum and subsequently in axonally coupled regions.
Long-term studies indicate that, once initiated in one brain

area, A� deposits continue to amplify and spread. One year
following injection of Alzheimer brain extract into the dorsal
hippocampus, A� plaque load was substantially greater in the
entorhinal cortex of the injected hemisphere than on the con-
tralateral side (65). In an APP transgenic mouse model that
does not normally begin to deposit A� until 15 months of age,
bilateral focal injections of A�-rich brain extracts at 3 months
of age cause, at 15 months of age, substantial A� pathology
throughout most of the forebrain (44).

FIGURE 2. Seeded induction and spread of A� deposits in a Tg2576 APP
transgenic mouse. The hippocampus on the right (B) was injected with 2.5 �l
of a 10% Alzheimer cortical extract when the mouse was 3 months of age. The
hippocampus on the left (A) received a control injection of PBS. At the age of
9 months, the mouse was killed, and brain sections were immunostained
using an antibody to A�. An isolated patch of A� is present in the entorhinal
cortex ventromedial to the rhinal fissure (rf) on the extract-injected side
(arrow; D) but not on the control side (C). Scale bar � 200 �m for A–D.
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These studies in mouse models support the hypothesis that
neuronal transport contributes to the systematic dissemination
of pathogenic seeds within the Alzheimer brain (54–57). Inter-
estingly, infusion of A� seeds into the murine hippocampus
instigates A� deposition also in the vasculature of the thalamus
(29, 31), suggesting that proteopathic seeds can migrate by dif-
fusion along intracerebral perivascular drainage channels or
through the bloodstream (29). An intravascular route of transit
also is suggested by the finding that A� seeds delivered to the
peritoneal cavity significantly increase brain A� load after a
prolonged incubation period (43), although transport from the
periphery to the brain by neurons has not been ruled out in this
paradigm.
Spread of Tauopathy—In Alzheimer disease and several

other neurodegenerative disorders, themicrotubule-associated
tau protein polymerizes into abnormal cellular inclusions,most
prominently as neurofibrillary tangles (Fig. 1A) (8). The appear-
ance of neurofibrillary tangles in the brains of Alzheimer
patients follows a sequence that is, to a considerable degree,
predictable by the axonal connectivity of the affected regions
(54). Neurofibrillary tangles are inducible by fibrillar tau in vitro
(68), and similar to the seeding of A� deposition in vivo, tangles
can be exogenously induced by the infusion of brain extract
containing abnormal tau filaments into the brains of mice
expressing human tau transgenes (28). AswithA� seeding (31),
the actuation of tauopathy is time- andbrain region-dependent,
and immunodepletion of tau from the donor brain extract
blocks seeding. Remarkably, as the incubation time increases,
intracellular tau lesions begin to emerge in nearby and/or
axonally coupled areas, suggesting that neuronal transport
mechanisms participate in the spread of seeds (28); some of
these seeds, including tau oligomers, may be endogenous
descendants of the original exogenous protein seeds. As in the
case ofA� (see above), endogenously generated focal tauopathy
in geneticallymodifiedmice also appears to expand along inter-
connected neuronal pathways over time (69, 70).
Spread of Other Proteopathic Seeds—The seeded induction

of proteopathy may be an important pathogenic characteristic
of other neurodegenerative disorders (for recent reviews, see
Refs. 15, 18, 24, 32–36, 38, 39, 71, and 72). For example, the
aggregation of �-synuclein is typical of Lewy body disease/Par-
kinson disease, and analysis of post-mortem brains suggests
that synucleinopathy ramifies through the brain in a systematic
fashion (73), albeit with some incongruities (74). The discovery
of �-synuclein aggregates in the olfactory bulb and enteric
nervous system, and the finding that the dorsal motor nucleus
of the vagus nerve is afflicted early on, have suggested that a
pathogenic agent may gain access to the brain via the nose or
intestinal tract (75). In �-synuclein-transgenic mice, �-sy-
nuclein deposition can be seeded in enteric neurons by injec-
tions of brain extracts containing aggregated �-synuclein (76),
but there is not yet direct evidence for the subsequent induction
of lesions in the central nervous system by this route. When
fetal dopaminergic neurons were transplanted into the stria-
tum of Parkinsonian patients, some of the cells eventuallyman-
ifested �-synuclein-positive Lewy bodies, indicative of the
seeded induction of synucleinopathy in the transplanted tissue
by proteopathic �-synuclein seeds stemming from the host (77,

78). Confirmatory findings for the seeding and dispersion of
synucleinopathy have been reported in vitro (79–81) and in
experimental animals (79, 80, 82–84).
Like other neurodegenerative disorders, ALS has both

genetic and idiopathic forms. Clinical observations suggest that
ALS can arise focally in different regions of the nervous system,
after which it spreads systematically (non-randomly) from one
region to another (59, 60). Autosomal dominant ALS is often
associated with mutations in the gene for SOD1, and the inclu-
sions in affected neurons contain aggregated SOD1; in most
idiopathic ALS cases (and in a variant of frontotemporal lobar
degeneration), TDP-43 is the predominant aggregated protein
(38). Recently, mutations in the gene for FUS have been linked
to ALS; because FUS and TDP-43 are DNA/RNA-binding pro-
teins involved in transcription, their ectopic aggregation hin-
ders their normal activities in the nucleus, thus impairing the
functionality of affected neurons (85). In this sense, the harm-
fulness of the aggregating proteins is related to a loss of normal
protein function rather than to a gain of toxic function. There is
mounting in vitro evidence for the prion-like templated corrup-
tion of SOD1 (51, 86, 87) and TDP-43 (88). More broadly con-
sidered, because of their tendency to self-assemble and spread
in the nervous system, RNA-binding proteins with prion-like
domains may turn out to be implicated frequently in neurode-
generation (89).
Huntington disease is an autosomal dominant disorder that

is caused by a suprathreshold expansion of an unstable CAG
repeat region in the huntingtin gene, lengthening the stretch of
glutamines in the protein. How mutant huntingtin disables
neurons remains debated, but expanded polyglutamines render
the protein prone to aggregation, and in general, the greater the
expansion, the earlier the onset andmore aggressive the disease
(33, 90). Evidence for the spread of huntingtin seeds in the nerv-
ous system remains indirect, but cell culture studies show that
the cell-to-cell transfer of huntingtin aggregates can occur (see
below). Although Huntington disease is a prominent example,
there are multiple trinucleotide repeat expansion diseases (91)
that may share this basic pathogenic mechanism.
Cellular Mechanisms Underlying the Spread of Seeds and

Prospects for Therapy—Themeans bywhich seeds are taken up,
released, and/or transferred by cells remain poorly defined and
are likely to be governed by the cell types involved, the cellular
localization of implicated proteins, and the nature of the seeds.
Although the etiologic details of the different proteopathies
may vary, clarification of cellular trafficking could inform the
search for therapeutic agents designed to slow the spread of
disease (24, 33, 38, 51, 81, 88, 92–98). Cell culture models have
been particularly informative for this purpose; for example, in
vitro experiments show that rather large aggregates of hunting-
tin are able to enter the cytosol from the extracellular milieu
(32, 98), indicating that cell membranes are unexpectedly per-
meable to proteopathic seeds (32). Furthermore, direct neuron-
to-neuron transfer of oligomeric A� has been demonstrated in
cultured hippocampal neurons (99). Impeding the ability of
seeds to template conformational corruption could limit the
spread of pathology, and therapeutic agents might be designed
to target specific proteins to minimize side effects.
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Simple models such as yeast can be helpful in illuminating
cellular operations (100), but ultimately, the insights gained in
cells and in cell-free systems must transfer to living mammals.
Many gaps remain in our knowledge of the hypothesized prion-
like properties of aggregation-prone proteins in diverse mala-
dies (38). Fortunately, none of the non-prion proteopathies
have yet been shown to share the (relatively) facile infectivity
that characterizes prions. Nonetheless, similarities in the path-
ogenic process at the molecular level argue that the concept of
corruptive protein seeding could yield fundamental insights
into the origins and progression ofmany commonneurodegen-
erative diseases of old age.
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The class of small leucine-rich proteoglycans (SLRPs) is a
family of homologous proteoglycans harboring relatively small
(36–42 kDa) protein cores compared with the larger cartilage
and mesenchymal proteoglycans. SLRPs have been localized to
most skeletal regions, with specific roles designated during all
phases of bone formation, including periods relating to cell pro-
liferation, organic matrix deposition, remodeling, and mineral
deposition. This is mediated by key signaling pathways regulat-
ing the osteogenic program, including the activities of TGF-�,
bonemorphogenetic protein,Wnt, andNF-�B, which influence
both the number of available osteogenic precursors and their
subsequent development, differentiation, and function. On the
other hand, SLRP depletion is correlated with degenerative dis-
eases such as osteoporosis and ectopic bone formation. This
minireview will focus on the SLRP roles in bone physiology and
pathology.

SLRP Structure and Classification

The small leucine-rich proteoglycans (SLRPs)2 were origi-
nally defined as proteoglycans with a relatively small protein
core (36–42 kDa) harboring tandem leucine-rich repeats and
undergoing post-translational modifications, including substi-
tution with glycosaminoglycan side chains of various types (1,
2). Their ubiquitous tissue distribution and expression at stra-
tegic sites in embryogenesis and tissue repair, coupled with
their protein conservation, suggests that SLRP functions are of
no small consequence. Originally, the SLRPs were grouped into
three distinct classes based on nucleotide and protein sequence
conservation, the organization of disulfide bonds at their N and
C termini, and their genomic organization (2, 3).More recently,
the SLRP gene family has expanded to encompass 18 genes
classified into five distinct subfamilies (Table 1) (4, 5), addition-

ally based on N-terminal Cys-rich clusters of the protein core
and ear repeats (C-terminal repeats specific to SLRPs) (6), chro-
mosomal organization (4, 5), and, importantly, functional com-
monality in view of the fact that some SLRPs are not classical
proteoglycans (4). Thus, the canonical class I members decorin
and biglycan contain chondroitin or dermatan sulfate side
chains, whereas the more recently described asporin does not
(7, 8). On the other hand, all class II members bear keratan
sulfate chains or polylactosamine in their leucine-rich repeats,
whereas class III members carry keratan sulfate (osteoglycin),
chondroitin/dermatan sulfate (epiphycan), or no glycosamino-
glycan (opticin) chains (4, 9). However, most non-canonical
class IV and V members (10–13) unexpectedly lack any glyco-
saminoglycan chain, with the exception of chondroadherin,
which is substituted with keratan sulfate (10). Therefore, the
unique characteristics of their protein cores and the presence of
glycosaminoglycans, together with specific post-translational
modifications, notably changes in the degree of glycosamino-
glycan epimerization or sulfation, characterize this class of pro-
teoglycans with high structural complexity.

SLRP Functional Network

Following synthesis, most of the SLRPs are secreted into the
pericellular matrix, where they either diffuse and bind to com-
ponents of the extracellular matrix (ECM), e.g. collagens, or
remain free. The localization of the SLRPs in the ECM appears
to be strictly predetermined, with specific SLRPs being pre-
dominantly distributed in the ECM “proper” (i.e. further
removed from the cell or inter-territorial), whereas others are
localized both to the ECM and pericellular matrix (territorial,
immediately surrounding cells) (7, 14, 15). In addition, the
localization of SLRPs to specific compartments is dependent on
the tissue of origin (16, 17). ECM-proper SLRPs bind to various
types of collagens, thereby regulating the kinetics, assembly,
and special organization of fibrils in skin, tendons, bone, and
cornea (Fig. 1A) (2, 18–20). However, besides being seques-
tered mainly in the ECM, ECM-proper SLRPs can also exist as
soluble molecules, e.g.when released from the ECM by proteo-
lytic digestion of injured tissues. Both bound and soluble SLRPs
interact with various growth factors, including TGF-� (Fig. 1B)
(21), bone morphogenetic protein BMP4 (22), WISP-1 (Wnt1-
inducible secreted protein-1) (23), von Willebrand factor (24),
PDGF (25), TNF-� (26), and insulin-like growth factor I (IGF-I)
27). This biological interaction modulates growth factor bio-
availability through the formation of specific concentration
gradients. On the other hand, SLRP pericellular localization
allows these molecules to interact with different ligands and
cell-surface receptors, thereby modulating a wide range of cell-
matrix interactions (4). Pericellular decorin binds the EGF
receptor and ErbB4 in tumor cells, leading to transient activa-
tion of the MAPK pathway, mobilization of intracellular Ca2�

levels, and induction of the cyclin-dependent kinase inhibitor
p21WAF1 (28) with subsequent down-regulation of the receptor
(29–31). Furthermore, decorin binds directly toMet, the recep-
tor for hepatocyte growth factor (32), which is noteworthy, as

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01 CA39481 and R01 CA47282 (to R. V. I.) and the NIDCR Division of
Intramural Research (to M. F. Y.). This work was also supported by ELKE
(Research Committee, University of Crete) Grant KA 3082 (to G. N. T.).

1 To whom correspondence should be addressed. Tel.: 30-2810-394719; Fax:
30-2810-394786; E-mail: tzanakak@med.uoc.gr.

2 The abbreviations used are: SLRP, small leucine-rich proteoglycan; ECM,
extracellular matrix; IGF-I, insulin-like growth factor I.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 41, pp. 33926 –33933, October 5, 2012
Published in the U.S.A.

33926 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012

MINIREVIEW



signaling through Met leads to the phosphorylation of
�-catenin, a known effector of the crucial Wnt signaling path-
way that up-regulates tumor cell motility, tissue invasion, and
metastasis.
Under physiological conditions, decorin signaling through

the IGF-I receptor exerts anti-apoptotic effects, favoring in this
manner normal cell growth. By binding to the IGF-I receptor,
decorin triggers phosphorylation and downstreamactivation of
phosphoinositide 3-kinase, Akt/protein kinase B, and p21WAF1,
inducing an anti-apoptotic effect (27). Another class I SLRP,
biglycan, acts as a signaling molecule important for the innate
immune system. Upon tissue stress or injury, sequestered and
immunologically inactive biglycan is released from the ECM
through a so far undefined proteolytic mechanism. Soluble big-
lycan interacts with the innate immunity Toll-like receptors
TLR-2 and TLR-4 on macrophages, taking on a role of an
endogenous ligand and consequently triggering an inflamma-
tory response (33, 34). This role could also be relevant in tumor
biology, as active Toll-like receptor signaling in tumor cells was
shown to affect transformed cell functions (35, 36). A recent
report (37) has shown that also decorin binds to TLR-2/4,

thereby inducing the production of PDCD4 (proinflammatory
programmed cell death 4) in macrophages. Moreover, decorin
prevents the translation repression of PDCD4 via induction of
microRNA-21, a PDCD4 repressor. Thus, decorin can boost
proinflammatory activity and concurrently retard tumor
growth by induction of PDCD4 and microRNA-21.
Additional signaling pathways have also been identified for

the class II SLRP, lumican. Fas-FasL signaling, a key cellular
pathway, was found to be disrupted in Lum�/� stromal corneal
keratocytes (38). Consequently, it has been proposed that that
lumican could directly bind FasL, thereby facilitating induction
of Fas. Poor signaling through Fas-FasL in Lum�/� mice ulti-
mately leads to attenuated apoptosis of stromal cells, impaired
induction of inflammatory cytokines, impaired recruitment of
inflammatory cells, and retarded corneal healing. Lumican
appears to regulate fibroblast proliferation by modulating spe-
cific cell growth mediators. Thus, Lum�/� fibroblasts have
decreased p21WAF1, a universal inhibitor of cyclin-dependent
kinases, and a consequent increase in cyclins A, D1, and E. Fur-
thermore, the tumor suppressor p53, an upstream regulator of
p21WAF1, is down-regulated in Lum�/� fibroblasts, suggesting
regulation of p21WAF1 by lumican in a p53-dependent manner
(38). Lumican overexpression was found to suppress tumori-
genic transformation of rat fibroblasts induced by v-src and
v-K-ras (39), suggesting that down-regulation of lumican
expressionmay play a role in development of some human can-
cers. In a recent study by Nikitovic et al. (40), lumican was
found to modulate the crucial Smad signaling pathway in bone
tumor cells.
Given that SLRPproduction, turnover, and ultimate localiza-

tion are dynamic processes, variable SLRP availability at differ-
ent compartments would facilitate signaling pathways regulat-
ing specific biological and pathological processes (41).
However, the exact mechanisms regulating equilibrium
between “free” and bound SLRPs clearly need to be further
studied. Some important questions that need to be answered
would be how changes in the ECM composition shunt more
bound SLRPs into the free pool and to what extent their release
is dependent on the degradation of the retaining ECM. Further-
more, we should also consider the activities of processed SLRP
fragments vis-à-vis the parent proteins, especially relevant
under pathological conditions. Indeed, significant proteolysis
of SLRP protein cores occurs in both normal and arthritic tis-
sues, with specific catabolites of biglycan and fibromodulin
identified only in the cartilage from damaged joints (42).
The collective findings summarized above clearly indicate

that numerous pathways can be affected by the SLRPs.
Whether the same pathways are operative in bone biology and
musculoskeletal tissues is not entirely clear at this time. How-
ever, these investigations provide a fundamental platform upon
which to build and deepen our understanding of SLRP function
in bone (Fig. 1B).

Key Roles of SLRPs in Bone Physiology

It is now firmly established that specific SLRPs are function-
ally involved in normal bone development and homeostasis.
Using a combination of in situ hybridization and immunohis-
tochemistry, class I SLRPs (biglycan and decorin) have been

TABLE 1
SLRP classes: organization and interacting partners
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localized to many skeletal regions, including articular and
epiphyseal cartilage, vascular canals, subchondral regions, and
the periosteum (43). SLRPs have specific roles during all phases
of bone formation, including periods relating to cell prolifera-
tion, organic matrix deposition, remodeling, and mineral dep-
osition (44, 45). Generation of mutant mice with targeted dele-
tion of Bgn has shown that biglycan-deficient mice are viable
and have no profound skeletal patterning abnormalities at
birth. However, with age, their long bones show decreased
length coupled with decreased mineral density and mass com-
paredwith age-matched controls (46). Biglycan deficiency leads
to structural abnormalities in collagen fibrils in bone, dermis,
and tendon and to a “subclinical” cutaneous phenotype with
thinning of the dermis but without overt skin fragility (47). Fur-
thermore, malemice depleted of biglycan (the Bgn gene is located
on the X chromosome; thus, male mice do not contain a second
allele of Bgn), designated Bgn�/0,�/0, exhibit reduced bone forma-
tion compared with control mice, indicating that biglycan is
important for the cells that control bone production (47).
The key role of biglycan in bone development is corroborated

by the observation that bone marrow ablation in biglycan-null
mice leads to delayed osteogenesis (48). Specifically, mice defi-
cient in Bgn develop age-dependent osteopenia and have mul-
tiple metabolic defects in their bone marrow stromal cells,

including increased apoptosis, reduced numbers of colony-
forming units, and decreased collagen production (48). There-
fore, the strategy of using mice deficient in one or more SLRPs
has enabled the identification of early molecular events causing
skeletal abnormalities that are dependent on SLRP function.
In view of the fact that the BGN gene maps to the X chromo-

some, patients with Turner syndrome (45 chromosomes, X0)
have reduced biglycan expression and exhibit short stature,
infertility, and early-onset osteoporosis. In contrast, patients
with supernumerary sex chromosomes (e.g. Klinefelter syn-
drome) show increased biglycan expression and longer limbs
(49). Thus, bone metabolism in biglycan-deficient mice could
be gender-dependent. Indeed, in contrast to male mice, the
bone tissue of female mice is less affected, suggesting a gender
difference in biglycan skeletal function.
Biglycan can also control key signaling pathways regulating

the osteogenic program, including the activity of themultifunc-
tional cytokines TGF-� (50), BMP4 (22, 51), andWnt (52) (Fig.
1,C–E). Consequently, biglycan can affect the number of avail-
able osteogenic precursors as well as their subsequent develop-
ment, differentiation, and function in bone formation.
Phenotypic analysis of Dcn�/�/Bgn�/� double-null mice

reveals that the pathological bone phenotype ismore severe and
appears evident earlier compared with Bgn-deficient mice. In

FIGURE 1. Schematic representation of the roles of SLRPs and their specific signaling pathways in osteogenesis and remodeling. A, SLRPs have specific
roles during all phases of bone formation, including periods relating to cell proliferation, organic matrix deposition, remodeling, and mineral deposition.
B, binding of TGF-� to SLRPs (decorin and lumican) regulates its downstream Smad2/3 signaling by facilitating or inhibiting ligand presentation to respective
receptors to control bone formation. C, biglycan stimulates ERK phosphorylation and signal transduction through the transcription factor Runx2 to promote
osteoblast differentiation. D, biglycan sustains the binding of BMP2/ALK6 to enhance Smad1/5/8 phosphorylation to facilitate downstream signaling relevant
to osteogenesis. E, biglycan promotes Wnt3a binding to the LRP6 coreceptor subunit (which engages the Frizzled receptor for complete Wnt-mediated
signaling), thereby activating �-catenin signaling to promote bone growth. TCF, T cell factor.
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addition to the gross skeletal phenotype appearance, Bgn and
Dcn double deficiency results in a striking change in collagen
fibril shape and organization to an extent that is greater than
the additive effect. Therefore, the effects ofDcn/Bgn deficiency
in bone are likely synergistic even though Dcn deficiency does
not appear to affect bone phenotype by itself (47). This could be
explained partly by the suggestion that the absence of biglycan
and decorin prevents TGF-� from proper sequestration within
the ECM. First, decorin and subsequently biglycan, asporin,
and fibromodulin were found to bind TGF-� (21, 53), forming
SLRP�TGF-� complexes, which are either eliminated from the
tissue (via the circulation or by urinary excretion) or, in the
presence of collagen I, are sequestered in the ECM, thus down-
regulating TGF-� signaling (54–56). However, the interaction
of SLRPs with TGF-� could also enhance the bioactivity of
TGF-�, as seen in the case of decorin during the process of bone
formation during remodeling (57) or muscle formation (58).
Therefore, the direct binding of excess TGF-� to its receptors
on bone marrow stromal cells could cause a “switch in fate”
from growth to apoptosis and thus ultimately lead to decreased
numbers of osteoprogenitor cells and subsequent reduced bone
formation (50). Furthermore, biglycan promotes osteoblast dif-
ferentiation through ERK phosphorylation and signal trans-
duction through the transcription factor Runx2 (Fig. 1C) (59);
alternatively, the biglycan protein core can bind to BMP2 and
BMP2�ALK6 (activin receptor-like kinase 6), thereby sustain-
ing the binding of BMP2�ALK6 (Fig. 1D). The BMP2�bi-
glycan�ALK6 complex can phosphorylate Smad1/5/8 and thus
facilitate their downstream signaling relevant to osteogenesis
(60). Recently, biglycanwas suggested to supportWnt signaling
in vivo in a manner beneficial to bone formation (52). In this
latter study, biglycan promoted binding of Wnt3a to bone
matrix by a direct interaction that involved further interface
with a keyWnt coreceptor in bone LRP6 (low-density lipopro-
tein receptor-related protein 6) (Fig. 1E).
Lumican is a major proteoglycan component of bonematrix.

It is secreted by both differentiating andmature osteoblasts but
not by proliferating pre-osteoblasts, and therefore, it can be
used as a marker to distinguish proliferating pre-osteoblasts
from differentiating osteoblasts (61). Keratocan expression is
correlated with a more differentiated osteoblast phenotype,
whereas histomorphometric analysis indicates that Kera�/�

mice have significantly decreased rates of bone formation and
mineral apposition (62). Male epiphycan (Dspg3)-deficient
mice also have significantly shorter femurs than wild-typemice
at 9 months. Knee joints fromDspg3/Bgn double-null mice dis-
play increased matrix protein expression compared with wild-
type mice. This enhanced expression also includes other SLRP
members such as asporin, fibromodulin, and lumican, demon-
strating compensatory mechanisms among different SLRP
family members (63). The importance of SLRPs in bone home-
ostasis is further illuminated by the finding that individual
members show species-specific and age-related changes that
correlate with altered homeostasis of the aging skeleton (64).
Another example of the importance of SLRPs in bone biology is
offered by proline/arginine-rich end leucine-rich repeat pro-
tein, which can down-regulate osteoclastogenesis apparently
by inhibiting NF-�� activity (65).

Roles in Degenerative Bone Diseases

SLRP biology is also closely linked to degenerative skeletal
processes. Earlier studies have shown that targeted disruption
of the Bgn gene leads to an osteoporosis-like phenotype inmice
(46). Subsequently, it was proposed that the altered collagen
phenotypes in mice deficient in one or more SLRPs demon-
strate a cooperative, sequential, timely orchestrated action of
the SLRPs that altogether shape the architecture and mechan-
ical properties of the collagen matrix (66). The development of
osteoporosis among other disease states by SLRP-deficient
mice suggests that mutations in SLRPs may be part of undiag-
nosed predisposing genetic factors specific for the disease (66).
On the other hand, biglycan deficiency was found to protect
against increased trabecular bone turnover and bone loss in
response to estrogen depletion, supporting the concept that
biglycan may modulate both formation and resorption, ulti-
mately influencing the bone turnover process (67).
In addition to normal bone turnover, the SLRPs have been

shown to contribute to ectopic ossification (68) of soft tissues.
Although both singly depleted biglycan and fibromodulin mice
develop ectopic bone in tendon, the effect is exaggerated when
the two SLRPs are deleted simultaneously, thus suggesting syn-
ergistic activities for these two SLRPs on this function (69).
Recently, in vivo osteolysis experiments showed that LPS-in-
duced osteolysis occurred more rapidly and extensively in Bgn-
deficient mice compared with wild-type mice due to increased
osteoclast differentiation and activity secondary to defective
osteoblasts (70). Moreover, deregulation of matrix protein
expression, including that of biglycan, was demonstrated in
hypophosphatemia (Hyp)micewith osteomalacia (71). Consid-
ering that the depletion of SLRPs exacerbates degenerative dis-
eases such as osteoporosis, osteoarthritis, and ectopic bone for-
mation and taking into account an evermore aging population,
rife with skeletal issues, one should consider novel therapies
such as the use of SLRPs to ameliorate these pathological
conditions.

Roles in Bone Tumor Progression

Malignant bone tumors are characterized by the presence of
undifferentiated osteoprogenitors that proliferate and develop
amass of tumor tissue recognized as osteosarcoma.The expres-
sion and consequent function of SLRPs in primary bone tumors
are known to differ compared with disease-free tissue. The
absence of biglycanmessage observed in osteosarcoma samples
and some osteosarcoma cell lines provides evidence for altera-
tions in the extracellular matrix that result with non-mineral-
ized osteoid produced by the osteosarcoma cells (72). Dissec-
tion of the sets of genes that control the behavior of Bgn-null
pre-osteoblasts using oligonucleotide microarrays revealed
that Bgn deficiency affects the genes that control inflammation,
immune response, and growth of tumor cells (73). Indeed, big-
lycan affects osteoblastic tumor cell behavior, as it was recently
suggested that osteosarcoma cells utilize Runx2 and the FGF-
2/syndecan/heparan sulfate proteoglycan axis, a key effector of
the osteogenic program, to regulate theirmigration in amanner
dependent on biglycan expression (74). Furthermore, osteosar-
coma markers of poor response to therapy (Huvos grade I/II
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response defines tumors with little or no response to chemo-
therapy) are predominantly gene products involved in
microenvironmental remodeling andosteoclast differentiation,
including Bgn (75). On the other hand, gene chip analysis has
demonstrated that biglycan has the highest expression (out of
137 genes) in giant cell tumors of bone (76). Moreover, a series
of chondrosarcomas, malignant tumors of cartilage epidemio-
logically established as the second most common primary
malignant neoplasm of the skeleton in adults (77), were found
to have up-regulated DCN transcript levels (78), whereas a
human chondrosarcoma cell line was found to express higher
amounts of BGN and not to express DCN (79).

Decorin had severalfold reduced expression in osteoblastic
osteosarcoma patients compared with non-osteoblastic osteo-
sarcoma patients, which could be correlated to a poorer prog-
nosis of the first patient group (80). Immunohistochemistry
using polyclonal andmonoclonal antibodies against ECMmol-
ecules, including decorin, has proved to be a useful tool for the
differential characterization of osteoid in a series of 20 osteo-
sarcomas with different variants of osteoid formation (81).
Importantly, several studies have shown that the histological
subtype of osteosarcoma is a predictive factor for response to
chemotherapy (82, 83) and correlates with a disease-free period
(84, 85) and overall survival (86). Moreover, decorin was found
to suppress murine osteosarcoma lung metastasis, which cor-
related to lower adhesion and motility capabilities of the
decorin-expressing osteosarcoma cells (87). Collectively, these
findings strongly correlate with the well established antitumor
properties of decorin (88). Interestingly, the only exception to
the established oncosuppressionmodel is the case of the highly
aggressive MG-63 human osteosarcoma cells, found to consti-
tutively produce decorin and to be resistant to decorin-induced
growth arrest (89).
The role of lumican in osteosarcoma pathogenesis has previ-

ously been reviewed (90). Indeed, the generation of LUM-defi-
cient osteosarcoma cells suggested that LUM expression may
be positively correlated with the differentiation and negatively
correlated with the progression of osteosarcoma (40). Further-
more, a novel out-in signaling circuit in human osteosarcoma
cells was described: secreted lumicanwas found to be an endog-
enous inhibitor of TGF-�2 activity, resulting in downstream
effector modulation, including phospho-Smad2, integrin �1,
and phosphorylated focal adhesion kinase to regulate osteosar-
coma adhesion (91). On the other hand, fibromodulin expres-
sion was shown to be regulated by the BMP signaling pathway
and thus possibly correlated to osteoblast origin cell transfor-
mation (92).

Potential Therapeutic Agents for Bone Diseases

As regulators of signaling molecules, SLRPs may hold prom-
ise for treatment and prevention of disease. The modulation of
Bgn gene expression has been proposed to represent a mecha-
nism to counteract mineralized bone loss under conditions of
estrogen depletion (67). Trans-osseous application of low-in-
tensity ultrasound at the tendon graft-bone healing interface
stimulated endogenous expression of Bgn and collagen I,
thereby enhancing tendon-bone healing (93). The above stud-
ies support utilization of biglycan therapy as a credible thera-

peutic venue to reduce or block degenerative bone diseases.
Proof of principle for the possibility of such an application
derives from a recent study showing that injections of biglycan
into dystrophin-deficient mdx mice can repair numerous
defects thatmimicmuscular dystrophy, including the improve-
ment ofmuscle function (94). In this regard, it can be noted that
exogenously applied recombinant biglycan could “rescue”
impaired LRP6 signaling caused by a mutation in the extracel-
lular domain of this Wnt receptor (54). Thus, the specific loca-
tion and function of SLRPs outside the cell lend themselves to
accessibility for effective and simple therapeutic intervention.
In the case of primary bone tumors (osteosarcomas),

decorin-expressing osteosarcoma cells were found to have a
decreased ability to generate pulmonary metastases in a mouse
model, thus demonstrating that decorin has the therapeutic
potential to reduce lung metastasis in osteosarcoma (87). One
important aspect in considering the role of SLRPs in tumor
growth and establishment is the role of the tumor microenvi-
ronment. Indeed,many SLRPs, including biglycan, decorin, and
fibromodulin, are expressed in the stroma and, at least in the
case of fibromodulin, appear to control its structure and integ-
rity (95).

Concluding Remarks

In conclusion, this minireview has highlighted the important
roles that some SLRPs have in bone physiology and disease.
These small proteoglycans are established to specifically regu-
late both bone osteogenesis and remodeling as well as to par-
ticipate in the progression of commonly debilitating degenera-
tive bone diseases. Further progress in discerning the specific
signaling pathways in skeletal development and homeostasis is
needed. Because of SLRP participation in multiple degenera-
tive, inflammatory, and neoplastic diseases, we expect that
some of the SLRP-secreted gene products could become reli-
able biomarkers for bone diseases and perhaps become targets
of novel therapeutic interventions. Finally, we should point out
that some of the pharmacological therapeutics currently used
in clinical settings such as corticosteroid and anti-inflamma-
tory drugs have profound effects on SLRP synthesis and accu-
mulation. These, in turn, could affect not only the structural
composition of bone but also the myriad of bone-specific
growth factors that ultimately affect bone remodeling and
diseases.
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Complex II couples oxidoreductionof succinate and fumarate
at one active sitewith that of quinol/quinone at a seconddistinct
active site over 40 Å away. This process links the Krebs cycle to
oxidative phosphorylation and ATP synthesis. The pathogenic
mutation or inhibition of human complex II or its assembly fac-
tors is often associatedwithneurodegenerationor tumor forma-
tion in tissues derived from the neural crest. This brief overview
of complex II correlates the clinical presentations of a large
number of symptom-associated alterations in human complex
II activity and assembly with the biochemical manifestations of
similar alterations in the complex II homologs from Escherichia
coli. These analyses provide clues to the molecular basis for dis-
eases associated with aberrant complex II function.

Over the past 6 decades, complex II (succinate dehydrogen-
ase, succinate:quinone oxidoreductase (SQR)3) has been at the
forefront in the discovery of redox cofactors involved in bioen-
ergetics. Helmut Beinert noted that in the 1950s–1960s, com-
plex II was instrumental in the discovery of covalently bound
flavin, tightly bound iron, and acid-labile sulfur associated with
Fe-S clusters and bound ubiquinone of the mitochondrial res-
piratory chain (1). In 1995, amutation of human complex II was
the first report of a nuclear gene mutation shown to cause a
mitochondrial respiratory chain deficiency (2). More recently,
germ-line mutations in complex II have been found to be asso-
ciatedwith hereditary tumors, suggesting that complex II genes
may act as tumor suppressors (3).
Complex II enzymes (Fig. 1A) are heterotetramers contain-

ing two soluble subunits (SdhA (flavoprotein) and SdhB (Fe-S
protein)) and two integral membrane subunits (SdhC and
SdhD). This architecture houses two distinct active sites, and
the coordinated catalysis at these sites links two key biological
pathways, i.e. succinate oxidation to the Krebs cycle and qui-

none reduction to the electron transport chain. The SdhA sub-
unit harbors a covalently attached FAD redox moiety and the
dicarboxylate-binding site (Fig. 1B), where succinate is oxidized
to fumarate. The product protons of this oxidation are trans-
ferred to bulk solvent, and fumarate acts as the next substrate in
the Krebs cycle. The product electrons are transferred over 40
Å via three Fe-S clusters in the SdhB protein. These electrons
act as co-substrates at the second active site, located at the
interface of the integral membrane subunits. At this quinone-
reducing site (Fig. 1C), 2H� and 2e� reduce ubiquinone to
ubiquinol. The resultant quinol pool supports ATP synthesis by
oxidative phosphorylation.
The complex II superfamily contains both SQRs and quinol:

fumarate reductases (QFRs). QFRs are enzymes that are kinet-
ically poised to catalyze quinol oxidation and fumarate reduc-
tion as part of anaerobic electron transport chains. Both
enzymes have evolved to function optimally in the physiological
niche in which they are expressed. SQR andQFR are capable of
functionally replacing each other in vivo in Escherichia coli and
also can function with naphtho- or ubiquinones (4–6). The
overall structural and functional similarity of E. coli SQR and
QFR to mammalian complex II has made them a useful model
system.

Structure-based Alignments to Correlate Biochemical
Changes with Clinical Symptoms

Sequence comparisons of each subunit of the complex II
enzymes (supplemental Figs. S1–S4 and Table 1) strongly sug-
gest a common evolutionary ancestor and similar structure for
the soluble domains (SdhA/FrdA and SdhB/FrdB), with �50%
sequence identity between mitochondrial and bacterial com-
plex II family members and �90% sequence identity between
mitochondrial complex II proteins of different species. Con-
firming this, a similar three-dimensional architecture of the
soluble domains of complex II enzymes is observed in x-ray
structures of six different complex II superfamily members
(7–12).
The availability of these structures supports the proposal that

divergent or independent evolution of the membrane subunits
(SdhC/FrdC and SdhD/FrdD) has occurred within this super-
family. Of the bacterial complex II enzymes, the membrane
subunits of E. coli SQR are closely related to the mitochondrial
counterparts in structure despite limited sequence similarity
(supplemental Figs. S3 and S4). It is notable that the location of
the quinone-binding site and the identity of the amino acids
forming hydrogen bonds to the quinone are conserved in the
E. coli andmitochondrial SQR enzymes. This supports the con-
tention that E. coli SQR is a useful model for assessment of the
biochemical function of complex II.
In the past decade, researchers have identified numerous

human complex II mutations associated with a variety of dis-
eases. These diseases can result from deletions or missense or
nonsense mutations in the genes encoding complex II or its
assembly factors. The deletions and nonsense mutations are
presumed to result in a complete loss of complex II folding,
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assembly, and function. The biochemical consequences of the
missense mutations are, however, often unclear because of the
difficulty in obtaining sufficient material and the lack of appro-
priate cellular models to mimic the mutations. The mutations
associated with human disease are annotated in the TCA cycle
gene mutation database (13), and the results for the missense
mutations are summarized in supplemental Tables 2–4. As
shown in these tables, the majority of the mutations are found
in the SdhB and SdhD subunits. In this minireview, the mis-
sense mutations (supplemental Tables 2–4) (13) were mapped
onto the structure of porcine complex II (Fig. 2 and supplemen-
tal Fig. S5) to identify the overall location of themutation and to
relate this to the corresponding region in the E. coli counter-
parts. Because in vitro characterization of E. coli SQR and QFR
has been extensive, the consequences of mutation of a particu-
lar region could be used to predict the structural and biochem-
ical consequences of mutations on the human enzyme. Single
nucleotide polymorphisms not associated with a clinical phe-
notype are not described here.

Aberrant Complex II Activity Associated with
Neurodegeneration

Either mutation of amino acids within the SdhA subunit or
inhibition of the succinate-binding site by small molecules can
result in a range of clinical symptoms hallmarked by neurode-
generation. The associated symptoms are reported to range
from moderate to severe.
PointMutations Resulting in LeighDisease—Among themost

severe clinical manifestations of missense or nonsense mutations
of complex II is Leighdisease (14). Leighdisease generally presents
at an early age, andpatients usually diewithin 1 year of theonset of
symptoms. At themolecular level, Leigh disease can be associated
with mutations in 1 of �30 different genes, with many of these
mutations found in proteins that, like complex II, are involved in
oxidative respiration.
Three independent missense mutations in SdhA are associ-

ated with Leigh disease. Sequence analysis indicates that these
three amino acids are poorly conserved between the mamma-
lian and bacterial enzymes (supplemental Table 2), and struc-
tural mapping shows that these substitutions are not immedi-

FIGURE 1. Overview of the structure and active sites of porcine mitochon-
drial complex II. A–C, the SdhA chain (flavoprotein) is colored slate, the SdhB
chain (iron protein) is colored purple, the SdhC chain (cytochrome bL) is col-
ored green, and the SdhD chain (cytochrome bS) is colored brown. The FAD
cofactor (yellow carbon atoms and bonds) is shown as a bond representation.
The Fe-S clusters are highlighted with the irons in orange and the sulfurs in
yellow. The heme and ubiquinone are highlighted with yellow bonds. Amino
acid numbering is for the porcine complex. A, the x-ray structure of the por-
cine complex II (Protein Data Bank code 1ZOY (11)) is colored by subunit. B,
the active site catalyzing succinate oxidation is located near the covalently
bound FAD. The view is the same as shown in A. Active site residues analo-
gous to those demonstrated to be important for catalysis in the E. coli
homologs (SdhA His-254, Thr-266, Arg-298, His-365, and Arg-409) are shown
as sticks, with carbons colored slate and nitrogens colored blue. The succinate
is modeled into the active site based upon the placement of fumarate in E. coli
QFR (Protein Data Bank code 3P4P (32)), and the rotamer of SdhA His-254 has
been modeled with a 180° rotation to promote hydrogen bond formation.
Putative hydrogen-bonding interactions are depicted with gray spheres. The
proposed routes of proton and hydride transfer to the C2–C3 bond of succi-
nate are shown by green spheres. C, the active site catalyzing quinone reduc-
tion with ubiquinone in the Q1 position (27, 28) is located in a pocket within
the membrane subunits. The view is a 90° rotation from A and is looking from
the bottom of the membrane up through the complex.

FIGURE 2. Three-dimensional mapping of disease-associated missense
mutations. The structure of porcine mitochondrial complex II (Protein Data
Bank code 1ZOY (11)) is used as a model for the human enzyme, and number-
ing is that of the human enzyme. The polypeptide chains of complex II are
lightly colored with the same scheme described in the legend to Fig. 1. The
locations of mutations associated with Leigh disease are highlighted, with
the C� atom shown as a green sphere. Mutations or inhibition associated with
respiratory and neurodegenerative disease states are highlighted in blue.
Mutations associated with tumors are highlighted with the C� atom as a red
sphere. The dicarboxylate inhibitor oxaloacetate is shown as blue sticks. Three
major groups of disease-associated mutations are observed outside of the
immediately vicinity of the cofactors. Group 1 is at the N terminus of the SdhB
subunit; Group 2 is within the bacterial ferredoxin domain of the SdhB sub-
unit; and Group 3 is located at the distal side of the membrane, near the
lipid-binding site, and is predominated by mutations of the SdhD subunit. A
version of this figure with each amino acid labeled is provided in supplemen-
tal Fig. S5. UQ, ubiquinone.
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ately adjacent to the succinate-oxidizing active site in SdhA.
Nevertheless, one can predict how these mutations reduce the
succinate oxidation activity of the enzyme.
SdhAmutant A83V was found in a compound heterozygous

patient with one copy of sdhA having a nonsense mutation and
the second having the missense mutation (15). The patient had
a reduced quantity of complex II, presumably from loss of one
copy of the gene. Patient tissues exhibited �23% of the activity
expected for controls, suggesting that A83V reduces enzyme
activity to about half of wild-type levels. SdhAAla-83 is located
near the surface of SdhA within a hydrophobic pocket.
Although the role of the corresponding residue has not yet been
investigated in the bacterial homologs, onemight predict a def-
icit in folding or stability of the SdhA subunit that causes a
decrease in enzyme activity. In conjunction with the nonsense
mutation in the heterozygous patient, this may reduce overall
complex II activity to below a threshold level, resulting in the
disease phenotype.
A second Leigh disease-associated substitution, SdhA

A524V, occurred in a compoundheterozygous patientwith one
copy of sdhA having a nonsense mutation and the second hav-
ing the missense mutation (16). Although the identity of this
amino acid is not well conserved in the superfamily, Ala-524 is
located at the interface between twodomains of SdhAknown as
the “FAD-binding” and “capping” domains. These domains
have been proposed to move with respect to each other during
cofactor insertion and catalysis. Investigation of the residue
corresponding to Ala-524 has not been investigated in bacterial
systems, although mutations within E. coli QFR that influence
the interaction between these domains lower enzyme turnover
to �13% of wild-type levels (17).
The third missense mutation (SdhA R554W) was the first

Leigh disease mutation discovered in this subunit (2). The
equivalent mutation in yeast shows increased sensitivity to
inhibition by oxaloacetate (2), a normal intermediate of the
Krebs cycle and a potent inhibitor of complex II (18, 19). The
enhanced sensitivity of complex II to oxaloacetate likely
reduces enzyme activity to �50% of wild-type levels in patients
harboring the R554Wmutation (2). The location of SdhA Arg-
554 is near the surface of the SdhA subunit, and although near
the interface of SdhA and SdhB, this residue does not appear to
contribute directly to intersubunit interaction.
Recently, a number of substitutions within the SdhA subunit

of complex II have been described with different clinical pre-
sentations. One of these, SdhA R451C, has a clinical presenta-
tion suggesting neurodegeneration at a more gradual pace than
in Leigh syndrome. The mutation of human SdhA Arg-451 to
Cys results in late-onset optical atrophy andmyopathy and acts
in a dominant fashion (20). The influence of this mutation on
the activity of complex II is readily apparent from structural and
biochemical analyses (Fig. 2 and supplemental Fig. S5 andTable
2). SdhA Arg-451 is an active site residue important for sub-
strate affinity and is also known to be essential for formation of
the covalent flavin linkage. UsingE. coliQFR as amodel system,
it was shown that loss of the covalent flavin linkage results in an
enzyme incapable of succinate oxidation (21). In patients har-
boring a single copy of the SdhA R451C mutation, only 50% of

the complex II-associated succinate oxidase activity is antici-
pated, which is consistent with what is observed (20).
The SdhAG555E variant is observed in a number of patients,

albeit with wide phenotypic variability (22–24). Symptoms
range from minor muscle weakness to moderate Leigh disease
to severemitochondrial deficiency or neonatal cardiomyopathy
anddeath. Immunoblotting of patient tissue suggests decreased
assembly of the SdhA and SdhB subunits compared with
healthy patients (23, 24). Consistent with this observation,
SdhA Gly-555 maps to the interdomain interface between
SdhA and SdhB and would be predicted to disrupt complex
assembly.
Complex II Inhibition Associated with Neurodegeneration—

Competitive inhibition of succinate oxidation in human and
animalmodels results in the specific loss of striatal neurons and
symptoms reminiscent of a large subset of those associatedwith
Huntingtondisease (25, 26). It iswell established thatmolecules
that resemble the dicarboxylate substrate succinate (Fig. 3)may
act as inhibitors of complex II. These dicarboxylates can be
either normal metabolic intermediates (18, 19, 29) or toxins
(30). For example, fumarate, malate, oxaloacetate, and citrate
are all Krebs cycle intermediates with a broad range ofKi values
that may regulate complex II activity through feedback inhibi-
tion (18, 19).
Each of these small molecules has been evaluated to deter-

mine the influence on the activity of the E. coli complex II
homologs, and all act as either competitive or suicide inhibitors.
Co-crystal structures of mitochondrial complex II (10, 11, 31)
and E. coliQFR (32) with these small molecules show that each
binds at the active site, thus blocking the binding pocket,
explaining how they inhibit enzyme activity.
Succinate Dehydrogenase Assembly Factor 1 (SdhAF1) and

Neurodegeneration—Sequencing of DNA from patients with
infantile leukoencephalopathy identified two distinct muta-
tions, G57R and R55P, in a previously uncharacterized protein
now called SdhAF1 (33). SdhAF1 is a 115-amino acid soluble

FIGURE 3. Comparison of chemical structures of dicarboxylate sub-
strates, products, and inhibitors of complex II. Fumarate and succinate are
the natural dicarboxylate substrates and products of complex II homologs.
The remaining small molecules are demonstrated to be inhibitors. Inhibition
of complex II by any of these small molecules, except citrate, is associated
with neurodegenerative symptoms in humans or in animal models, and
malate and 3-nitropropionate are commonly used in animal models of Hun-
tington disease (25, 26). This figure was originally published in Ref. 32.
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protein that targets to mitochondria and contains a distinct
LYR sequence motif similar to other proteins involved in Fe-S
cluster assembly. Prior to this, complex II assembly was
believed to require only nonspecific accessory proteins, includ-
ing chaperones and a putative mitochondrial FAD transporter
(34–36). Because mutation of SdhAF1 influences solely com-
plex II activity and not the activity of other Fe-S-containing
mitochondrial proteins, it was suggested that this is the first
identified specific assembly factor for complex II (33). Disrup-
tion of the yeast ortholog of SdhAF1 results in deficiency in
oxidative phosphorylation.However, there is little othermolec-
ular information available on the biochemical function of
SdhAF1. To date, there is no structure of any homolog of this
protein. As a result, the molecular basis for how mutation of
SdhAF1 leads to the observed clinical manifestation is not
understood.

Aberrant Complex II Activity Associated with Tumor
Formation

Many years ago, Otto Warburg and co-workers demon-
strated a glycolytic shift in the metabolism of tumors (37). One
hypothesis to explain this phenomenon is that tumor cells may
have altered mitochondrial metabolism affecting oxidative
phosphorylation. In the past decade, a number of mutations of
complex II and other TCA cycle enzymes, tk;4such as fumarase
and isocitrate dehydrogenase, have been associated with the
formation of tumors (3, 38–41). The tissue distribution and
physiologically consequences are highly varied, although com-
plex II-associated tumors are most often pheochromocytomas
or paragangliomas (3). It has been observed that loss of function
of complex II and fumarase can lead to accumulation of their
dicarboxylate substrates succinate and fumarate and genera-
tion of reactive oxygen species (38, 40, 41). This leads to stabi-
lization of the transcription factor hypoxia-inducible fac-
tor-1� due to inhibition of hypoxia-inducible factor prolyl
hydroxylases (42, 43). Accumulation of TCA cycle interme-
diates is also implicated in inhibition of �-ketoglutarate-de-
pendent enzymes involved in sulfur metabolism and histone
demethylation (44, 45).
Tumorigenicmutations of human complex II were first iden-

tified within the sdhD gene (39), and the majority of complex II-
associated mutations map to the sdhD and sdhB genes, with a
lesser number in sdhC and rarely in sdhA (13). Recently, however,
a second assembly factor, SdhAF2, has been identified (46). A
G78Rsubstitution in this smallmitochondrialmatrixprotein leads
to paraganglioma-pheochromocytoma syndrome.
It is anticipated that a nonsense mutation within the coding

sequence of the sdhB, sdhC, or sdhD gene would result in the
loss of complex II assembly (13), which would perturb TCA
cycle metabolism. Numerous missense mutations have also
been identified as tumorigenic. Interestingly, these substitu-
tions are distributed throughout the sequence, but most can be
grouped spatially in the folded protein.
Pheochromocytoma and paraganglioma tumors tend to

present between ages 30 and 40, are more commonly benign
than malignant, and are generally recessive, but may be spo-
radic. A majority of the complex II tumor-associated missense
mutations are predicted to have major consequences for

enzyme activity. These include the mutations of the ligands to
the electron transfer cofactors of complex II and residues
immediately surrounding any of these cofactors or the qui-
none-reducing active site (13).
The biochemical consequences of these mutations have

rarely been defined in human tissues because of the paucity of
available material. However, numerous site-directed substitu-
tions of many of these amino acids have been studied in both
bacterial and lower eukaryotic systems. For example, the abso-
lutely conserved Cys ligands to the three Fe-S clusters in the B
subunit of complex II have been mutated in E. coli QFR (47–
49). These studies demonstrated that the [2Fe-2S] cluster
domain (B subunit Cys-93, Cys-98, Cys-101, andCys-113 in the
human sequence) is more tolerant to amino acid substitutions
than the [4Fe-4S]/[3Fe-4S] domain. Nevertheless, in the case of
the pheochromocytoma or paraganglioma patients, in which
mutations of the [2Fe-2S]-binding Cys residues have been
reported (13, 50–55), the substitutions are either an Arg or a
Tyr residue, which would be expected to prevent assembly of
the Fe-S cluster and perturb assembly of complex II. Missense
mutation of anyCys residue ligating either the [4Fe-4S] or [3Fe-
4S] cluster to Arg or Tyr residues (50–58) also prevents proper
assembly of the membrane-bound form of complex II (50–58).
Informative is one human mutation (SdhB C243S, a ligand of
the [3Fe-4S] cluster) that results in a pathogenic germ-line
malignant paraganglioma (58). The same substitution in E. coli
QFR resulted in a catalytically inactive enzyme that was found
in the cytoplasm and that was unable to assemble properly (47).
Numerous studies have shown that failure of the [3Fe-4S] clus-
ter to assemble results in the SdhA/SdhB subunits being unable
to associate with the membrane domain (1, 59). In addition,
residues proximal to the Cys ligands of the Fe-S clusters have
been mutated and shown to affect the assembly and catalytic
properties of complex II. For example, SdhB Pro-197 is located
adjacent to one of theCys ligands of the [3Fe-4S] cluster andhas
been associated with paragangliomas in several studies (13, 54,
55, 57). When the equivalent residue was mutated in E. coli
QFR (60) or in Saccharomyces cerevisiae (61) orCaenorhabditis
elegans (62) complex II, increased reactive oxygen species were
produced, quinone reduction was significantly perturbed, and
C. elegans had a shortened life span phenotypically similar to
the SdhC mev-1 mutant, in which the [3Fe-4S]/quinone-bind-
ing domain is perturbed (63).
A large number of site-directed mutations of bacterial and

lower eukaryotic complex II enzymes have been constructed to
understand the role and properties of the quinone and heme
redox centers. Some of these substitutions have involved resi-
dues directly associated with tumor formation, and all of them
inform as to consequences of perturbation of this domain of
complex II. An example is SdhC Arg-72 (57), which is associ-
ated with paragangliomas. Mutation of the equivalent residue
in E. coli or S. cerevisiae SQR (64, 65) showed severe impair-
ment of quinone reduction, although each enzyme was stable.
Interestingly, in yeast, themutants secreted succinate (65), con-
sistent with reduced complex II activity elevating succinate lev-
els and stabilizing hypoxia-inducible factor-1�, leading to a
pseudohypoxic phenotype (40, 42). Similar findings were made
with SdhD Asp-113 mimics, although in E. coli SQR (64), the
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catalytic activitywas less severely affected than in yeast (65). For
SdhD His-102-associated tumor formation (39, 66–68) and
Tyr-114-associated tumor formation (67, 69–72), there is rele-
vant information supplied by study of yeast and bacterial com-
plex II. Detailed analysis shows that mutation of any of these
residues (4, 73–75) results in reduced enzyme activity, although
the enzyme is stably associated with the membrane. This sug-
gests that it is the loss of enzyme activity and the resultant
increased levels of cellular succinate, rather than reactive oxy-
gen species generation, that are related to tumor formation in
this class of mutant complex II.
Tumorigenesis-associated mutations are also observed out-

side of the immediate vicinity of the cofactors and active sites.
Biochemical analyses of these missense mutations have been
rarely performed because they were not predicted to be impor-
tant for function prior to the identification of the clinical vari-
ation. The vast majority of these fall into three distinct spatial
groups (Fig. 2 and supplemental Fig. S5). Because extrapolation
of the biochemical consequences of mutations near the cofac-
tors from the E. coli and lower eukaryotic complexes II predicts
major impact on enzyme activity in the human enzyme with
similar mutations, it strongly suggests that mutations within
the three groups similarly have a dramatic influence on activity.
One explanation consistent with the spatial grouping is that
they could influence folding or assembly of complex II, disrupt-
ing enzyme stability. This possibility requires experimental
verification.
The first group of mutations (Group 1; see Fig. 2 and supple-

mental Fig. S5 and Table 3 for residues included in Group 1) is
spatially located near the N terminus of SdhB, in a domain that
ligates the [2Fe-2S] cluster. One could speculate that these
mutations prevent the proper folding of the SdhB subunit by
destabilizing the overall fold of the Fe-S protein, altering the
conformation of this domain of SdhB (with the consequence of
influencing the interaction between the SdhB and SdhA sub-
units), or reducing the insertion of the [2Fe-2S] cluster.
The second group of mutations (Group 2) is also located

within the SdhB subunit, but in the domain that ligates both the
[4Fe-4S] and [3Fe-4S] clusters. This group contains fewer
amino acid substitutions (Fig. 2 and supplemental Fig. S5 and
Table 3), consistent with the core of this bacterial ferredoxin-
like domain being smaller than the plant-type ferredoxin
domain. The possible molecular influences of each of these
mutations are similar to those of the mutations in Group 1.
The third group of mutations (Group 3) is located at the

distal side of the membrane and is predominated by substitu-
tions of the SdhD subunit (Fig. 2 and supplemental Fig. S5 and
Table 3). Investigations of the molecular basis for complex II
deficiency in patients with mutations of Group 3 are limited,
with evaluation of the SdhD Y93C substitution suggesting
reduced transcription of sdhD mRNA (76). Interestingly, the
mutations in Group 3 are all located immediately adjacent to a
binding site for lipid that is conserved between the avian and
porcine enzymes and similar in location in E. coli SQR. This
lipid (identified as cardiolipin in E. coli SQR (9)) is fully inte-
gratedwithin themembrane subunits and has been proposed to
be important for folding and stability. The distinct group of
mutations within SdhD is consistent with this location being

key for complex folding or assembly, and mutations may act in
part by altering the affinity for bound lipid or by influencing
membrane insertion of SdhD.
A disproportionately large number of the point mutations of

complex II associated with tumorigenesis are within the SdhD
subunit of the enzyme. Indeed, 20% of the amino acids in the
mature SdhD polypeptide chain are associated with tumor for-
mation. One possibility to explain this apparent skewing could
be that the transcription and translation of sdhD or the folding
or membrane insertion of the SdhD subunit is more chal-
lenging than that of the other subunits, and that even small
perturbations in the sequence could reduce complex quan-
tity or assembly.
Alteration of the SdhA Subunit of Complex II and

Tumorigenesis—Until 2010, alterations of the SdhA subunit of
complex II, whether missense or nonsense, manifested in
reduced mitochondrial respiration and were exclusively linked
with neurodegeneration. Two missense mutations and one
nonsense mutation have recently been identified where the
patient’s clinical presentation instead matches that of patients
withmutations that cause tumorigenesis (77–79). Interestingly,
the two missense mutations, SdhA R585W (78) and SdhA
R589W (77, 79), are located adjacent to each other in a con-
served region of the flavoprotein subunit. However, they are
located away from the electron transfer pathway and near the
surface of the protein (Fig. 2 and supplemental Fig. S5). Con-
sidering that other tumorigenic mutations of complex II have
been either demonstrated or hypothesized to influence electron
transfer between FAD and quinone, it is surprising to find these
mutations positioned distal to the electron transfer pathway.
SdhAF2 and Paraganglioma—Around the same time as the

discovery of SdhAF1, a second complex II assembly factor,
SdhAF2, was identified (46). SdhAF2 was found to have a G78R
mutation in four familial paraganglioma patients (46). The
SdhAF2 protein is a soluble mitochondrial protein of 166
amino acids, with the mature protein being 137 amino acids in
length. Using the S. cerevisiae ortholog Sdh5, it was found that
SdhAF2 is required for covalent FAD insertion into SdhA.
Recently, a bacterial ortholog of SdhAF2/Sdh5 has also been
found to be necessary for flavinylation of complex II in Serratia
(80). This ortholog, termed SdhE, is homologous to a gene/
protein (YgfY) previously of unknown function in E. coli (80).
Sequence analyses suggest that SdhAF2/Sdh5/SdhE belongs to
a very large family conserved throughout Eubacteria and
Eukarya (supplemental Fig. S6). The bacterial proteins are
about half the size (�80–90 amino acids) of the eukaryotic
counterparts (�160–170 amino acids). Themechanism of how
SdhAF2 is involved in incorporation of the covalent FAD link-
age in SdhA remains unclear. The available studies suggest that
it has a chaperone-like function in binding and stabilizing the
SdhA subunit (46, 80), but there is conflicting evidence as to
whether Sdh5/SdhE binds FAD directly (80),4 potentially pass-
ing this cofactor to SdhA.

4 A. Eletsky, M.-Y. Jeong, H. Kim, H.-W. Lee, R. Xiao, D. J. Pagliarini, J. H. Prest-
egard, D. R. Winge, G. T. Montelione, and T. Szyperski, submitted for publi-
cation (Solution NMR structure of yeast succinate dehydrogenase flavina-
tor protein Sdh5 reveals a putative Sdh1-binding site).
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Although the role of Sdh5/SdhEwas unknown until recently,
structures of homologs from E. coli (YgfY), Neisseria meningi-
tidis (NMA1147), Vibrio cholera (VC_2471), and S. cerevisiae4
were determined as part of structural genomics projects (Pro-
tein Data Bank code 2JR5) (81, 82)4 and show a fold based upon
a five-helix bundle (Fig. 4). The yeast Sdh5 NMR4 fragment
corresponds to the sequence region that is common to both
prokaryotes and eukaryotes and aligns with E. coli SdhE with a
root mean square deviation of 1.95 Å over 79 C� atoms (Fig. 4).
Importantly, sequence and structural comparisons have identi-
fied a signature motif for this fold, RGxxE, located between
helices 1 and 2 of the five-helix bundle. Analysis of the structure
of E. coli SdhE suggested that this sequence is important for
folding and stability because the N-terminal arginine forms
hydrogen-bonding contacts with the backbone between helices
3 and 4 of the five-helix bundle (81). Inspection of the NMR
structure of Sdh54 and the prokaryotic homologs VC_2471
(Protein Data Bank code 2JR5) and NMA1147 (82) suggests
that this stabilizing contact may be conserved throughout
the family, although it is only explicitly demonstrated in the
coordinates of VC_2471 (Protein Data Bank code 2JR5). An
alternative proposal is that this signature sequence forms
part of the SdhA-binding site.4 The RGxxE motif starts at
position 77 of the human SdhAF2 sequence, and Gly-78,
which is mutated in the affected patient, is the second amino
acid.

Remaining Questions

The correlation between the clinical phenotype and bio-
chemistry of complex IImutations raises a number of questions
as to how the enzyme acts in the intact organism. The two
clinical presentations discussed here, those of neurodegenera-
tion and early death (generally, alteration of SdhA) versus
tumor formation (generally, alteration of other subunits and
assembly factors of complex II), have different symptoms and
severity. Although the biochemical consequences of some of
thesemutations can be predicted inmany cases, it is not readily
apparent why the two distinct clinical manifestations are asso-
ciated with the mutations that cause them. It can be suggested
that mutation of SdhA influences succinate oxidation, an
important chemical reaction within the Krebs cycle. If the loss
of this activity is sufficiently severe, this can result in neurode-

generation and death, i.e. the same clinical presentation as the
mutation of other respiratory chain enzymes. Conversely,
mutation of the SdhB, -C, or -D subunit of complex II, which
alters either the electron transfer conduit to or the integrity of
the quinone reduction site, may perturb mitochondrial metab-
olism so that increased levels of succinate alter signaling path-
ways, or increased reactive oxygen species could contribute to
tumors. The assembly factors for complex II are an exciting
recent development and deserve further study. It is noteworthy
that two mutations mapping near the surface of SdhA and loss
of the covalent FAD assembly factor SdhAF2 both lead to para-
gangliomas. This is the first link between mutations in SdhA
and paragangliomas usually associated with SdhB, -C, and -D
mutations. Evidently, further study is needed to fully under-
stand the biochemical and clinical consequences of deficits in
complex II function.
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The year 2012 marks the 25th anniversary of the discovery of
the Cys loop ligand-gated ion channel superfamily of neu-
rotransmitter receptors. This minireview series celebrates this
with a series of articles reviewing current information for each
of the family members, nicotinic acetylcholine receptors, gly-
cine receptors, GABAA receptors, serotonin-3 (5-HT3) recep-
tors, and glutamate-gated chloride ion channels of proteasome
invertebrate phyla.

Communication and subsequent information processing
between excitable cells are a result of neurotransmission. By the
late 1960s, the molecular components of fast neurotransmis-
sionwere beginning to be identified, at least for the neurotrans-
mitter acetylcholine, at the neuromuscular junction. Thus, it
was established that acetylcholine was released from synaptic
vesicles and diffused across the synaptic cleft, where it bound to
a specific receptor site on the membrane. The outcome of this
bindingwas a subsequent change in the permeability properties
of the membrane for Na� and K� ions, resulting in membrane
depolarization and propagation of the action potential. The
molecular nature of this “receptor” was unclear, but fortuitous
natural phenomena contributed to the identification of this
receptor as an integral membrane protein, the nicotinic acetyl-
choline receptor. First, there was the realization that the elec-
tric organs of the electric ray and the electric eel communicated
via nicotinic cholinergic synaptic transmission, yielding a rich
source of the receptor for purification. Second was the discov-
ery of the mode of action of �-neurotoxins isolated from the
venom of certain snakes. These were shown to bind with high
affinity to nicotinic acetylcholine receptors, and importantly,
they were used for receptor isolation via affinity chromatogra-
phy. Reconstitution of the purified receptor into liposomes
revealed that the receptor and the ion channel that opened in
response to nicotinic acetylcholine receptor activation were
one and the same, the nicotinic acetylcholine receptor ligand-
gated ion channel (1).
As progress in the identification of the nicotinic acetylcho-

line receptor was being made, in parallel studies, evidence was
accumulating to establish the role of other molecules as fast-
acting neurotransmitters, which, by analogywith acetylcholine,
were proposed to mediate their effects via binding to their cog-
nate receptors, two examples being the inhibitory neurotrans-
mitters glycine and �-aminobutyric acid (GABA). These neu-

rotransmitter receptorswere hard to study because they did not
have the advantages that aided the purification of nicotinic
receptors. There were no high affinity neurotoxins and no
abundant source to facilitate isolation. However, in the 1970s,
radioisotopes became available that enabled the synthesis of
small molecules with high specific radioactivity. This, coupled
with the development of radioligand binding assays utilizing
these radioactive tracers and based on methods forged in the
cholinergic (1) and also, by Lefkowitz et al., the�-adrenergic (2)
receptor fields, gave a means for biochemists to be able to
detect, to quantify, to detergent-solubilize with the retention of
activity, and ultimately, to purify neurotransmitter receptors.
The isolation to apparent homogeneity of both glycine (3) and
GABAA (4) neurotransmitter receptors was reported in the
Journal of Biological Chemistry.
Concurrently, a major development that transformed not

only the ligand-gated ion channel receptor field but the study of
channels per se was the work of Eric Barnard and Ricardo
Miledi in London, United Kingdom. Following the pioneering
studies of John Gurdon in Cambridge, United Kingdom, utiliz-
ing the Xenopus oocyte to translate microinjected messenger
RNAmolecules (5), they exploited this system such thatmRNA
isolated from an appropriate source, i.e. brain, was translated in
the oocyte to form functional ion channel receptors (6). These
expressed receptorswere readily analyzed by electrophysiologi-
cal techniques. (Note that oocyte expression was pivotal for the
cloning of some neurotransmitter receptor genes for which
protein information was intractable.)
It was the culmination of all of this progress together with

advances inmolecular cloning technology that resulted in 1987
in the publication of two landmark Nature articles that
described the identification of genes encoding glycine (7) and
GABAA (8) receptor subunits. The deduced primary structures
of these key proteins of the central nervous system revealed,
perhaps not surprisingly because bothwere known to be ligand-
gated chloride ion channels, that they were homologous. What
was unexpected, however, was that both proteins shared amino
acid sequence similarity, notably a conserved Cys-Cys loop in
their respective N-terminal domains, with the well character-
ized, excitatory nicotinic acetylcholine receptor, a cation chan-
nel. Thus, the superfamily of Cys loop ligand-gated ion chan-
nels was uncovered.
The year 2012 marks the 25th anniversary of these ground-

breaking papers. This minireview series celebrates this with a
series of articles reviewing current information for each of the
family members, nicotinic acetylcholine receptors, glycine

1 To whom correspondence should be addressed. E-mail: astephenson@
asbmb.org.
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receptors, GABAA receptors, serotonin-3 (5-HT3) receptors
(initially cloned by David Julius’ group in San Francisco by
screening a neuroblastoma expression library for functional
expression of serotonin-gated currents inXenopus oocytes (9)),
and glutamate-gated chloride ion channels that are found in
proteasome invertebrate phyla and that, similar to 5-HT3
receptors, were also cloned via functional expression (10).
A direct result of the cloning studies was to reveal an unex-

pected heterogeneity of neurotransmitter receptors. While a
formidable challenge to biochemists to determine the actual
subunit composition and function of native in vivo receptors,
this was a boost for many drug discovery programs. Indeed,
neurotransmitter receptor heterogeneity is currently being
exploited by industry to identify novel subtype-selective ago-
nists, antagonists, and allosteric effectors for the treatment of
many central nervous system disorders, including the demen-
tias, in which these important brain proteins are implicated.
Furthermore, the structures of the full-length glutamate-gated
chloride ion channel (11) and the full-length prokaryotic
Erwinia chrysanthemi receptor, a cation channel gated by
GABA (12), recently solved at the atomic level will serve as
templates for the other members of the family in their native,
agonist-, antagonist-, or allosteric effector-bound states such
that the molecular mechanisms of channel opening can be elu-
cidated at the atomic level and ultimately permit rational drug
design.

Acknowledgments—I thank most sincerely all of the authors for their
contributions: Jean-Pierre Changeux, a founding father of receptor
biochemistry and allosteric mechanisms; Heinrich Betz and Erwin
Sigel, whose early work on glycine and GABAA receptor structures,
respectively, is the subject of the accompanying Classics; and Adrian
Wolstenholme and Sarah Lummis, glutamate-gated chloride and
5-HT3 channel aficionados, respectively.
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A critical event in the history of biological chemistry was the
chemical identification of the first neurotransmitter receptor,
the nicotinic acetylcholine receptor. Disciplines as diverse as
electrophysiology, pharmacology, and biochemistry joined
together in a unified and rationalmannerwith the common goal
of successfully identifying the molecular device that converts a
chemical signal into an electrical one in the nervous system. The
nicotinic receptor has become the founding father of a broad
family of pentameric membrane receptors, paving the way for
their identification, including that of the GABAA receptors.

It has been 42 years since the isolation of the nicotinic ace-
tylcholine receptor (nAChR)2 from fish electric organ, the first
ligand-gated ion channel and the first ion channel ever identi-
fied; 25 years since the first GABAA and glycine receptor sub-
units were cloned and sequenced and concomitantly their
homology with the nAChRs recognized; and 5 years since the
discovery that closely homologous ligand-gated ion channels
are present in prokaryotes (1). In this minireview, I briefly
retrace themain steps in the discovery of the nAChR, the titular
head of this receptor superfamily.

The Concept of Receptor and the Chemical Identification
of the Acetylcholine Receptor

The English physiologist John Newport Langley, working
with neuromuscular preparations, proposed in 1905 that mus-
cle tissue possesses “a substance that combines with nicotine
and curare . . . receives the stimulus and transmits it.” He called
the muscle entity the “receptive substance.” In the subsequent
50 years, the concept of pharmacological receptors inspired
three main lines of research: first, the pharmacological
approach aimed at characterizing the specificity of the receptor
site by using novel chemical ligands (e.g. the distinction
between nicotinic and muscarinic AChRs by Sir Henry Dale);
second, the electrophysiological approach exemplified by Ber-

nard Katz and John Eccles aimed at understanding the ionic
responses to endogenous neurotransmitter signals; and third,
the chemical tradition aimed at the chemical identification of
the receptor molecule(s).
In the late 1960s, lipids, polysaccharides, proteins, and even

nucleic acids were considered as potential receptors. The early
independent efforts of Carlos Chagas, Eduardo de Robertis, and
David Nachmansohn to identify the receptor for acetylcholine
(ACh) in the electric organ of the fish Electrophorus electricus
with radioactive ligands were abandoned because their tissue
extracts lacked specificity (2). However, in the course of these
studies,Nachmansohn recognized the extraordinarily rich con-
tent of nicotinic synapses in the electric organ (2). With Ernest
Schoffeniels, he devised amethod for preparing individual cells,
or electroplaques, from the electric organ. This offered the
opportunity to investigate, simultaneously, the electrophysi-
ological, pharmacological, and biochemical characteristics of
the response to ACh within the same biological system (2). At
this time, there were also speculations that the enzyme acetyl-
cholinesterase (AChE) and the physiological receptor site for
ACh could reside on the same protein complex.
The introduction of new biochemical methods radically

changed the field of receptor identification.One suchmethod is
affinity labeling, which relies on the use of compounds that are
structural homologs of the neurotransmitter and also possess a
highly reactive group. This combination allows for specific
binding to the receptor site, and once bound, the probe cova-
lently links to the protein. For instance, the molecule p-trim-
ethylammonium benzenediazonium fluoroborate (TDF) car-
ries a trimethylammonium group (as does ACh) as well as a
reactive diazonium group (3). As anticipated, TDF interacted
covalently with E. electricus electroplaque as an irreversible
competitive antagonist, and curare protected against this cova-
lent attachment (4). The method was subsequently improved
upon with the synthesis of 4-(N-maleimido)phenyltrimethyl-
ammonium iodide, whereby the diazonium is substituted with
a maleimide group (5). The latter selectively reacts with –SH
groups exposed by treating the electroplaque membrane with
dithiothreitol. However, at this stage, both themethod of tissue
preparation and the specificity of the compounds used were
insufficient to allow for isolation of the receptor in its active
form from the electric organ.
A second method that significantly advanced the field was

the marked improvement of procedures for fractionation and
purification of membrane fragments rich in AChE from E. elec-
tricus electric organs. Electron microscopic sections of these
membrane fragments revealed that they formed closed vesicles
(6). Inspired by the technique usedwith bacterial permeases (7),
it became possible to measure radioactive Na� (or K�) ion
fluxes with these microsacs by using a simple filtration method
(8, 106). The microsacs responded to nicotinic agonists with
specificities closely resembling those recorded by electrophysi-
ological methods employing intact electroplaques. The signal
transduction by the neurotransmitter could be reproduced in a
totally acellular system in the absence of energy supply and in a

* This is the first article in the Thematic Minireview Series on Celebrating the
Discovery of the Cysteine Loop Ligand-gated Ion Channel Superfamily.
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2 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; ACh,

acetylcholine; AChE, acetylcholinesterase; TDF, p-trimethylammonium
benzenediazonium fluoroborate; �-BGT, �-bungarotoxin; GluCl, gluta-
mate-gated chloride channel; DDF, p-N,N-dimethylammonium benzene-
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GLIC, G. violaceus ligand-gated ion channel; TM, transmembrane segment.
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chemically defined environment. Thus, it became possible to
study in vitro the chemistry of the physiological response to
ACh and of the signal transduction mechanism involved (8,
106). The receptor molecule was evidently present in the puri-
fied membranes in a functional state. It was now possible to
follow reversible binding to these purifiedmembranes using the
nicotinic agonist decamethonium as the radioactive ligand (by
the method of equilibrium dialysis that Gilbert andMüller-Hill
(9) used to identify the lac repressor) (Fig. 1). The detergent
deoxycholate gently extracted the binding protein without
denaturing it, and bound decamethoniumwas displaced by var-
ious nicotinic agonists and antagonists, including curare and
Flaxedil in the order of their physiological effects (10). Since
then, similar receptor binding assays have been used exten-
sively to characterize theGABAA and glycine receptors (see the
accompanying Classics).
Third, Chen-Yuan Lee, a Taiwanese pharmacologist, had

found that a snake venom toxin,�-bungarotoxin (�-BGT), spe-
cifically blocks in vivo neuromuscular transmission in high ver-
tebrates at the postsynaptic level without interacting with
AChE (11). Aware of Claude Bernard’s lesson to use toxic com-
pounds as chemical lancets, I asked Lee, who unexpectedly vis-
ited me at Institut Pasteur, for a sample of the toxin. A few days
later, I received it and immediately tried it in the three systems
just mentioned. The result was remarkable (12): �-BGT
blocked the electroplaque’s electrical response in vivo and the
microsac’s ion flux response to nicotinic agonists in vitro;
�-BGT also blocked the binding of radioactive decamethonium
to the detergent extract (Fig. 1). This extract contained a pro-
tein, sensitive to Pronase digestion, that bound nicotinic ago-
nists and the snake venom toxin in a mutually exclusive man-
ner. This nicotinic receptor (nAChR)moleculewas shown to be
a high molecular weight hydrophobic protein that could be
physically separated from AChE (12).
An �-toxin from Naja nigricollis, closely homologous to

�-BGT, was then covalently coupled to Sepharose beads with-

out losing its binding activity. Mixing the toxin beads with the
membrane extract revealed that 75–100% of the nAChR pro-
tein bound to the toxin beads, whereas 85–100% of the AChE
remained in the supernatant. The data (13) confirmed that
AChE and the nAChR molecule were distinct protein entities.
These studies also introducedCuatrecasas’ technique of affinity
chromatography to the nAChR field. Many groups then
became aware of these distinct methods (14–16). We (17, 18)
and others (19) used alternative affinity columns with immobi-
lized quaternary ammonium agonists or antagonists (Fig. 2),
extending the use, by Miledi et al. (20), of radioactive 131I-la-
beled�-BGT (which, according to them, selectively binds to the
receptor in its resting state).
Another rather simple technological development that, ret-

rospectively, had an important impact on nAChR research was
the isolation of a novel generation of excitablemicrosacs excep-
tionally rich in nAChR (20–40% of total protein) prepared
fromhomogenates ofTorpedomarmorata electric organ (21), a
finding that was readily confirmed by other groups. The
nAChR-rich membranes made the structural and functional
properties of themembrane-bound nAChR accessible to a vari-
ety of biochemical and biophysical methods, such as purifica-
tion in large quantities (22), fluorescence spectroscopy (23),
electron spin resonance (24), and x-ray diffraction (25).
Finally, the nAChR protein purified from E. electricus and

the purified nAChR-rich membranes from T. marmoratawere
examined by electron microscopy and revealed ring-like parti-
cles (8–9 nm in diameter) with a hydrophilic core linked to a
compact bundle (Fig. 3) (26). Made up of several (five to six)
subunits, they formed closely packed two-dimensional assem-
blies in T. marmorata postsynaptic membranes (�8,000–
12,000 �m2) (Fig. 3) (26, 27). These nAChR images were the
first ever of the structure of a neurotransmitter receptor. They
were subsequently described in greater details by Nigel Unwin
(reviewed in Ref. 28) and others. Similar pictures later became

FIGURE 1. Upper, binding method by equilibrium dialysis used for the
identification of the nicotinic receptor. Lower, effect of the snake toxin
�-BGT on binding of the nicotinic agonist [3H]decamethonium (Deca).
This figure has been reprinted from Refs. 12 (lower) and 51 (upper). FIGURE 2. Purification of the nAChR by affinity chromatography. This fig-

ure has been reprinted from Ref. 17.
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available for the GABAA and glycine receptors (see the accom-
panying Classics).

The Pentameric Organization of the Nicotinic Receptor
and the Complete Sequence of the Subunits

The amount of purified nAChR was sufficient to identify the
subunit organization of the protein. A first study using partial
cross-linking of the purified E. electricus nAChR revealed five
well defined bands, suggesting a pentameric organization (29).
The pentameric organization was rapidly confirmed by the
teams of Karlin and Raftery, who, in addition, discovered that
the nAChRmolecule is composed of four distinct types of sub-
units with slight differences in molecular mass that assemble
into a 2�1�1�1�1 heteropentamer (30–33).
Nothing was known about the chemistry of the subunits.

However, with the recently developed new technology of high
resolution microsequencing, amino acid sequences could be
determined from small quantities of protein. The sequence of
20 amino acids comprising the N-terminal domain of the
�-subunit of the T. marmorata receptor was established in my
laboratory (34). A chemical identity card of the receptor was
made available, the first ever established for a neurotransmitter
receptor. It was confirmed in the Raftery laboratory with the
�-subunit of Torpedo californica (35) and extended to the
N-terminal sequence of the four subunits, revealing a number
of sequence identities among the subunits (36). Consistent with
the Monod-Wyman-Changeux (1965) model (37), the nAChR

protein was an authentic oligomer, but pseudosymmetrical,
with a 5-fold axis of rotation perpendicular to the plane of the
postsynaptic membrane.
Knowledge of the initial sequence data opened the nAChR

field to recombinant DNA technologies. The teams of Shosaku
Numa (38–40), StephenHeinemann (41, 42), and Eric Barnard
(43), aswell asAnneDevillers-Thiéry, and JérômeGiraudat (44,
45) in my laboratory, struggled to clone the complementary
DNAs of the different subunits from electric organ and muscle
and to establish their complete sequence. Experiments by Eric
Barnard and Ricardo Miledi had demonstrated that messenger
RNA extracted from the electric organ ofTorpedo injected into
Xenopus oocytes led to the synthesis and incorporation of func-
tional AChRs into themembrane of the oocyte (46). Injection of
the four mRNAs transcribed from the cloned cDNAs yielded
functional nAChRs (47), confirming earlier biochemical exper-
iments (48, 49) demonstrating that assembly of the four types of
subunits suffices to recover a fully operational nAChR.
Examination of the complete cDNA sequences revealed sev-

eral common structural domains along the sequences of the
subunits that led to the first model of transmembrane organi-
zation of nAChR subunits (39, 40, 42, 45). It was proposed that
the long hydrophilic N-terminal segment, four hydrophobic
stretches, and a short hydrophilic segment were organized into
an extracellular (synaptic) domain, four transmembrane �-hel-
ices, and an intracellular (cytoplasmic) domain. In 1986 and
after, closely homologous sequences and the organization of
the subunits, including a Cys loop, were found in neuronal nic-
otinic ACh receptors, including �7- and �4�2-nAChRs (Ref.
50; reviewed in Ref. 51), GABAA, glycine, 5-HT3, and gluta-
mate-gated chloride channel (GluCl), thus creating the super-
family of pentameric receptors that is the subject of the accom-
panying Classics. The recent discovery of cationic orthologs in
prokaryotes (52, 53) has extended the superfamily, plunging its
evolutionary origins back 3 billion years (1).

Identification of the ACh-binding Sites

The actual tridimensional topology of the AChR protein and
of the various sites it carries still could not be directly inferred
from recombinant DNA technologies. Identification of the
amino acids composing the ACh-binding site and the ion chan-
nel relied upon different technologies. The previously men-
tioned method of affinity labeling proved to be useful at this
stage. A first result was obtained by Karlin’s group using 4-(N-
maleimido)phenyltrimethylammonium iodide (5), which labels
the sulfhydryl groups of the ACh-binding site (see above). This
led to the identification of a pair of adjacent cysteines (positions
192 and 193) located in theN-terminal domain of the�-subunit
(54). Despite these results, the pharmacological specificity of
the ACh-binding site remained unknown.
Our group demonstrated that the snake 3H-labeled �-toxin

itself, without additional modification, could be used as a pho-
tolabel. UV irradiation of the 3H-labeled �-toxin-Torpedo
receptor complex resulted in the incorporation of covalently
bound radioactivity not only into the �-subunit but also into
the �- and �-subunits (55). From this observation, it was con-
cluded that the ACh-binding sites were located at the interface

FIGURE 3. First structural observation of the purified nicotinic receptor
proteins from E. electricus (upper) and from purified subsynaptic mem-
brane fragments from T. marmorata (lower). This figure has been
reprinted from Ref. 26.
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between subunits (55) and were therefore non-equivalent. This
was confirmed in subsequent functional studies.
The use of p-N,N-dimethylammonium benzenediazonium

difluoroborate (DDF), an affinity probe similar to TDF (3, 4),
provided additional important information (56). The dimethyl-
ammonium group of DDF created a resonant molecule that
could be photoactivated by energy transfer from the protein.
Indeed, eight amino acids were found labeled by DDF, six of
themwith an aromatic side chain, and all of them located in the
long hydrophilic N-terminal domain of the �-subunit. These
amino acids were distributed into three main loops, forming a
sort of electronegative aromatic pocket inwhich the quaternary
ammonium group of AChwas lodged (56–58), thus pointing to
an analogy with the AChE-binding site, where � bonding is
exhibited as well. These three loops, located on the �-subunit
side of the binding site and referred to as the “principal compo-
nent,” were named A, B, and C (58), a nomenclature that has
been adopted by the receptor community. In agreement with
the snake 3H-labeled �-toxin photolabeling data, the affinity
probe DDF labeled the �- and �-subunits in addition to the
�-subunit (51, 56–59). The various groups working on the
receptor, including those of Arthur Karlin, Jonathan Cohen,
and ourselves, further documented this notion and identified
additional loops D, E, and F on the non-�-subunit side of the
interface (Refs. 51 and 59 and references therein). These loops
form a “complementary” component of the ACh-binding site
on the �- and �-subunits. These biochemical data were sup-
ported by site-directed mutagenesis studies of the labeled
amino acids identified in these studies (Refs. 51 and 59 and
references therein).
Confirmation of the binding site organization has come from

the crystal structure of a soluble snail protein that binds ACh,
the ACh-binding protein, a close homolog of the nAChR extra-
cellular domain (60) and of the full-length eukaryotic GluCl
receptor (61) and the prokaryotic Erwinia chrysanthemi recep-
tor (ELIC) bound with GABA (62) and ACh (as an antagonist)
(Ref. 63; reviewed in Ref. 1).

Identification of the Ion Channel

By the early 1980s, no biochemical structure of any ion chan-
nel was known. The question was how to chemically identify
the amino acids that line the pore throughwhich ions flow. The
quest (1974–1999) proved to be long and difficult (see Refs. 51
and 64). Pharmacological agents, such as local anesthetics,
known for decades to block ion currents elicited by nicotinic
agonists in an indirect noncompetitive manner, proved to be
essential tools for chemical labeling the channel. The first
experiments, performed with both E. electricus and T. marmo-
rata receptor-rich membranes, demonstrated in vitro that, at
pharmacologically active concentrations, the local anesthetics
did not directly displace nicotinic ligands from the ACh-bind-
ing site but reversibly bound to a different allosteric site (65, 66).
One of these compounds, chlorpromazine, displayed, in addi-
tion, the remarkable property of covalently linking to the recep-
tor protein by simple UV irradiation. In receptor-rich mem-
branes from T. marmorata, chlorpromazine labeled the four
types of subunits of the nAChR (67), and precise quantitative
measurements demonstrated that it bound to just one high

affinity site per 2�1�1�1�1 oligomer (68). The kinetics of access
of chlorpromazine to this site increased by 100-fold when rap-
idly mixed with ACh under conditions expected to generate
functional ion channels (69, 70). We proposed that chlorprom-
azine binds to a site located within the ion channel along the
pseudosymmetry axis that becomes accessible to chlorproma-
zine when the ion channel opens. The conditions under which
the channel could be specifically labeled were thus established.
It tookmore than a year to demonstrate that chlorpromazine

labels serine 262, within the second transmembrane segment
(TM2) of the �-subunit (71), a finding that was rapidly con-
firmed by another group using the same protocol but with a
different probe (72). Further identification of the chlorproma-
zine-labeled amino acids on the other subunits not only showed
that the serines form a ring (73) but also revealed the adduct of
other amino acids (leucines and threonines) located at a dis-
tance of three to four amino acids on both sides of the ring of
serines (74). It was concluded that (a) the TM2 segments con-
tribute to the channel walls, (b) these segments are folded into
an �-helix, (c) the chlorpromazine-binding site is located at a
near-equatorial position in the channel’s pseudosymmetry axis;
and (d) a positive reciprocal allosteric interaction exists
between ACh and the chlorpromazine-binding sites.
In parallel site-directed mutagenesis experiments in which

single channel recordings were carried out after reconstitution
inXenopus oocytes, a region located in the �-subunit that com-
prises the putative TM2 segment and the adjacent bend portion
between TM2 and TM3was shown to be responsible for a con-
ductance difference between Torpedo and bovine channels
(75). Subsequent analysis (76) identified rings of negatively
charged glutamine residues that were classified as external,
intermediate, and cytoplasmic and that beautifully framed the
amino acid clusters labeled by chlorpromazine, thus confirm-
ing their proposed location within the ion path (68–70). The
teams of Henry Lester and Norman Davidson reached a similar
conclusion (77).
Further studies identified amino acids that contribute to the

ionic selectivity of the channel (78–80). A group of three resi-
dues was found to drive the conversion of the cationic selectiv-
ity of the ion channel into one of anionic selectivity (79, 80). For
the first time, an excitatory receptor could be transformed into
an inhibitory one. This finding, as well as the converse opera-
tion (from anionic to cationic), was reproduced with other
receptors: GABAA, glycine, GluCl, and 5-HT3 (Ref. 51; see the
accompanying Classics). A functional chimera was successfully
constructed that joined the synaptic domain of �7-nAChR and
the transmembrane domain of the 5-HT3 receptor (81). Even
combinations of prokaryotic and eukaryotic receptor domains
were found functional (82). This demonstrates unambiguously
a conservation of tertiary organization betweenmembers of the
receptor superfamily. Finally, the high resolution x-ray data
from prokaryotic ELIC and GLIC (fromGloeobacter violaceus)
(83–85) are consistent with the biochemical data and EM
structure (reviewed in Refs. 28 and 51) of the nAChR ion chan-
nel (1). They demonstrate further that the channel domain is
topographically distinct from the neurotransmitter-binding
domain and that the interaction between the neurotransmitter
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and the ion transport mechanism is an allosteric interaction (1,
37, 64, 86).

Allosteric Transitions of the Nicotinic Receptor:
The Quaternary Twist Mechanism

Direct evidence for the conformational changes thatmediate
this interaction was still unavailable. Early rapid mixing exper-
iments using snake 3H-labeled�-toxin as a probe and receptor-
rich membranes from T. marmorata revealed changes in con-
formation that took seconds to reach a high affinity state,
possibly desensitized, froma lowaffinity resting state (87). Con-
sistent findings were subsequently reported using muscle cells
(88) and Torpedo membranes (89, 90, 107, 108). A refined
kinetic analysis of the binding interaction of the fluorescent
nicotinic agonist dansyl-C6-choline with receptor-rich mem-
branes (91, 92, 109) and correlation with the in vitromeasure-
ment of ion transport through the ion channel (93) resulted in
the demonstration of allosteric transitions between several
conformational states: a resting closed channel state (R) stabi-
lized by snake �-toxin and nicotinic antagonists; an active tran-
sient open channel state with low affinity for ACh and nicotinic
agonists (A), and at least one desensitized and slowly accessible
refractory state (D) with high affinity for both agonists and
antagonists (in addition to a fast desensitized state (I)) (Fig. 4).

Moreover, under resting conditions, a sizeable fraction
(�20%) of the receptor was found to be present in the high
affinity desensitized state (91), and spontaneous channel open-
ings of themuscle nAChRwere recorded in the absence of ACh
(94). This ruled out the induced fit mechanism to the benefit of
the conformational selection (Monod-Wyman-Changeux)
scheme (see Ref. 86). Still, the situation appearedmore complex
than for regulatory enzymes. There exists not only one but a
cascade of discrete transitions between open and closed con-
formational states (Fig. 4) (see Refs. 1, 51, and 64).
Up until recently, little new information became available to

help explain the structural transitions of the nAChR, except for
in situ electron microscopy studies of the Torpedo receptor
(95). In silico modeling from the available structural data
brought novel insight into the conformational transitions of the
receptor protein (96, 97). Normal mode analysis performed on
a three-dimensionalmodel of the�7-nAChR gave a breakdown
of the proteinmovements into discrete modes. Among the first
10 lowest frequency modes, the first mode produced a struc-
tural reorganization that caused a wide opening of the channel
pore resulting from a concerted and symmetrical transition (a
quaternary twistmotion of the protein)with opposing rotations
of the upper (extracellular) and lower (transmembrane)
domains and significant tertiary reorganizations within each
subunit, in particular at the domain interface. The global qua-
ternary twist motion accounted reasonably for the available
experimental data on the gating process (97). Strong evidence
emerged from the comparison studies of the x-ray structures of
the prokaryotic receptors GLIC (from G. violaceus), which
showed an open channel conformation, and ELIC, which dis-
played a closed channel conformation (83–85). Comparison of
the two structures indicated that at least 29% of the quaternary
twist transition model accounts for channel opening (83).
Future developments include the molecular dynamics of the
transition on a microsecond time scale (98).

Allosteric Modulatory Sites

The signal transduction process mediated by the nAChR is
regulated by at least three main categories of allosteric “modu-
lators,” which bind to sites distinct from the neurotransmitter
site and the ion channel. These modulators are thought to
selectively shift the allosteric equilibrium in favor of either an
active (positive modulators) or a resting/desensitized (negative
modulators) conformation without competing with the neu-
rotransmitter binding to the orthosteric sites (Refs. 64 and 86;
Ref. 1 and references therein).
One group of modulators includes Ca2�, which potentiates

most neuronal nAChRs (99, 100) and binds to the extracellular
domain below the ACh site at residues contributed from both
sides of the subunit interface (96). Another includes Zn2�.

A second important group consists of modulators, such as
galantamine, that bind at “non-agonist” interfaces, which, in
heteropentameric nAChRs, differ from the neurotransmitter-
binding site and appear to be homologs of the benzodiazepine
site on GABAA receptors (see observations made by Richard
Olsen in the accompanying Classics).
Another group of allosteric modulators interacts with the

transmembrane domain. The antihelminthic ivermectin was

FIGURE 4. Minimal four-state model for the allosteric transitions of the
nicotinic receptor. CB, competitive (orthosteric) blocker; NCB, noncompeti-
tive (channel) blocker; AM, allosteric modulator; P, phosphorylation site. This
figure has been reprinted from Ref. 64.
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originally discovered to behave as a strong positive modulator
of �7-nAChR (101). Its action was altered by mutations within
the TM2 domain (101). General anesthetics (both intravenous
and volatile) negatively modulate excitatory nAChRs but posi-
tively enhance inhibitory GABA receptors. Photolabeling stud-
ies with GABAA receptors (see observations made by Richard
Olsen and colleagues; see in the accompanying Classics) and
x-ray structures of GLIC complexes with propofol or desfurane
reveal a site within the upper part of the transmembrane
domain of each subunit (102) with which nicotinic allosteric
modulators may also interact in neuronal nAChRs (AM in Fig.
4) (103).
Allosteric modulatory sites have also been identified in the

cytoplasmic loop that links TM3 andTM4 in all eukaryotic (but
not prokaryotic) pentameric receptors. In nAChRs, several
phosphorylation sites (104) that control desensitization inmus-
cle and �7-nAChR also contribute to end plate localization by
agrin-induced tyrosine phosphorylation of the cytoskeletal
protein 43K-rapsyn (22, 51). The cytoplasmic domain of the
�4-nAChR subunit also binds a variety of scaffold proteins that
interact with cytoskeletal proteins and with G protein systems
that are involved in intracellular signaling pathways (105).

Conclusion

Since the isolation of the nAChR and the discovery that
GABAA and glycine receptor subunits are close orthologs of the
nAChR, thereby founding the superfamily of pentameric
ligand-gated ion channels, the whole field of pentameric recep-
tors for neurotransmitters has blossomed, including the discov-
ery of homologous receptors in prokaryotes. Several of these
are the target of the most commonly used drugs, such as ben-
zodiazepines, barbiturates, curare, and general anesthetics. The
recent advances in the x-ray structures of several of these recep-
tors (1) open new avenues for the rational design of pharmaco-
logical agents acting on the brain, in parallel with the abundant
studies on the G protein-coupled receptors, which were identi-
fied several years later.

Acknowledgments—I gratefully thank the Woods Hole Marine Bio-
logical Laboratory, where a significant part of the minireview was
written, and LeonardWarren andAlbertGrossman for carefully edit-
ing the manuscript.

REFERENCES
1. Corringer, P. J., Poitevin, F., Prevost, M. S., Sauguet, L., Delarue, M., and

Changeux, J. P. (2012) Structure and pharmacology of pentameric recep-
tor channels: from bacteria to brain. Structure 20, 941–956

2. Nachmansohn, D. (1959) The Chemical and Molecular Basis of Nerve
Activity, Academic Press, New York

3. Fenton, J. W., 2nd, and Singer, S. J. (1965) Affinity labeling of antibodies
to the p-azophenyltrimethylammonium hapten and a structural rela-
tionship among antibody active sites of different specificities. Biochem.
Biophys. Res. Commun. 20, 315–320

4. Changeux, J. P., Podleski, T. R., and Wofsy, L. (1967) Affinity labeling of
the acetylcholine receptor. Proc. Natl. Acad. Sci. U.S.A. 58, 2063–2070

5. Karlin, A., andWinnik,M. (1968) Reduction and specific alkylation of the
receptor for acetylcholine. Proc. Natl. Acad. Sci. U.S.A. 60, 668–674

6. Changeux, J. P., Gautron, J., Israël,M., and Podleski, T. (1969) Separation
of excitable membranes from the electric organ of Electrophorus electri-

cus. C. R. Acad. Sci. Hebd. Seances Acad. Sci. D 269, 1788–1791
7. Cohen, G. N., and Monod, J. (1957) Bacterial permeases. Bacteriol. Rev.

21, 169–194
8. Kasai, M., and Changeux, J. P. (1970) Demonstration of the excitation by

cholinergic agonists from fractions of purified membranes in vitro. C. R.
Acad. Sci. Hebd. Seances Acad. Sci. D 270, 1400–1403

9. Gilbert,W., andMüller-Hill, B. (1966) Isolation of the lac repressor. Proc.
Natl. Acad. Sci. U.S.A. 56, 1891–1898

10. Changeux, J. P., Kasai, M., Huchet, M., andMeunier, J. C. (1970) Extrac-
tion from electric tissue of Electrophorus of a protein presenting several
typical properties characteristic of the physiological receptor of acetyl-
choline. C. R. Acad. Sci. Hebd. Seances Acad. Sci. D 270, 2864–2867

11. Chang, C. C., and Lee, C. Y. (1963) Isolation of neurotoxins from the
venom of Bungarus multicinctus and their modes of neuromuscular
blocking action. Arch. Int. Pharmacodyn. Ther. 144, 241–257

12. Changeux, J. P., Kasai, M., and Lee, C. Y. (1970) Use of a snake venom
toxin to characterize the cholinergic receptor protein. Proc. Natl. Acad.
Sci. U.S.A. 67, 1241–1247

13. Meunier, J. C., Huchet, M., Boquet, P., and Changeux, J. P. (1971) Sepa-
ration of the receptor protein of acetylcholine and acetylcholinesterase.
C. R. Acad. Sci. Hebd. Seances Acad. Sci. D 272, 117–120

14. Karlsson, E., Heilbronn, E., and Widlund, L. (1972) Isolation of the nic-
otinic acetylcholine receptor by biospecific chromatography on insolu-
bilized Naja naja neurotoxin. FEBS Lett. 28, 107–111

15. Klett, R. P., Fulpius, B. W., Cooper, D., Smith, M., Reich, E., and Possani,
L. D. (1973) The acetylcholine receptor. I. Purification and characteriza-
tion of a macromolecule isolated from Electrophorus electricus. J. Biol.
Chem. 248, 6841–6853

16. Lindstrom, J., and Patrick, J. (1974) in Synaptic Transmission and Neu-
ronal Interaction (Bennett, M. V. L., ed) pp. 191–216, Raven Press, New
York

17. Olsen, R. W., Meunier, J. C., and Changeux, J. P. (1972) Progress in
purification of the cholinergic receptor protein from Electrophorus elec-
tricus by affinity chromatography. FEBS Lett. 28, 96–100

18. Meunier, J. C., Sealock, R., Olsen, R., and Changeux, J. P. (1974) Purifica-
tion and properties of the cholinergic receptor protein from Electropho-
rus electricus electroplax. Eur. J. Biochem. 45, 371–394

19. Schmidt, J., and Raftery, M. A. (1972) Use of affinity chromatography for
acetylcholine receptor purification. Biochem. Biophys. Res. Commun. 49,
572–578

20. Miledi, R., Molinoff, P., and Potter, L. T. (1971) Isolation of the choliner-
gic receptor protein of Torpedo electric tissue. Nature 229, 554–557

21. Cohen, J. B., Weber, M., Huchet, M., and Changeux, J. P. (1972) Purifi-
cation from Torpedo marmorata electric tissue of membrane fragments
particularly rich in cholinergic receptor. FEBS Lett. 26, 43–47

22. Sobel, A., Weber, M., Changeux, J. P. (1977) Large-scale purification of
the acetylcholine receptor protein in its membrane-bound and deter-
gent-extracted forms from Torpedo marmorata electric organ. Eur.
J. Biochem. 80, 215–224

23. Cohen, J. B., andChangeux, J. P. (1973) Interaction of a fluorescent ligand
with membrane-bound cholinergic receptor from Torpedo marmorata.
Biochemistry 12, 4855–4864

24. Brisson, A. D., Scandella, C. J., Bienvenüe, A., Devaux, P. F., Cohen, J. B.,
and Changeux, J. P. (1975) Interaction of a spin-labeled long chain acyl-
choline with the cholinergic receptor protein in its membrane environ-
ment. Proc. Natl. Acad. Sci. U.S.A. 72, 1087–1091

25. Dupont, Y., Cohen, J. B., and Changeux, J. P. (1974) X-ray diffraction
study ofmembrane fragments rich in acetylcholine receptor protein pre-
pared from the electric organ of Torpedo marmorata. FEBS Lett. 40,
130–133

26. Cartaud, J., Benedetti, E. L., Cohen, J. B., Meunier, J. C., and Changeux,
J. P. (1973) Presence of a lattice structure in membrane fragments rich in
nicotinic receptor protein from the electric organ of Torpedo marmo-
rata. FEBS Lett. 33, 109–13

27. Nickel, E., and Potter, L. T. (1973) Ultrastructure of isolated membranes
of Torpedo electric tissue. Brain Res. 57, 508–517

28. Unwin, N. (2005) Refined structure of the nicotinic acetylcholine recep-
tor at 4 Å resolution. J. Mol. Biol. 346, 967–989

MINIREVIEW: Nicotinic Acetylcholine Receptors

40212 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012



29. Hucho, F., and Changeux, J. P. (1973) Molecular weight and quaternary
structure of the cholinergic receptor protein extracted by detergents
from Electrophorus electricus electric tissue. FEBS Lett. 38, 11–15

30. Weill, C. L., McNamee, M. G., and Karlin, A. (1974) Affinity labeling of
purified acetylcholine receptor from Torpedo californica. Biochem. Bio-
phys. Res. Commun. 61, 997–1003

31. Raftery,M. A., Vandlen, R.,Michaelson, D., Bode, J.,Moody, T., Chao, Y.,
Reed, K., Deutsch, J., and Duguid, J. (1974) The biochemistry of an ace-
tylcholine receptor. J. Supramol. Struct. 2, 582–592

32. Lindstrom, J., Walter, B., and Einarson, B. (1979) Immunochemical sim-
ilarities between subunits of acetylcholine receptors from Torpedo, Elec-
trophorus, and mammalian muscle. Biochemistry 18, 4470–4480

33. Saitoh, T., Oswald, R., Wennogle, L. P., and Changeux, J. P. (1980) Con-
ditions for the selective labelling of the 66,000 Dalton chain of the ace-
tylcholine receptor by the covalent noncompetitive blocker 5-azido-
[3H]trimethisoquin. FEBS Lett. 116, 30–36

34. Devillers-Thiéry, A., Changeux, J. P., Paroutaud, P., and Strosberg, A. D.
(1979) The amino-terminal sequence of the 40,000 molecular weight
subunit of the acetylcholine receptor protein from Torpedo marmorata.
FEBS Lett. 104, 99–105

35. Hunkapiller, M. W., Strader, C. D., Hood, L., and Raftery, M. A. (1979)
Amino-terminal amino acid sequence of the major polypeptide subunit
of Torpedo californica acetylcholine receptor. Biochem. Biophys. Res.
Commun. 91, 164–169

36. Raftery, M. A., Hunkapiller, M.W., Strader, C. D., and Hood, L. E. (1980)
Acetylcholine receptor: complex of homologous subunits. Science 208,
1454–1456

37. Monod, J., Wyman, J., and Changeux, J. P. (1965) On the nature of allos-
teric transitions: a plausible model. J. Mol. Biol. 12, 88–118

38. Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Furutani, Y., Hirose,
T., Asai, M., Inayama, S., Miyata, T., and Numa, S. (1982) Primary struc-
ture of�-subunit precursor ofTorpedo californica acetylcholine receptor
deduced from cDNA sequence. Nature 299, 793–797

39. Noda,M., Takahashi, H., Tanabe, T., Toyosato,M., Kikyotani, S., Hirose,
T., Asai, M., Takashima, H., Inayama, S., Miyata, T., and Numa, S. (1983)
Primary structures of�- and �-subunit precursors ofTorpedo californica
acetylcholine receptor deduced from cDNA sequences. Nature 301,
251–255

40. Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Kikyotani, S., Furu-
tani, Y., Hirose, T., Takashima, H., Inayama, S., Miyata, T., and Numa, S.
(1983) Structural homology of Torpedo californica acetylcholine recep-
tor subunits. Nature 302, 528–532

41. Ballivet, M., Patrick, J., Lee, J., andHeinemann, S. (1982)Molecular clon-
ing of cDNA coding for the �-subunit ofTorpedo acetylcholine receptor.
Proc. Natl. Acad. Sci. U.S.A. 79, 4466–4470

42. Claudio, T., Ballivet,M., Patrick, J., andHeinemann, S. (1983)Nucleotide
and deduced amino acid sequences of Torpedo californica acetylcholine
receptor �-subunit. Proc. Natl. Acad. Sci. U.S.A. 80, 1111–1115

43. Sumikawa, K., Houghton, M., Smith, J. C., Bell, L., Richards, B. M., and
Barnard, E. A. (1982) The molecular cloning and characterisation of
cDNA coding for the �-subunit of the acetylcholine receptor. Nucleic
Acids Res. 10, 5809–5822

44. Giraudat, J., Devillers-Thiéry, A., Auffray, C., Rougeon, F., and Chan-
geux, J. P. (1982) Identification of a cDNA clone coding for the acetyl-
choline binding subunit of Torpedo marmorata acetylcholine receptor.
EMBO J. 1, 713–717

45. Devillers-Thiéry, A., Giraudat, J., Bentaboulet, M., and Changeux, J. P.
(1983) Complete mRNA coding sequence of the acetylcholine binding
�-subunit ofTorpedomarmorata acetylcholine receptor: amodel for the
transmembrane organization of the polypeptide chain. Proc. Natl. Acad.
Sci. U.S.A. 80, 2067–2071

46. Barnard, E. A., Miledi, R., and Sumikawa, K. (1982) Translation of exog-
enous messenger RNA coding for nicotinic acetylcholine receptors pro-
duces functional receptors inXenopus oocytes. Proc. R. Soc. Lond. B Biol.
Sci. 215, 241–246

47. Mishina, M., Kurosaki, T., Tobimatsu, T., Morimoto, Y., Noda, M.,
Yamamoto, T., Terao, M., Lindstrom, J., Takahashi, T., Kuno, M., and
Numa, S. (1984) Expression of functional acetylcholine receptor from

cloned cDNAs. Nature 307, 604–608
48. Hazelbauer, G. L., and Changeux, J. P. (1974) Reconstitution of a chem-

ically excitable membrane. Proc. Natl. Acad. Sci. U.S.A. 71, 1479–1483
49. Epstein,M., andRacker, E. (1978) Reconstitution of carbamylcholine-de-

pendent sodium ion flux and desensitization of the acetylcholine recep-
tor from Torpedo californica. J. Biol. Chem. 253, 6660–6662

50. Boulter, J., Evans, K., Goldman, D., Martin, G., Treco, D., Heinemann, S.,
and Patrick, J. (1986) Isolation of a cDNA clone coding for a possible
neural nicotinic acetylcholine receptor �-subunit.Nature 319, 368–374

51. Changeux, J. P., and Edelstein, S. (2005) Nicotinic Acetylcholine Recep-
tors: From Molecular Biology to Cognition, Odile Jacob, New York

52. Tasneem, A., Iyer, L. M., Jakobsson, E., and Aravind, L. (2004) Identifi-
cation of the prokaryotic ligand-gated ion channels and their implica-
tions for the mechanisms and origins of animal Cys loop ion channels.
Genome Biol. 6, R4

53. Bocquet, N., Prado de Carvalho, L., Cartaud, J., Neyton, J., Le Poupon, C.,
Taly, A., Grutter, T., Changeux, J. P., and Corringer, P. J. (2007) A pro-
karyotic proton-gated ion channel from the nicotinic acetylcholine re-
ceptor family. Nature 445, 116–119

54. Kao, P. N., Dwork, A. J., Kaldany, R. R., Silver, M. L., Wideman, J., Stein,
S., and Karlin, A. (1984) Identification of the �-subunit half-cystine spe-
cifically labeled by an affinity reagent for the acetylcholine receptor bind-
ing site. J. Biol. Chem. 259, 11662–11665

55. Oswald, R. E., and Changeux, J. P. (1982) Cross-linking of �-bungaro-
toxin to the acetylcholine receptor fromTorpedomarmorata byUV light
irradiation. FEBS Lett. 139, 225–229

56. Dennis, M., Giraudat, J., Kotzyba-Hibert, F., Goeldner, M., Hirth, C.,
Chang, J. Y., and Changeux, J. P. (1986) A photoaffinity ligand of the
acetylcholine binding site predominantly labels the region 179–207 of
the �-subunit on native acetylcholine receptor from Torpedo marmo-
rata. FEBS Lett. 207, 243–249

57. Dennis, M., Giraudat, J., Kotzyba-Hibert, F., Goeldner, M., Hirth, C.,
Chang, J. Y., Lazure, C., Chrétien, M., and Changeux, J. P. (1988) Amino
acids of the Torpedo marmorata acetylcholine receptor subunit labeled
by a photoaffinity ligand for the acetylcholine binding site. Biochemistry
27, 2346–2357

58. Galzi, J. L., Revah, F., Black, D., Goeldner, M., Hirth, C., and Changeux,
J. P. (1990) Identification of a novel amino acid �-tyrosine 93 within the
cholinergic ligands-binding sites of the acetylcholine receptor by pho-
toaffinity labeling. Additional evidence for a three-loop model of the
cholinergic ligands-binding sites. J. Biol. Chem. 265, 10430–10437

59. Karlin, A. (2002) Emerging structure of the nicotinic acetylcholine recep-
tors. Nat. Rev. Neurosci. 3, 102–114

60. Brejc, K., van Dijk, W. J., Klaassen, R. V., Schuurmans, M., van Der Oost,
J., Smit, A. B., and Sixma, T. K. (2001) Crystal structure of an ACh-
binding protein reveals the ligand-binding domain of nicotinic receptors.
Nature 411, 269–276

61. Hibbs, R. E., and Gouaux, E. (2011) Principles of activation and perme-
ation in an anion-selective Cys loop receptor. Nature 474, 54–60

62. Zimmermann, I., andDutzler, R. (2011) Ligand activation of the prokary-
otic pentameric ligand-gated ion channel ELIC. PLoS Biol. 9, e1001101

63. Pan, J., Chen,Q.,Willenbring, D., Yoshida, K., Tillman, T., Kashlan,O. B.,
Cohen, A., Kong, X. P., Xu, Y., and Tang, P. (2012) Structure of the
pentameric ligand-gated ion channel ELIC co-crystallized with its com-
petitive antagonist acetylcholine. Nat. Commun. 3, 714

64. Changeux, J. P. (1990) in Fidia Research FoundationNeuroscience Award
Lectures (Changeux, J. P., Llinas, R. R., Purves, D., and Bloom, F. F., eds)
Vol. 4, pp. 17–168, Raven Press, New York

65. Weber, M., and Changeux, J. P. (1974) Binding ofNaja nigricollis [3H]�-
toxin to membrane fragments from Electrophorus and Torpedo electric
organs. III. Effect of local anaesthetics on the binding of the tritiated
�-neurotoxin.Mol. Pharmacol. 10, 35–40

66. Cohen, J. B., Weber, M., and Changeux, J. P. (1974) Effects of local anes-
thetics and calcium on the interaction of cholinergic ligands with the
nicotinic receptor protein from Torpedo marmorata. Mol. Pharmacol.
10, 904–932

67. Oswald, R., and Changeux, J. P. (1981) Ultraviolet light-induced labeling
by noncompetitive blockers of the acetylcholine receptor from Torpedo

MINIREVIEW: Nicotinic Acetylcholine Receptors

NOVEMBER 23, 2012 • VOLUME 287 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 40213



marmorata. Proc. Natl. Acad. Sci. U.S.A. 78, 3925–3929
68. Heidmann, T., Oswald, R., and Changeux, J. P. (1982) The high affinity

binding site for chlorpromazine is present only as a single copy per cho-
linergic receptormolecule and is shared by four polypeptide chains.C. R.
Seances Acad. Sci. III 295, 345–349

69. Heidmann, T., and Changeux, J. P. (1984) Time-resolved photolabeling
by the noncompetitive blocker chlorpromazine of the acetylcholine re-
ceptor in its transiently open and closed ion channel conformations.
Proc. Natl. Acad. Sci. U.S.A. 81, 1897–1901

70. Heidmann, T., and Changeux, J. P. (1986) Characterization of the tran-
sient agonist-triggered state of the acetylcholine receptor rapidly labeled
by the noncompetitive blocker [3H]chlorpromazine: additional evidence
for the open channel conformation. Biochemistry 25, 6109–6113

71. Giraudat, J., Dennis, M., Heidmann, T., Chang, J. Y., and Changeux, J. P.
(1986) Structure of the high affinity site for noncompetitive blockers of
the acetylcholine receptor: serine 262 of the �-subunit is labeled by
[3H]chlorpromazine. Proc. Natl. Acad. Sci. U.S.A. 83, 2719–2723

72. Oberthür, W., Muhn, P., Baumann, H., Lottspeich, F., Wittmann-
Liebold, B., and Hucho, F. (1986) The reaction site of a noncompetitive
antagonist in the �-subunit of the nicotinic acetylcholine receptor.
EMBO J. 5, 1815–1819

73. Hucho, F.,Oberthür,W., andLottspeich, F. (1986)The ion channel of the
nicotinic acetylcholine receptor is formed by the homologous helices M
II of the receptor subunits. FEBS Lett. 205, 137–142

74. Giraudat, J., Dennis, M., Heidmann, T., Haumont, P. Y., Lederer, F., and
Changeux, J. P. (1987) Structure of the high affinity binding site for non-
competitive blockers of the acetylcholine receptor: [3H] chlorpromazine
labels homologous residues in the �- and �-chains. Biochemistry 26,
2410–2418

75. Imoto, K., Methfessel, C., Sakmann, B., Mishina,M.,Mori, Y., Konno, T.,
Fukuda, K., Kurasaki, M., Bujo, H., Fujita, Y., and Numa, S. (1986) Loca-
tion of a �-subunit region determining ion transport through the acetyl-
choline receptor channel. Nature 324, 670–674

76. Imoto, K., Busch, C., Sakmann, B.,Mishina,M., Konno, T.,Nakai, J., Bujo,
H.,Mori, Y., Fukuda, K., andNuma, S. (1988) Rings of negatively charged
amino acids determine the acetylcholine receptor channel conductance.
Nature 335, 645–648

77. Leonard, R. J., Labarca, C. G., Charnet, P., Davidson, N., and Lester, H. A.
(1988) Evidence that the M2 membrane-spanning region lines the ion
channel pore of the nicotinic receptor. Science 242, 1578–1581

78. Villarroel, A., Herlitze, S., Koenen, M., and Sakmann, B. (1991) Location
of a threonine residue in the�-subunitM2 transmembrane segment that
determines the ion flow through the acetylcholine receptor channel.
Proc. Biol. Sci. 243, 69–74

79. Galzi, J. L., Devillers-Thiéry, A., Hussy, N., Bertrand, S., Changeux, J. P.,
and Bertrand, D. (1992) Mutations in the ion channel domain of a neu-
ronal nicotinic receptor convert ion selectivity from cationic to anionic.
Nature 359, 500–505

80. Corringer, P. J., Bertrand, S., Galzi, J. L., Devillers-Thiéry, A., Changeux,
J. P., and Bertrand, D. (1999)Mutational analysis of the charge selectivity
filter of the �7 nicotinic acetylcholine receptor. Neuron 22, 831–843

81. Eiselé, J. L., Bertrand, S., Galzi, J. L., Devillers-Thiéry, A., Changeux, J. P.,
and Bertrand, D. (1993) Chimeric nicotinic-serotonergic receptor com-
bines distinct ligand binding and channel specificities. Nature 366,
479–483

82. Duret, G., Van Renterghem, C., Weng, Y., Prevost, M., Moraga-Cid, G.,
Huon, C., Sonner, J. M., and Corringer, P. J. (2011) Functional prokary-
otic-eukaryotic chimera from the pentameric ligand-gated ion channel
family. Proc. Natl. Acad. Sci. U.S.A. 108, 12143–12148

83. Bocquet, N., Nury, H., Baaden, M., Le Poupon, C., Changeux, J. P., De-
larue, M., and Corringer, P. J. (2009) X-ray structure of a pentameric
ligand-gated ion channel in an apparently open conformation. Nature
457, 111–114

84. Hilf, R. J., and Dutzler, R. (2008) X-ray structure of a prokaryotic penta-
meric ligand-gated ion channel. Nature 452, 375–379

85. Hilf, R. J., and Dutzler, R. (2009) Structure of a potentially open state of a
proton-activated pentameric ligand-gated ion channel. Nature 457,
115–118

86. Changeux, J. P. (2012) Allostery and the Monod-Wyman-Changeux
model after 50 years. Annu. Rev. Biophys. 41, 103–133

87. Weber, M., David-Pfeuty, T., and Changeux, J. P. (1975) Regulation of
binding properties of the nicotinic receptor protein by cholinergic li-
gands in membrane fragments from Torpedo marmorata. Proc. Natl.
Acad. Sci. U.S.A. 72, 3443–3447

88. Colquhoun, D., and Range, H. P. (1976) Effects of inhibitors of the bind-
ing of iodinated�-bungarotoxin to acetylcholine receptors in ratmuscle.
Mol. Pharmacol. 12, 519–535

89. Grünhagen, H. H., and Changeux, J. P. (1976) Studies on the electrogenic
action of acetylcholine with Torpedo marmorata electric organ. IV.
Quinacrine: a fluorescent probe for the conformational transitions of the
cholinergic receptor protein in its membrane bound state. J. Mol. Biol.
106, 497–516

90. Weiland, G., Georgia, B., Lappi, S., Chignell, C. F., and Taylor, P. (1977)
Kinetics of agonist-mediated transitions in state of the cholinergic recep-
tor. J. Biol. Chem. 252, 7648–7656

91. Heidmann, T., and Changeux, J. P. (1979) Fast kinetic studies on the
interaction of a fluorescent agonist with the membrane-bound acetyl-
choline receptor fromTorpedomarmorata. Eur. J. Biochem. 94, 255–279

92. Heidmann, T., and Changeux, J. P. (1980) Interaction of a fluorescent
agonist with the membrane-bound acetylcholine receptor from Torpedo
marmorata in the millisecond time range: resolution of an “intermedi-
ate” conformational transition and evidence for positive cooperative ef-
fects. Biochem. Biophys. Res. Comm. 97, 889–896

93. Heidmann, T., Bernhardt, J., Neumann, E., and Changeux, J. P. (1983)
Rapid kinetics of agonist binding and permeability response analyzed in
parallel on acetylcholine receptor-rich membranes from Torpedo mar-
morata. Biochemistry 22, 5452–5459

94. Jackson, M. B. (1984) Spontaneous openings of the acetylcholine recep-
tor channel. Proc. Natl. Acad. Sci. U.S.A. 81, 3901–3904

95. Miyazawa, A., Fujiyoshi, Y., and Unwin, N. (2003) Structure and gating
mechanism of the acetylcholine receptor pore. Nature 423, 949–955

96. Le Novère, N., Grutter, T., and Changeux, J. P. (2002) Models of the
extracellular domain of the nicotinic receptors and of agonist- andCa2�-
binding sites. Proc. Natl. Acad. Sci. U.S.A. 99, 3210–3215

97. Taly, A., Delarue, M., Grutter, T., Nilges, M., Le Novère, N., Corringer,
P. J., and Changeux, J. P. (2005) Normal mode analysis suggests a quater-
nary twist model for the nicotinic receptor gatingmechanism. Biophys. J.
88, 3954–3965

98. Nury, H., Poitevin, F., Van Renterghem, C., Changeux, J. P., Corringer,
P. J., Delarue, M., and Baaden, M. (2010) One-microsecond molecular
dynamics simulation of channel gating in a nicotinic receptor homo-
logue. Proc. Natl. Acad. Sci. U.S.A. 107, 6275–6280

99. Mulle, C., Léna, C., and Changeux, J. P. (1992) Potentiation of nicotinic
receptor response by external calcium in rat central neurons. Neuron 8,
937–945

100. Vernino, S., Amador, M., Luetje, C. W., Patrick, J., and Dani, J. A. (1992)
Calcium modulation and high calcium permeability of neuronal nico-
tinic acetylcholine receptors. Neuron 8, 127–134

101. Krause, R.M., Buisson, B., Bertrand, S., Corringer, P. J., Galzi, J. L., Chan-
geux, J. P., and Bertrand, D. (1998) Ivermectin: a positive allosteric effec-
tor of the �7 neuronal nicotinic acetylcholine receptor.Mol. Pharmacol.
53, 283–294

102. Nury, H., Van Renterghem, C.,Weng, Y., Tran, A., Baaden,M., Dufresne,
V., Changeux, J. P., Sonner, J. M., Delarue, M., and Corringer, P. J. (2011)
X-ray structures of general anaesthetics bound to a pentameric ligand-
gated ion channel. Nature 469, 428–431

103. Gill, J. K., Dhankher, P., Sheppard, T. D., Sher, E., andMillar, N. S. (2012)
A series of�7 nicotinic acetylcholine receptor allostericmodulators with
close chemical similarity but diverse pharmacological properties. Mol.
Pharmacol. 81, 710–718

104. Teichberg, V. I., Sobel, A., and Changeux, J. P. (1977) In vitro phosphor-
ylation of the acetylcholine receptor. Nature 267, 540–542

105. Kabbani, N., Woll, M. P., Levenson, R., Lindstrom, J. M., and Changeux,
J. P. (2007) Intracellular complexes of the �2-subunit of the nicotinic
acetylcholine receptor in brain identified by proteomics. Proc. Natl.
Acad. Sci. U.S.A. 104, 20570–20575

MINIREVIEW: Nicotinic Acetylcholine Receptors

40214 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012



106. Kasai, M., and Changeux, J. P. (1971) In vitro excitation of purifiedmem-
brane fragments by cholinergic agonists. J. Memb. Biol. 6, 1–88

107. Grünhagen, H. H., and Changeux, J. P. (1976) Studies on the electrogenic
action of acetylcholine withTorpedomarmorata electric organ. V. Qual-
itative correlation between pharmacological effects and equilibration
processes of the cholinergic receptor protein as revealed by the structural
probe quinacrine. J. Mol. Biol. 106, 517–535

108. Grünhagen, H. H., Iwatsubo, M., and Changeux, J. P. (1977) Fast kinetic
studies on the interaction of cholinergic agonists with the membrane-
bound acetylcholine receptor from Torpedo marmorata as revealed by
quinacrine fluorescence. Eur. J. Biochem. 80, 225–242

109. Heidmann, T., and Changeux, J. P. (1979) Fast kinetic studies on the
allosteric interactions between acetylcholine receptor and local anes-
thetic binding sites. Eur. J. Biochem. 94, 281–296

MINIREVIEW: Nicotinic Acetylcholine Receptors

NOVEMBER 23, 2012 • VOLUME 287 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 40215



Inhibitory Glycine Receptors: An
Update*□S

Published, JBC Papers in Press, October 4, 2012, DOI 10.1074/jbc.R112.408229

Sébastien Dutertre‡, Cord-Michael Becker§, and Heinrich Betz¶�1

From the ‡Institute for Molecular Bioscience, University of Queensland,
Brisbane, Queensland 4072, Australia, the §Institute of Biochemistry,
University of Erlangen-Nürnberg, 91054 Erlangen, Germany, the ¶Max-
Planck-Institute for Medical Research, 69120 Heidelberg, Germany, and the
�Department of Molecular Neurobiology, Max-Planck-Institute for
Experimental Medicine, 37075 Göttingen, Germany

Strychnine-sensitive glycine receptors (GlyRs) mediate syn-
aptic inhibition in the spinal cord, brainstem, and other regions
of the mammalian central nervous system. In this minireview,
we summarize our current view of the structure, ligand-binding
sites, and chloride channel of these receptors and discuss
recently emerging functions of distinct GlyR isoforms. GlyRs
not only regulate the excitability of motor and afferent sensory
neurons, including pain fibers, but also are involved in the pro-
cessing of visual and auditory signals. Hence, GlyRs constitute
promising targets for the development of therapeutically useful
compounds.

The normal functioning of the CNS depends on the balanced
interplay of both excitatory and inhibitory neurons. Glutamate
is the principal excitatory and GABA and glycine are the major
inhibitory neurotransmitters in the adult mammalian CNS.
Glycine serves, in addition, as a co-agonist of glutamate at the
NMDA subtype of excitatory glutamate receptors.
Glycinergic synapses mediate fast inhibitory neurotransmis-

sion mainly in the spinal cord, brainstem, and caudal brain and
control a variety of motor and sensory functions, including
vision and audition (1). Glycine exerts its inhibitory effects via
specific glycine receptors (GlyRs)2 that are highly enriched in
the postsynaptic membrane. Binding of glycine leads to the
opening of the GlyR integral anion channel, and the resulting
influx of Cl� ions hyperpolarizes the postsynaptic cell, thereby
inhibiting neuronal firing. The alkaloid strychnine antagonizes
glycine binding with high affinity and has proven to be a unique
tool in radioligand binding studies (2) and affinity purification
(3) of GlyRs. Since these original studies, three decades of GlyR
research have generated a wealth of genetic, functional, and
structural data, which are summarized here.

Composition of GlyR Proteins

GlyRs are group I ligand-gated ion channels (LGICs) that
belong to the Cys loop receptor family, which, in addition,
includes nicotinic acetylcholine (nAChR), serotonin type 3
(5-HT3), and the closely related GABAA (GABAAR) receptors
(4, 5). Affinity-purified GlyR preparations contain three poly-
peptide species (3): the GlyR� (48 kDa) and GlyR� (58 kDa)
subunits and a tightly bound cytosolic scaffolding protein (93
kDa) later named gephyrin (6). Cross-linking experiments
showed that purified GlyRs are heteropentameric proteins,
similar to the nAChRs in Torpedo electric organ and skeletal
muscle (7). Their subunit stoichiometry was originally thought
to be 3�:2� (7, 8), but more recently, this was revised to 2�:3�
(9, 10).
Molecular cloning identified four vertebrate genes (called

Glra1–4) encoding GlyR� subunits (�1–�4) and a single gene
(Glrb) encoding theGlyR� subunit (11–15). All GlyR� subunits
display high sequence identity (�80%) (supplemental Fig. S1)
and, upon heterologous expression, form functional homo-
meric glycine-gated channels with properties closely resem-
bling those of GlyRs in vivo (4, 5). By photoaffinity labeling with
[3H]strychnine, theGlyR� subunits were shown to possess crit-
ical determinants of ligand binding (16). GlyR� displays signif-
icant sequence differences compared with the � subunits
(�50% identity) (supplemental Fig. S1) and does not generate
functional receptors when expressed alone (11) but is retained
in the endoplasmic reticulum (17).However, theGlyR� subunit
is more than simply a structural subunit because it contributes
to agonist binding (9) and has an essential role in the intracel-
lular trafficking and synaptic clustering of postsynaptic GlyRs
(18, 19). Its extended cytoplasmic loop region binds to the post-
synaptic scaffolding protein gephyrin with high affinity (18, 20)
and interacts with Vps35 and neurobeachin, proteins impli-
cated in intracellular membrane protein transport (21).
The overall topology of GlyR subunits is shared with that of

other group I LGIC proteins (22). All of these polypeptides con-
tain a large N-terminal extracellular domain (ECD), four trans-
membrane segments (TM1–TM4), a long intracellular loop
connecting TM3 and TM4, and a short extracellular C termi-
nus. Sequence homologies are particularly high within the
transmembrane segments and a conserved disulfide-bonded
motif of 15 amino acids (“Cys loop”) located in the ECD.
Although the number of GlyR subunit genes (n � 5) appears to
be modest compared with those found in the mammalian
nAChR (n � 17) and GABAAR (n � 20) families, alternative
splicing of exons encoding segments of the extracellular N-ter-
minal or intracellular loop regions further extends GlyR sub-
unit heterogeneity (4, 5, 23). In the case of GlyR�2, splice vari-
ants in the ECD have been shown to differ in agonist efficacies
(24), and intracellular loop variants of GlyR�3 have been found
to differ in receptor desensitization (25) and subcellular target-
ing (26). Furthermore, post-transcriptional editing of a minor
fraction of the GlyR�3 mRNA at a single nucleotide position
has been reported to result in a gain-of-function receptor (27).
This editing reaction leads to the substitution of proline 185
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with leucine in the ECD and increases the apparent agonist
affinity of �3-GlyRs.

Structure of the GlyR and Its Extracellular Binding Sites

An atomic resolution structure of a GlyR is not available yet
despite efforts to obtain suitable amounts of purified protein for
structural studies (28). Therefore, structural information has
been inferred from other Cys loop receptors or bacterial
homologs of the group I LGIC family. Electronmicroscopy data
collected from the muscle-type nAChR from Torpedo (29) and
the coordinates of the acetylcholine-binding protein AChBP, a
soluble homopentameric protein that is structurally homolo-
gous to the ECDof group I LGICs (30), have beenwidely used to
model the ECD ofmany different receptors, including the GlyR
(9, 31, 32). Recently, the first crystal structure of an anion-con-
ducting Cys loop receptor, the glutamate-gated channel
(GluCl) from Caenorhabditis elegans, was solved at atomic res-
olution (33). GluCl is a close homolog (up to 43% sequence
identity) (supplemental Fig. S1) of GlyR subunits and also con-
tains their hallmark feature, the conserved disulfide bridge in
loop C. Therefore, GluCl-based models of GlyRs, as shown in
Fig. 1, are considered highly reliable templates for ligand bind-
ing studies and the rational design of novel selective drugs.
Agonists and competitive antagonists are known to bind to

the ECDat the interfaces of two adjacent subunits (4, 5, 22). The
GlyR binding pocket is formed by distinct “loop regions” of the
principal (�) and complementary (�) subunit surfaces (Fig. 2).
Residues whose substitution affects agonist and antagonist
binding have been identified in loops D, B, E, and C (4, 5, 31). In

addition, the disulfide bond between �1Cys-198 and �1Cys-
209 constraining loop C appears to be critical for both cell sur-
face expression and ligand binding (34). The binding determi-
nants of the � subunit are less well studied; two GlyR� residues
(Arg-86 and Glu-180, equivalent to �1Arg-65 and �1Glu-157,
respectively) (Fig. 2) have been found to influence ligand bind-
ing to heteromeric �1�-GlyRs (9). Docking of the agonist gly-
cine and the antagonist strychnine into homologymodels of the
�1-�1 and �1-� interfaces resulted in complex structures that
agreed well with previous mutational data (9). However, the
properties of the �-� interface had remained enigmatic, as
GlyR� alone does not form functional channels. A novel
mutagenesis strategy guided by homology modeling has
recently allowed reproduction of all potential agonist-binding
sites (�-�, �-�, and �-�) present in heteromeric GlyRs by sin-
gle-subunit expression (35). Although fully functional, the
resulting �-� binding site displayed the most distinct pharma-
cological profile toward a range of agonists and modulators
tested, indicating that it might be selectively targeted to modu-
late the activity of synaptic GlyRs.
The ECD of GlyRs binds not only agonists and competitive

antagonists but also compounds that allosterically modulate
the agonist responses of different LGICs. Neurosteroids, gen-
eral anesthetics, and ethanol potentiate GlyR currents, whereas
the divalent cation Zn2�, tropeines, and endogenous cannabi-
noids, such as anandamide and 2-arachidonylglycerol, have
both potentiating (at low concentrations) and inhibitory (at
high concentrations) effects. Because of their potential thera-
peutic importance, the binding sites and isoform selectivity of
thesemodulators have been intensely investigated (4, 5, 31, 36),
and their in vivo roles have been studied in transgenic and
knock-in mouse models (37, 38). Zn2� and tropeines bind
within or in the vicinity of the extracellular agonist-binding
sites (39, 40). In contrast, hydrophobic modulators, such as
neurosteroids and endocannabinoids (41) and anesthetics and
ethanol (42), all appear to act by binding to the transmembrane
domain (see below), although residues located in the ECD
and/or the large intracellular loop may also contribute to cur-
rent modulation (43, 44). Additionally, the principal excitatory
transmitter glutamate has been reported to allosterically poten-
tiate native and recombinant GlyRs; this may be important for
balancing excitation and inhibition in the CNS (45).

GlyR Chloride Channel

The transmembrane domain of GlyR subunits and other
group I LGICs consists of a four-�-helix bundle, in which the
transmembrane segments are arranged in a clockwise order
due to multiple interactions between specific hydrophobic res-
idues that are essential for proper receptor assembly (46). TM1-
TM2 and TM2-TM3 are connected by short loops, whereas
TM3 is linked to TM4 by long intracellular loops that contain
phosphorylation and ubiquitination sites as well as binding
motifs for interacting proteins. The amphiphilic TM2 forms
the ion channel; to facilitate comparisons between different
LGICs, its residues are often numbered from 1� to 19�, with
position 1� corresponding to the cytoplasmic N-terminal end
and residue 19� to the extracellular C-terminal end. Substituted
cysteine accessibility experiments disclosed thatGly-2�, Thr-6�,

FIGURE 1. Structures of homomeric �1- and heteromeric �1�-GlyRs mod-
eled using GluCl as a template. Left, �1-GlyR shown with five glycine and
ivermectin molecules each and a single picrotoxin molecule bound (ligands
depicted as van der Waals spheres). Right, unliganded heteromeric �1�-GlyR
with the different interfaces indicated.
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and Arg-19� line the pore of the �1-GlyR (47). Additional pore-
lining residues were inferred by sequence comparison with
other LGICs and include Thr-7�, Leu-9�, Thr-10�, Thr-13�, Ser-
16�, and Gly-17� (48). A model of the pore domain of GlyRs
based on the recently determined structure of GluCl confirms
thatmost of these residues are indeed facing the channel lumen
(supplemental Fig. S2).
Agonist binding to the ECD of GlyRs triggers the opening of

the anion-selective channel spanning the plasma membrane.
Extensive work on different LGICs has demonstrated that the
conformational changes within the five subunits induced upon
agonist binding are consistent with an allosteric transition
model that predicts rotational movements of the TM2 seg-
ments around about position 9� (29). This model was recently
validated by comparing the structures of two bacterial LGIC
homologs crystallized in the open and closed states, respec-
tively (49) and is likely to similarly apply to the GlyR. Residues
located at the ends or outside of TM2 have been shown to
participate in the gating process, such as the GlyR�1 residues
Arg-271, located in theM2-M3 linker (34), and Lys-276, a pore-
facing residue at the extracellular end of TM2 (50). Presumably,
these and other residues that reside at the interface between the
ECD and transmembrane domain are essential for coupling the

conformational changes occurring in the ECD upon agonist
binding to channel opening (4, 5, 51).
The GlyR channel is largely anion-selective but has been

reported to also permeate Na� and K� ions, albeit at low effi-
ciency (52). GlyRs display a permeability sequence of SCN� �
NO3

� � I� � Br� �Cl�, which is inversely correlated to the
hydration energies of these ions, implying that removal of
hydration water molecules facilitates ion permeation (53). A
“ring of charges,” consisting of arginine residues (Arg-0�) in
TM2, is thought to concentrate permeating chloride ions and to
repel oppositely charged cations. Consistent with this view, the
subunits of cation-conducting nAChRs have a negatively
charged residue (�Glu-1�) at the equivalent position, and a
respective substitution (A�1�E) was found to convert the GlyR
into a cation-selective receptor (52). Residues located at the
extracellular ends of the TM2 segments and in the adjacent
loops (Arg-19� and Lys-24�) provide additional rings of charge,
whose substitution also reduced the unitary Cl� conductance
(54). Besides these positively charged residues, a conserved pro-
line at position 2� appears to play an important role in deter-
mining the selectivity and functional properties of homomeric
GlyR channels (55); its deletion increased the pore size of the
�1-GlyR and reduced its anion/cation permeability ratio (56).
The new GluCl structure shows that this proline residue is
located at the narrowest point of the channel and thus directly
restricts ion flow (supplemental Fig. S2).
The GlyR channel is blocked by a number of non-competi-

tive antagonists, such as picrotoxin, ginkgolide B, and cyanotri-
phenyl borate (4, 5). Previous mutagenesis data had indicated
that picrotoxin occludes the channel by binding to pore-ex-
posed residues of TM2 (57), although other sites of interaction
have also been proposed (58, 59). More recently, Pro-2� and
Thr-6� of TM2 were found to constitute important determi-
nants of picrotoxin block (60). The crystal structure obtained
from the GluCl-picrotoxin complex confirmed this assignment
by showing that these residues constitute the binding site for
this open channel blocker (33). Furthermore, it supports the
idea that the low inhibitory potency of picrotoxin observed at
heteromeric compared with homomeric GlyRs (57) is due to
steric hindrance by the bulky Phe-282 side chain extending
from TM2 of GlyR� (Fig. 3).
Several hydrophobic modulators of the GlyR are thought to

interact with external sites of the transmembrane domain (42,
61). These include neurosteroids, general anesthetics, and alco-
hols, which all potentiateGlyR function (31). Earlymutagenesis
experiments had identified a common intrasubunit binding site
for these compounds in both GlyRs and GABAARs (42), which,
because of its predicted size and shape, was termed “big cavity”
(62).Within this cavity, the polar residues Ser-267 andThr-264
located in TM2 and TM3 were shown to influence the enhanc-
ing effect of volatile anesthetics and high dose ethanol in GlyRs
(42). Recently, the crystal structures of complexes between a
bacterial LGIC ortholog from Gloeobacter violaceus (GLIC)
and two anesthetics (propofol and desflurane) have been solved
(63). These structures nicely confirmed the concept of a com-
mon intrasubunit binding site in group I LGICs, which pre-
exists in the GLIC apo structure in the upper part of the trans-
membrane domain of each monomer and recruits anesthetics

FIGURE 2. Models of the principal (�) and complementary (�) surfaces of
the GlyR�1 and GlyR� agonist-binding regions. In heteromeric GlyRs,
the � and � surfaces of the �1 and � subunit ECDs generate non-equivalent
agonist-binding sites at the �-�, �-�, or �-� interface, which are all functional.
Note the significant sequence divergence (up to eight substitutions)
between �1 and �, in particular within loop C.
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via van derWaal interactions. This bindingmay displace crucial
lipids and thereby positively or negatively influence channel
gating (63). In addition to the big cavity, a second intramem-
brane site located at the interfaces between adjacent subunits
appears to be crucial for potentiation by hydrophobic modula-
tors. The existence of an intersubunit binding site for general
anesthetics was first shown inGABAARs by photoaffinity label-
ing with etomidate (64). In GlyRs, this site is targeted by the
antihelminthic ivermectin, which allosterically activates both
GlyR and GluCl currents. The recent crystal structure of the
GluCl-ivermectin complex (33) delineates ivermectin bound at
the interface between TM3 from the principal (�) and TM1
from the complementary (�) subunits (Fig. 1). Furthermore, it
shows that ivermectin stabilizes the open state of GluCl by
inducing conformational changes in both the transmembrane
domain and ECD. Although most of the ivermectin-binding
residues of GluCl appear to be conserved in GlyRs, the GlyR
binding site for ivermectin has been suggested to differ (65) and
hence should be further challenged experimentally.

Roles of GlyR Isoforms in the Mammalian CNS

The physiological functions of the different GlyR isoforms
have been incompletely analyzed due to the lack of subtype-
specific antagonists. Our present picture of GlyR subtypes is
based primarily on immunocytochemical studies and the anal-
ysis of knock-out mice.

�1-GlyRs—GlyRs containing the �1 subunit represent the
predominant adult GlyR isoform, and heteromeric �1� recep-
tors account for the majority of synaptically localized GlyRs in
themammalian CNS. The importance of the GlyR�1 subunit is
underlined by the existence of various disease mutations in the
Glra1 genes of different mammalian species, including mouse,
cattle, and human (5). The spasmodicmouse carries a substitu-
tion at position 52 (A52S) of Glra1 that reduces the agonist
binding affinity (66, 67). The oscillator strain constitutes a nat-
ural Glra1 null mutation due to a microdeletion in exon 8 that
truncates the �1 subunit after TM3 (68). Notably, GlyR func-
tion of the oscillatorpolypeptide can be rescuedupon coexpres-
sion of a C-terminal fragment containing TM4 (69). This result
and complementation experiments with different GlyR and

5-HT3 receptor fragments (46) have revealed an essential role of
TM interactions in group I LGIC assembly.
Upon recombinant expression, the GlyR�1 subunit forms

channels characterized by short mean open times and fast
decay kinetics, as found for glycinergic spontaneous inhibitory
postsynaptic currents (sIPSCs) in adult spinal cord neurons
(70). In retinas from oscillator mice, glycinergic sIPSCs in
A-type ganglion cells are strikingly reduced and their kinetics
slowed due to Glra1 inactivation (71). Together, the available
data indicate that theGlyR�1 subunit defines receptors that are
crucial for fast regulation of both motor and sensory functions.

�2-GlyRs—This GlyR isoform is highly expressed at the
embryonic and neonatal stages but postnatally is largely
replaced by �1 subunit-containing receptors. Synaptically
localized �2 staining has been detected in different adult CNS
regions, including the spinal cord, brainstem, midbrain, olfac-
tory bulb, and retina, and corresponds to heteromeric �2�
receptors (72). At early developmental stages, GlyR�2 forms
homo-oligomeric receptors (73), which are extrasynaptically
localized and thought to mediate non-synaptic tonic transmis-
sion caused by non-vesicular glycine release and/or spillover
from adjacent nerve terminals.
Despite the availability ofGlra2�/� mice (74, 75), the precise

physiological roles of GlyR�2 are still largely enigmatic because
the knock-out animals are phenotypically normal. Electro-
physiological recordings of neonatal GlyRs in spinal neurons
(70) and glycinergic sIPSCs in narrow-field amacrine cells of
Glra2�/� mice (74) indicate that �2-GlyRs mediate IPSCs
characterized by slow decay kinetics. In Glra2�/� mice, recep-
tive field center responses in the retinal on and off pathways are
impaired (76), and hyperalgesia induced by the injection of
zymosan is prolonged compared with wild-type littermates
(77). Both its known sites of expression and the available phys-
iological data suggest that, in adult mammals, synaptic GlyR�2
is involved mainly in regulating sensory pathways.

�3-GlyRs—Originally, GlyR�3 was considered a minor adult
GlyR isoform with an expression pattern resembling that of
GlyR�1 (14, 78). In the spinal cord, GlyR�3 staining is found at
synaptic sites in laminae I and II of the dorsal horn, where it

FIGURE 3. Transmembrane domains of homo- and heteromeric GlyRs. Left, picrotoxin bound in the chloride channel of the homomeric �1-GlyR. Binding
determinants include five Pro-250 and Thr-258 residues each. Right, in the �1�-GlyR, three of the Thr-258 residues are replaced by Phe-282, and three of the
Pro-250 residues by Ala-274 of the � subunit. These substitutions explain the �50-fold lower affinity of picrotoxin for heteromeric GlyRs.
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inhibits the propagation of nociceptive signals to higher brain
regions and serves as molecular substrate of pain sensitization
by the inflammatory mediator prostaglandin E2 (PGE2) (79).
PGE2 binds to prostaglandin EP2 receptors and thereby acti-
vates protein kinase A, which phosphorylates GlyR�3 and thus
down-regulates glycine currents in dorsal horn neurons. In
Glra3�/� mice, this down-regulation of glycine inhibition by
PGE2 is abolished, and PGE2 fails to sensitize pain responses
(79). Also, the analgesic effect of cannabinoids inmousemodels
of chronic inflammatory and neuropathic pain is absent in
Glra3�/� animals (80). Hence, GlyR�3 constitutes a promising
target for the development of novel drugs for the treatment of
chronic pain syndromes.
GlyR�3 immunoreactivity has also been detected in other

pathways involved in sensory processing. In retina, GlyR�3 is
localized at synapses that are distinct from GlyR�1-containing
ones (71). By analyzingGlra3�/�mice, amacrine cells of theAII
subtype have been shown to contain synaptic �3-GlyRs, which
confer medium-fast kinetics on sIPSCs (74). These receptors
regulate the receptive fields of ON-ganglion cells by enhancing
the excitatory center response (76). Furthermore, GlyR�3 has
been found at inhibitory synapses in the inner ear (81).
Together, the available data indicate that like GlyR�2,
�3-GlyRs have an important role in sensory information
processing.

�4-GlyRs—GlyR�4 is the least understood subtype of the
GlyR family; this mainly reflects the low abundance of �4
mRNA and protein in the mammalian CNS. In chicken
embryos, GlyR�4 transcripts have been detected in the spinal
cord, peripheral ganglia, and male genital ridge (82). In the
adult rodent retina, GlyR�4-immunoreactive synapses have
been found on displaced ON-cholinergic amacrine cells (71).
Upon heterologous expression, �4-GlyRs form channels with
pharmacological properties largely resembling those of �1
receptors (82). Notably, in humans, the GLRA4 gene is a pseu-
dogene. Based on the analysis of sIPSCs in narrow-field ama-
crine cells ofGlra2�/� mice, �4 receptors have been suggested
to display ultra-slow decay kinetics (74).
GlyR� Subunit—The Glrb gene encodes the rodent � sub-

unit, which is present three times in adult pentameric �1�-
GlyRs (9, 10). By in situ hybridization, high levels of GlyR�
mRNA have been detected throughout the embryonic and
postnatal CNS (78). However, this widespread transcription of
Glrb is not reflected in a corresponding abundance of the �
protein. A recently generated monoclonal antibody revealed
GlyR� immunoreactivity exclusively at GlyR-positive synapses
but not in CNS regions lacking glycinergic neurons, such as the
cortex (72). This discrepancy between GlyR� transcript and
protein levels likely reflects a retention and rapid degradation in
the endoplasmic reticulum of GlyR� in the absence of � sub-
units. Immunostainings of adultmouse retina have confirmed a
high extent (�90%) of co-localization of GlyR� with GlyR�1–3
(72). In the case of GlyR�4, however, immunoreactive synapses
that lack GlyR� staining were found in the inner plexiform
layer. Thus, aminor subpopulation of synaptic GlyRsmight not
be heteromeric.
The functional importance of GlyR� is underlined by the

spasticmutation inmice, which produces a phenotype identical

to that seen in spasmodic animals (83). Spastic animals express
reduced levels of the major adult GlyR isoform �1� due to an
intronic insertion of a LINE-1 element in theGlrb gene (84, 85).
Causative for the reduced expression is exon skipping resulting
from a polymorphism of a splice signal amplified by the LINE-1
insertion (86).

Developmental Changes in GlyR Function and Isoform
Expression

In contrast to its hyperpolarizing action on adult neurons,
glycine depolarizes motor neurons during embryonic develop-
ment and around birth (87). Due to high intracellular chloride
concentrations at these stages, GlyR channel opening leads to
chloride efflux and thereby may induce neuronal firing,
although inhibition also may occur as a result of the shunting
conductance produced by GlyR activation. A depolarizing
excitatory function of GlyRs at early developmental stages may
be important for synaptogenesis because GlyR-triggered acti-
vation of voltage-gated Ca2� channels appears to be crucial for
GlyR clustering at postsynaptic sites (88). Also, it may be essen-
tial for the regulation of glutamate release by presynaptic GlyRs
that have been detected electrophysiologically in large adult
nerve terminals, such as the calyx ofHeld (89) and hippocampal
mossy fiber terminals (90). Postnatally, the neuronal chloride
equilibrium potential shifts to negative values due to chloride
extrusion upon expression of the K�/Cl� cotransporter KCC2
(91). Thus, GlyR currents become hyperpolarizing, i.e.
inhibitory.
In the spinal cord and brainstem, the developmental change

in GlyR function described above is paralleled by changes in
subunit composition (92). Embryonic and neonatal GlyRs are
thought to be extrasynaptically localized homopentamers of�2
subunits (73), whereas adult synaptic GlyRs are heteromers
containing�1 (or other�) and� subunits (7, 20). This change in
subunit composition alters the biophysical properties of GlyR
currents, resulting in faster decay kinetics and a smaller channel
conductance (70, 93). Recombinant �2-GlyRs show slower
response kinetics and larger subconductance state distribu-
tions than �1� receptors, consistent with the in vivo properties
of neonatal versus adult GlyRs (94). Apparently, the postnatal
change in GlyR subunit composition fine-tunes inhibitory
transmission by shortening the mean channel open time and
accelerating the decay of glycinergic IPSCs.

Mutations in Human GlyR Genes Cause Hyperekplexia

Mutations affecting glycinergic neurotransmission cause the
hereditary neuromotor disorder hyperekplexia (HKPX; startle
disease). The hallmark symptoms of this genetically heteroge-
neous disorder are an exaggerated startle response to auditory
or tactile stimuli and, particularly in neonates, transientmuscle
rigidity (“stiff baby syndrome”). In 1993, positional cloning dis-
closed mutations in theGLRA1 gene localized on chromosome
5q33.1 (termed theHKPX1 locus) as a major cause of hyperek-
plexia (95). In this pioneering study, substitutions of the highly
conserved residue Arg-271 within the extracellular loop con-
necting TM2 and TM3 were found in four families with auto-
somal dominant hyperekplexia. These substitutions decrease
the agonist sensitivity and single-channel conductance of
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recombinant GlyR�1 (54, 96). Subsequently, additional domi-
nant and recessive inheritance patterns and compound
heterozygosity have been described for other patient families in
which various GLRA1 missense or null mutations have been
identified (4, 5, 97). Someof thesemutations have been found to
affect GlyR intracellular trafficking rather than agonist binding
or channel gating (69, 98). Consistent with an important role of
the � subunit in postsynaptic GlyR function, mutations in the
GLRB gene have been associated with HKPX2 (97, 99). A third
major form of hyperekplexia of presynaptic origin (HKPX3) is
due to mutations in the gene encoding the neuronal glycine
transporter GlyT2 (SLC6A5) (97).
Recent studies have implicated other GlyR genes, in particu-

lar GLRA3, in the pathology of other neurological disorders,
such as autism, human immunodeficiency virus-associated
dementia, generalized epilepsy, and amyotrophic lateral sclero-
sis (4, 5). Furthermore, autoantibodies against GlyR�1 have
been found in patients suffering from progressive encephalo-
myelitis with rigidity and myoclonus (100). Together, all of
these studies underline the importance of properGlyR function
for human health.

Conclusion and Perspectives

Since its purification in 1982, considerable progress has been
made in elucidating the structure and pharmacology of the
GlyR and in identifying physiological functions of its distinct
isoforms. Furthermore, mouse models for different GlyR sub-
unit deficiencies have become available, and the importance of
GlyR mutations for the pathogenesis of human neuromotor
disease is now well understood. However, many unanswered
questions await further investigation, including the precise
mechanism of GlyR channel gating, the individual roles of the
different GlyR isoforms in various normal and diseased brain
regions, and the development of isoform-specific ligands.
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The GABAA receptors are the major inhibitory neurotrans-
mitter receptors in mammalian brain. Each isoform consists of
five homologous or identical subunits surrounding a central
chloride ion-selective channel gated by GABA. How many iso-
forms of the receptor exist is far from clear. GABAA receptors
located in the postsynapticmembranemediate neuronal inhibi-
tion that occurs in the millisecond time range; those located in
the extrasynaptic membrane respond to ambient GABA and
confer long-term inhibition.GABAA receptors are responsive to
a wide variety of drugs, e.g. benzodiazepines, which are often
used for their sedative/hypnotic and anxiolytic effects.

Fast synaptic transmission is effected by neurotransmitters
that bind to and thereby induce channel opening in postsynap-
tic receptors. The two major inhibitory ligand-gated ion chan-
nels, the GABAA receptor and the glycine receptor, are anion-
selective. While the cation-selective nicotinic acetylcholine
receptor, which belongs to the same protein family, is already
strongly enriched in nature in the form of Torpedo marmorata
electroplax membranes, no rich source exists for anion-selec-
tive receptors and their isolation has been hampered by poor
abundance (�1 pmol/mg of brain membrane protein). From
this value, a purification factor of�4000-foldmay be calculated
for a 250-kDa protein complex. This formidable problem was
solved with the help of affinity chromatography. Within 2
months in 1982, two reports appeared, one on the purification
of a glycine receptor using a strychnine affinity column (1) and
a preliminary report on the purification of a GABA receptor
characterized by [3H]muscimol binding using a benzodiazepine
affinity column (2). A detailed account showing that both of the
binding sites, the one for the agonist GABA and that for benzo-
diazepines, reside on the same protein complex was published
shortly after in the Journal of Biological Chemistry (3). In this
article, the two documented subunits were given the names �
and �. An improved purification procedure using alternative
detergents was published 1 year later in the same journal (4).
Protein sequencing led to cloning of � and � subunits (5), and
the homology of these two subunits with those of nicotinic ace-
tylcholine receptors and glycine receptors became evident.

Erroneously, the cloning paper claimed stimulation by benzo-
diazepines of the GABAA receptor composed of � and � sub-
units, but it is clear now that this modulation requires an addi-
tional subunit (see below). In the following years, many subunit
isoforms were cloned. Isoform diversity was anticipated early
on the basis of photolabeling experiments (6). What differenti-
ates GABAA receptors from the other members of the Cys loop
family of receptors (7) is their rich pharmacology, whichmay be
due partially to the large number of cavities observed in the
intramembrane space (8). In contrast, natural toxins targeting
GABAA receptors are very rare in comparison with other chan-
nel proteins.
In the following, we attempt to give a brief overview of our

knowledge of the biochemistry of GABAA receptors, including
structure, function, and modulation. A more detailed review
encompassing all Cys loop receptors has been published
recently (9).GABAB receptors areG-protein-coupled receptors
and differ strongly in structure, function, and sequence from
GABAA receptors and will not be discussed here. GABAC
receptors are now generally assumed to be one of the many
isoforms of GABAA receptors, and the International Union of
Basic andClinical Pharmacology discourages further use of this
term (10).
The structural features of GABAA receptors are shared by

the entire superfamily of Cys loop-type ligand-gated ion chan-
nels. The unique property that keeps GABAA receptors apart
from other members of the superfamily is the activating ligand
GABA. From the amino acid sequence of a single subunit, it is
impossible to identify the type of ligand and ion selectivity of
the channel, exceptmaybewhether it contributes to a cation- or
anion-selective channel. This makes a discussion on the origins
of GABAA receptors speculative.
GABAA receptors are generally pentameric proteins com-

posed of different subunits. Individual subunits may be well
characterized concerning sequence, expression level, and local-
ization in a neuron, but in many cases, it is far from clear which
subunits collaborate together to form a pentameric receptor.
Even if this is known, the subunit arrangement of the pentamer
is not evident.
The agonist of GABAA receptors is generally being called

after Gamma-AminoButyric Acid. This is despite the fact that,
under physiological conditions, the acid form of the neu-
rotransmitter hardly exists, and a more appropriate name for
this neurotransmitter would be �-aminobutyrate.

Gene Organization

As mentioned above, the GABAA receptors are members of
the Cys loop ligand-gated ion channel superfamily (for review,
see Refs. 7 and 9), which also includes the nicotinic acetylcho-
line receptors (11), the glycine receptors (12), the ionotropic
5-HT3 receptors (13), the Zn2�-activated ion channels (14),
and three recently crystallized receptors: the Caenorhabditis
elegans glutamate-gated chloride channel (15) and the two bac-
terial receptors GLIC (Gloeobacter violaceus ligand-gated ion
channel) (16) and ELIC (Erwinia chrysanthemi ligand-gated ion
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channel) (17). All eukaryotic members of the Cys loop family
share a motif composed of two cysteine residues separated by
13 amino acid residues. Simon et al. (18) tried to find a motif
identifying GABAA receptors. A genome search made with a
consensus sequence could identify all known GABAA receptor
sequences but also many subunits of the other Cys loop recep-
tor family members.
In thisminireview, we concentrate on humanGABAA recep-

tors. The complexity of the GABAA receptors rests on the fact
that numerous subunits exist. Ignoring splice variants and
point mutations, we know that, in human, there are six � sub-
units, three � subunits, three � subunits, three � subunits
(building blocks of the formerly called GABAC receptors), and
one each of the �, �, �, and � subunits. Within a family of sub-
units, there is �70% sequence identity, and between members
of different families, 20% sequence identity or 50% sequence
similarity (19). The GABAA receptor subunit genes exhibit a
basic pattern of nine coding exons with eight introns with two
exceptions: � has 8 exons, and �3 has 10 exons. For some of the
subunits, there exist splice variants (for details, see Ref. 19 and
references cited therein), but the function/physiological role of
these variants is not yet fully determined. Fig. 1 shows a phylo-
genetic tree of the human GABAA receptor subunits and their
chromosomal localization. Themajority of genes coding for the
GABAA receptor subunits are organized into four clusters on

chromosomes 4, 5, 15, and X in the human genome (20). This
gene clustering is assumed to contribute to coordinated gene
expression. Two clusters each group four genes, �2, �4, �1, and
�1 on chromosome 4 and �1, �6, �2, and �2 on chromosome 5;
and two clusters have three genes, �5, �3, and �3 on chromo-
some 15 and �3, �, and � on chromosome X. Common to all
clusters is that the � subunit exhibits an opposite transcrip-
tional orientation. By phylogenetic tree analysis, it becomes
apparent that the � subunit is “�-like” and the � subunit is
“�-like” (21). Based on these facts, it has been assumed that all
four clusters have evolved from an ancestral cluster containing
an “�-like”, a �-like, and a �-like subunit. Two rounds of tetra-
ploidization (whole genome duplication) during the early chor-
date evolution and a tandem duplication of an � subunit after
the first tetraploidization event can account for the current
structural organization within the genome. This is supported
by the fact that �1 and �2, as well as �6 and �4, which are in the
same position within the cluster on chromosomes 5 and 4,
respectively, have a higher sequence similarity to each other
than to any other pair of � subunits (reviewed in Ref. 20).

Structure of GABAA Receptors

TheGABAA receptors aremultisubunit proteins (for review,
see Refs. 22–24). Before we discuss their structure, we will
examine the properties of a single subunit. Mature subunits are
�450 amino acid residues in length and share a common top-
ological organization, as illustrated in Fig. 2A. About half of the
subunit consists of a hydrophilic extracellular N-terminal
domain containing the Cys loop, followed by four transmem-
brane sequences (M1–M4). M2 lines the ion channel. Between
M3 and M4 there is a large intracellular loop involved in mod-
ulation by phosphorylation (see below). A number of proteins
have been described that interact with the intracellular loop

FIGURE 1. Phylogenetic tree analysis of the 19 known genes coding for
human GABAA receptor subunits. The immature amino acid sequences
were obtained from the UniProt database (94). The alignment was done with
ClustalX (95), and Dendroscope (64) was used for depiction of the
dendrogram.

FIGURE 2. Schematic representation of the major isoform of GABAA
receptors, �1�2�2. The GABAA receptors are integral membrane proteins.
Five subunits are grouped around the central ion pore. A, topology of a single
subunit. All subunits share this topology. B, top view of the pentamer. The
sidedness of the subunits is symbolized � and �.
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between M3 and M4 of specific GABAA receptor subunits (25,
26). These proteins have been shown to play important roles in
receptor trafficking and anchoring of receptors in the cytoskel-
eton and in the postsynaptic membrane. The N and C termini
of the subunits are both located extracellularly.
In theory, a huge number ofGABAA receptorsmay be assem-

bled even in a single cell, as in some cases, more than eight
subunit isoforms have been found to be expressed in a single
cell. Furthermore, alternative splicing and RNA editing (27)
contribute to receptor diversity. The major adult isoform is
generally accepted to be composed of �1, �2, and �2 subunits.
There is considerable uncertainty as to the number of different
GABAA receptor isoforms existing in nature (28). For a discus-
sion of the isoforms that may be really expressed in nature, the
reader may consult Ref. 10.
Asmentioned above, five subunits selected from 19 isoforms

form a complex and surround a central ion channel, with all five
M2 segments contributing to the channel (Fig. 2B). Even if the
same subunits contribute to channel formation, they may be
differently arranged. Whereas the �, �, and � subunits seem to
combine into defined subunit arrangements (29–31), the � and
� subunits seem to have promiscuous assembly properties (32–
34). The functional properties of the receptors depend on both
subunit composition (35) and arrangement (36). Fig. 3 illus-
trates the 30 possibilities to build a pentameric receptor from
three different subunits. Approaches characterizing assembly

and studies using concatenated subunits have concluded that,
in the major subunit isoform, the �1, �2, and �2 subunits are
arranged �2�2�1�2�1 counterclockwise around the central
pore as viewed from the cell exterior (29–31).
Unfortunately, a high resolution structure of the GABAA

receptor is missing. Two-dimensional crystals of the nicotinic
acetylcholine receptor with 4 Å resolution in the membrane
part (37) have given us a good idea of the general architecture of
Cys loop receptors. Some bacterial Cys loop receptors have
been crystallized, but the degree of homology with GABAA
receptors is low (15–17). Also, an acetylcholine-binding pro-
tein homologous to the N-terminal extracellular portion of the
nicotinic acetylcholine receptor has been crystallized (38). The
GABAA receptor shares structural and, to a small extent,
sequence homology with all of these crystallized proteins. The
crystal structure of the acetylcholine-binding protein has trig-
gered an early homology modeling attempt (39). Additionally,
the modulatory compound diazepam (see below) has been
docked into this model. It should be noted, however, that the
sequence identity of these two proteins amounts to only �18%
and that the binding pocket is, to a large extent,made up of loop
structures, which are difficult to model. The caveats in inter-
pretation of homology models based on such a low degree of
homology have been discussed in detail (40). The recent crys-
tallization of a hybrid of the extracellular domain of the �7 sub-
unit of the nicotinic acetylcholine receptor with acetylcholine-
binding protein (41) may improve the situation.

Cellular Localization

The subunits of rat GABAA receptors have been localized in
the central nervous system at the protein level using subunit-
specific antibodies (42). Some subunits have a broad expression
throughout the central nervous system. Other subunits show a
restricted expression. An extreme example is the �6 subunit,
which is expressed in only a single cell type, the cerebellar gran-
ule cells (42). Another example of a restricted distribution is the
� subunit, which is expressedmainly, but not exclusively, in the
retina (42). Outside the central nervous system, GABAA recep-
tors have been found in the liver (43), in smooth airwaymuscles
of the lung (44), and in several types of immune cells (45, 46).

Subcellular Localization

For a long time, GABAA receptors have been assumed to
localize to postsynaptic sites in the brain. Synaptic transmission
leads here to the release of GABA, which, in turn, can open
GABAA receptor chloride channels, thereby creating a short
(millisecond) increase in the anion conductance, leading to
hyperpolarization of a depolarized membrane. These short
events have been termed phasic inhibition. It is now clear that
GABAA receptors can also localize to extrasynaptic sites and
confer here the so-called tonic inhibition. Low ambient GABA
concentrations open these receptors for a longer time period
(for review, see Ref. 47). Some subunits only assume an extra-
synaptic location, as it has been postulated for the � subunit (for
review, see Ref. 47). In many cells, the long-term charge trans-
location through extrasynaptic receptors exceeds that through
synaptic receptors.Modulation of this tonic inhibition has been
implicated in disease states (48).

FIGURE 3. Possible arrangements in a pentamer of subunits taken from
three different types, � (yellow), � (red), and � (green). There are three
homomeric receptors, 18 receptors composed of two subunits, and 30 recep-
tors composed of three different subunits. The receptor on the blue square
represents the current consensus of the subunit arrangement in �1�2�2
GABAA receptors as seen from the cell exterior.
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Ion Conductance

The GABAA receptors are generally GABA-gated anion
channels selective for Cl� ions, with some permeability for
bicarbonate anions (49). Exceptionally, in C. elegans, a cation-
selective GABA-gated channel has been discovered (50). Excit-
atory neurotransmitters increase the cation conductance to
depolarize the membrane, whereas inhibitory neurotransmit-
ters increase the anion conductance to tendentially hyperpolar-
ize the membrane. However, if the gradient for Cl� ions
decreases due to down-regulation of KCC2 chloride ion trans-
porters, opening of GABAA receptors may cause an outward
flux of these anions, leading to depolarization of themembrane
and thereby to excitation. This phenomenon has been impli-
cated in neuropathic pain (51). During early development (52)
and in neuronal subcompartments (53), GABA similarly con-
fers excitation.

Mechanism

For a discussion of functional details, we concentrate on the
major subunit isoforms ���, which are best characterized. In a
first stage, the agonist GABA binds to its two binding sites
located at the�/� subunit interfaces, which have been shown to
display slightly different apparent affinities for channel opening
(54). Agonist site occupancy is then followed by a conforma-
tional change that locks the agonist in the binding pocket (55).
The protein alters conformation and enters one or several
closed states that have been termed “flipped states” (56). Fur-
ther conformational changes lead to an opening of the ion pore.
The open channel can thenmake short visits to a ligand-bound
closed state (57).
How binding site occupancy leads to channel opening is a

matter of debate. A stretch of amino acid residues termed the
F-loop projects from the agonist site toward the ion channel. In
the � subunit, this loop has been implicated in this process, and
analogously, in the � subunit, the F-loop has been implicated in
channel modulation by benzodiazepines (see below). Recent
experiments rather argue against this model (for review, see
Ref. 58). A second region that has been implicated in channel
gating is the short loop between M2 and M3. A lysine residue
located in this region has been suggested to undergo formation
of a salt bridge during the process of gating (59) on the basis of
S-S bridge formation after mutation of the two corresponding
residues. A third region seems to be located within the �4-�5
linker of the � subunit (60). Insertion of glycine residues leads
to a strongly reduced apparent potency for channel gating by
GABA. Conformational changes during gating have also been
probed by site-specific introduction of fluorescent reporters
pioneered in the conceptuallymore simple homomeric � recep-
tor (61) or by ligand-induced alteration of chemical reaction
rates between cysteine-reactive reagents and cysteine-mutated
receptors (55). Most probably, large portions of the receptor
protein undergo conformational changes during channel
gating.
The channel has been investigated using the water accessi-

bility method, in which individual amino acid residues are
mutated to cysteine, and the mutant receptors are exposed to a
water-soluble cysteine-reactive compound. Altered channel

activity was then taken as evidence for exposure of the corre-
sponding residue to the channel lumen (62).

Modulation of GABAA Receptors

Asmany other proteins, GABAA receptors are modulated by
post-translational modification, e.g. several different protein
kinases have been shown to phosphorylate specific amino acid
resides on specific receptor subunits and thereby modulate
channel activity. This modification has also been shown to
affect surface stability or trafficking (63). Besides covalentmod-
ification, a number of receptor-associated proteins have been
described (reviewed in Ref. 25).
Apart from these two mechanisms, GABAA receptors are

modulated by two endogenous molecules (65, 66) and a wide
range exogenous smallmolecules (67). It has been hypothesized
thatGABAA receptors aremodulated by such a large number of
compounds because the latter can occupy numerous cavities
located within the part of the receptor embedded in the mem-
brane (8). Selected examples of modulators are benzodiaz-
epines and other drugs acting at the same site, barbiturates,
etomidate, the competitive antagonist bicuculline, and the
channel blocker picrotoxin. Subunit composition and arrange-
ment determine drug selectivity. It is beyond the scope of this
minireview to discuss all modulators.
The first class of endogenous modulators to be recognized

were the neurosteroids (65). These substances allosterically
modulate channel opening and also work as channel agonists at
high concentrations. Both functions have been molecularly
localized in the transmembrane regions of � and � subunits
(68). Interestingly, some � subunit-containing isoforms of the
GABAA receptor depend on the presence of neurosteroids to be
gated by GABA (34, 69). For some time, it was assumed that
specifically � subunit-containing GABAA receptors were sus-
ceptible tomodulation by neurosteroids, but it is clear now that
� subunit-containing receptors are similarly affected (70).
Varying steroid levels during the female cycle have been
hypothesized to reduce the state of anxiety and seizure suscep-
tibility via the neurosteroid-binding site (48). Recently, it was
recognized that the endocannabinoid 2-arachidonoylglycerol
specifically positively modulates �2 subunit-containing
GABAA receptors (66) through a binding site located inM4. So
far, little is known about the physiological role of this modula-
tion. Despite an intensive search, no endogenous modulator
that acts via the benzodiazepine-binding site has been identi-
fied so far.
As a first example of exogenous modulators, we will have a

closer look at a group of popular drugs, the benzodiazepines.
Benzodiazepines bind to a high affinity binding site located at
the �/� subunit interface in a homologous position to the ago-
nist site (for review, see Refs. 71 and 72). Classical benzodiaz-
epines like valium are positive allosteric modulators of the
response to GABA. Benzodiazepines do not open the channel
by themselves (Fig. 4A). High affinity binding of these sub-
stances to their recognition site leads to a conformational
change in the receptor such as to increase the apparent affinity
for channel gating by GABA at both agonist sites. As a result,
maximal currents elicited by GABA remain unaffected, and the
GABA concentration channel opening curve is shifted to lower
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GABA concentrations (Fig. 4B). At the single channel level,
benzodiazepines increase mean open times (73). Classical ben-
zodiazepines have also been termed “benzodiazepine agonists”
despite the fact that they induce channel opening with only
exceedingly low efficacy. Compounds exist that compete at the
binding site for benzodiazepines but do not affect the GABA
concentration dependence, the benzodiazepine antagonists.
Furthermore, there are such compounds that compete and shift
the GABA concentration dependence to the right, the negative
allosteric modulators, which have also been termed “benzodi-
azepine inverse agonists.”
The relative positioning of benzodiazepines in their binding

site has been approached using the proximity-accelerated
chemical reaction (74). GABAA receptor residues thought to
reside in the site were individually mutated to cysteine, and the
mutant receptors were exposed to a modified benzodiazepine
molecule carrying a cysteine-reactive substituent at a defined
atom.Direct apposition of the reactive group and cysteine leads
to a covalent reaction. From this work, we know that the C1
atomof diazepam is located close to�1His-101 (75) and that the

3�-atom is located close to �1Ser-205 and �1Thr-206 (76). Very
recently, diazepam has been docked into amultitude of confor-
mational variants of a large number of homology models of the
GABAA receptor, and the docking poses were rated according
to all available experimental observations (77). Future workwill
show if homologymodeling approaches are adequate to predict
relative positioning of benzodiazepines in their binding pocket.
In addition to the classical benzodiazepine-binding site at the
�/� subunit interface, an unusual site has recently been
described at the �/� subunit interface (78, 79). The implica-
tions of this additional site still remain to be elucidated.
The second example of an exogenous modulator discussed

here is ethanol. There is general agreement that high lethal
concentrations (�50 mM) of ethanol modulate the function of
many membrane proteins, among them the GABAA receptor.
However, it is intensely disputed whether ethanol concentra-
tions influencing human behavior (�20 mM) affect GABAA
receptors. Although one group reported positive allosteric
modulation on �6�3� receptors (80), several groups were
unable to reproduce the findings (34, 81).

Role of Individual Receptors

Although it is relatively simple to address questions at the
level of individual receptor subunit isoforms, we can only spec-
ulate how many GABAA receptors are expressed in our brain
and what their subunit composition is, not to mention subunit
arrangement. Experiments have therefore been limited to the
role of defined receptor subunit isoforms. Knock-out mice in
which a functional gene for a certain GABAA receptor subunit
is lacking have been prepared. Elimination of a particular sub-
unit isoform would be expected to suppress synthesis of all
those GABAA receptor isoforms containing the subunit in
question and cause alteration in the behavior of the mutant
mice. This is expected to give information on the function of the
corresponding subunit isoform. Such studies have the inherent
drawback that hundreds of genes show adaptive changes as a
consequence of the lack of a subunit. A more elegant approach
to this question is knock-in mice carrying the point mutation
�1H101R (and homologous mutations in �2, �3, and �5), ren-
dering the site for benzodiazepines at the �/� subunit interface
insensitive to these drugs. In behavioral experiments, it was
testedwhich benzodiazepine effectsweremissing in themutant
animals. Such experiments associated the�1 subunit with seda-
tion (82, 83), the �2/3 subunits with anxiety (84, 85), and the �5
subunit with temporal and spatial memory (86, 87). In attempts
for simplification, it was stated that “�1 receptors” or “�1 sub-
unit-containing receptors” confer sedation, “�2/3 receptors” or
“�2/3 subunit-containing receptors” confer anxiolysis, and inhi-
bition of “�5 receptors” or inhibition of “�5 subunit-containing
receptors” confers cognitive enhancement. Both types of sim-
plification are problematic. As many receptors contain two dif-
ferent � subunits, such statements should be avoided. For
example, for �6-containing GABAA receptors in the cerebel-
lum, �1�6�x�2 and �1�6�x� receptors dominate over �6�x�2
and �1�x� receptors, respectively (88). As only the � subunit
neighboring the � subunit contributes to the benzodiazepine
action (36), a receptor withmixed� subunitsmay contain an�1

FIGURE 4. A, current trace of an electrophysiological recording showing an
application of GABA to a cell expressing GABAA receptors. Positive allosteric
modulators of the benzodiazepine type (in this case, 1 	M diazepam) do not
induce any current by themselves but increase the current amplitude upon
co-application with low concentrations of the agonist GABA. B, GABA concen-
tration response curves in the absence (EC50 � 20 	M, n � 1.5) and presence
(EC50 � 10 	M, n � 1.5) of diazepam. The maximal current amplitude (100%)
is not affected by diazepam. The dashed line shows GABA concentration
dependence of the calculated relative current stimulation. Please note that
there is no stimulation at high concentrations of GABA.
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subunit exclusively at the �/� interface, which would not affect
the response to classical benzodiazepines.
As a further complication, several experimental drugs exist

that contradict the above assignment. For example, the exper-
imental compound ocinaplon (DOV-273547), which stimu-
lates �x (x � 1, 2, 3, or 5) receptors without subunit preference,
is a non-sedative anxiolytic (89). Another example is pyrazol-
opyrimidine (DOV-51892), which is specific for �1-containing
receptors. Therefore, DOV-51892 is predicted to have sedative
properties, but behavioral studies demonstrate that DOV-
51892 is a non-sedative anxiolytic (90). At the moment, we
should be careful tomake any simplified statements. Behavior is
a complex phenomenon, and most probably, there are several
types of GABAA receptors involved even in simple behavioral
traits.
A more precise approach to the role of defined GABAA

receptor subunits in defined cells involves a two-step procedure
(91, 92). In the first step, knock-inmice were prepared in which
all � subunits were rendered insensitive to zolpidem, a drug
acting at the benzodiazepine-binding site. In the second step,
these subunits were replaced in a defined cell type with zolpi-
dem-responsive wild-type �2 subunits. Zopidem administra-
tion instantaneously activated exclusively receptors containing
the responsive �2 subunits. Zolpidem-induced alterations in
behavior could then be attributed to these receptors.

Conclusions

Many scientists and companies are put off by the complexity
of the field of GABAA receptors, but it is exactly this complexity
that offers numerous possibilities of fine-tuned pharmacologi-
cal interventions. Further work is needed in diverse areas.Most
importantly, protein crystallization of the closed, open, and
desensitized conformations of GABAA receptors is needed.
Crystallization of different benzodiazepine-sensitive isoforms
of the receptor in the absence and presence of benzodiazepines
will contribute to our understanding of the action of these
drugs and help in the design of receptor isoform-specific drugs.
Information on the structure of the different receptor isoforms,
their subunit composition and subunit arrangement, and spe-
cifically how the cell controls which subunits are assembled in
what sequence is one focus of interest. Specifically, approaches
to determine the subunit composition and arrangement in situ
at synapses and at extrasynaptic sites are needed, even if this
seems difficult with the presently available techniques. Modu-
lation of these receptor isoforms by endogenous and exogenous
ligands and how conformational changes induced by ligand
binding induce channel opening have to be better understood.
A further focus of interest concerns positioning of the receptors
to their synaptic and extrasynaptic place of action, as well as
synapse-specific clustering. It may be anticipated that genetic
alterations of subunits of the GABAA receptor affect any of the
abovementioned processes and thereby contribute to inherited
human diseases. A start has been made with the analysis of
point mutations that cause epilepsy (93).
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Glutamate-gated chloride channels (GluCls) are foundonly in
protostome invertebrate phyla but are closely related to mam-
malian glycine receptors. They have a number of roles in these
animals, controlling locomotion and feeding andmediating sen-
sory inputs into behavior. In nematodes and arthropods, they
are targeted by the macrocyclic lactone family of anthelmintics
and pesticides, making the GluCls of considerable medical and
economic importance. Recently, the three-dimensional struc-
ture of a GluCl was solved, the first for any eukaryotic ligand-
gated anion channel, revealing a macrocyclic lactone-binding
site between the channel domains of adjacent subunits. This
minireview will highlight some unique features of the GluCls
and illustrate their contribution to our knowledge of the entire
Cys loop ligand-gated ion channel superfamily.

Despite their relative anatomical simplicity, some aspects of
the neurochemistry of invertebrate nervous systems are more
complex than those of vertebrate nervous systems. One exam-
ple is the expanded range of transmitters that act via members
of the Cys loop ligand-gated chloride channel (CysLGCC)2
family. In addition to the main topic of this minireview (gluta-
mate), invertebrate CysLGCC can be gated by compounds such
as histamine (1–3), serotonin (4), dopamine (5), and tyramine
(6), and unlike vertebrates, acetylcholine and GABA act at both
anion- and cation-gated channels (7, 8). In addition, an insect
chloride channel (pHCl) inhibited by protons is a member of
the CysLGCC family (9). This increased variety of ligands may
be exploitable in our continuing attempts to better understand
the structure-function relationships that are conserved
throughout the CysLGCC family. It has also allowed them to be
exploited as targets for the control of agricultural pests as well
as medical and veterinary pathogens.
Inhibitory glutamate-gated chloride channels (GluCls) were

first described as extrajunctional receptors (the “H-receptors”)
on locust muscle (10, 11) and then as postsynaptic receptors
within the crustacean stomatogastric ganglion (12–14). Further
studies showed that similar receptors and channels are
expressed on neurons and muscle across protostome phyla,
including mollusks, flatworms, roundworms (nematodes),
ticks, and mites, as well as insects and crustaceans, and this has
been confirmed by recent genomic and transcriptomic studies.

For example, the transcriptome of the cestode Taenia pisifor-
mis contains sequences similar to nematode GluCls even
though the presence of GluCls has not been reported in tape-
worms (15). The properties of many of these receptors were
excellently summarized by Cleland (16). However, GluCls have
not been found in other invertebrate taxa such as cnidarians
and echinoderms.

Exploitation of GluCls

Some invertebrate species are pathogenic to mammals,
including humans, and others act as disease vectors or are con-
sidered to be agricultural or domestic pests. Amajor stimulus to
studies of invertebrate nervous systems is our desire to kill these
pathogens and pests, and ion channels are the targets of many
effective parasiticides and pesticides. The macrocyclic lactone
(ML) group of anthelmintics, insecticides, and acaricides acts at
GluCls, either activating the channels directly or potentiating
their responses to glutamate (17, 18). Worldwide sales of these
products for animal health, agriculture, and fish farming are
worth billions of dollars annually, and hundreds of millions of
doses of ivermectin are given to people every year as part of the
control and elimination programs for onchocerciasis and lym-
phatic filariasis (19, 20). Insect GluCls are also partly responsi-
ble for the insecticidal activity of fipronil, as this compound
blocks these channels in addition to its action at GABA recep-
tors (21, 22). Histamine-gated chloride channels (HisCls) are
also affected by the application of MLs and may contribute to
their insecticidal activity (2, 23, 24).
The finding that the avermectins, one of themajor families of

ML anthelmintics, insecticides, and acaricides (25), modulate
the activity of GluCls from the nematode Caenorhabditis
elegans (26) led to the isolation of two cDNAs encoding channel
subunits from this organism (17). The sequences of the two
subunits, then called GluCl� and GluCl�, but now referred to
as GLC-1 and GLC-2, clearly showed that they belonged to the
CysLGCC family, confirming earlier pharmacological and
physiological evidence such as their sensitivity to the chloride
channel blocker picrotoxin (16). Further genetic andmolecular
studies have since expanded theC. elegansGluCl gene family to
six members: avr-14 (altered avermectin sensitivity), avr-15,
glc-1 (glutamate-gated chloride channel), glc-2, glc-3, and glc-4
(17, 27–31). These studies have been extended to other nema-
tode species, especially the animal and human parasites, and
have revealed that the size and composition of the GluCl family
vary between species, withavr-14 and glc-2 orthologs present in
all genomes studied to date (32–34). A single GluCl gene,
GluCl�, is present in most insects, although its transcripts are
extensively modified by mRNA splicing and editing (35–37),
along with two genes encoding HisCl subunits and a single
pHCl gene (36–38). InDrosophilamelanogaster, GluCl�medi-
ates sensitivity to ivermectin and nodulisporic acid (18, 39),
suggesting that the avermectin drug target is the same through-
out the Ecdysozoa. The aphid Acyrthosiphon pisum has two
pHCl genes and only a single HisCl gene (40). Two distinct
GluCl currents have been detected in cockroach thoracic gan-
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glion pyriform neurons, one desensitizing and the other not.
Pharmacologically, they are distinguished by the effects of the
chloride channel blockers fipronil and picrotoxinin (21, 41), but
the genetic basis of the two channels is unknown. Two GluCl
genes have been described in the mollusk Aplysia californica
(42), six in themiteTetranychus urticae (43), and one in the sea
louse Lepeophtheirus salmonis (44).
The effects of theMLs onGluCls have been extensively stud-

ied, often following expression of cloned channel cDNAs in the
Xenopus oocyte. The MLs may directly open the ion channels,
or they may potentiate the effects of submaximal concentra-
tions of the normal agonist (17). Direct activation of the chan-
nels is much slower than that seen with classical transmitters,
but once open, the channels remain in this state for a very long
time, essentially irreversibly in the time frame of electrophysi-
ological recordings. The influx of chloride ions normally results
in a hyperpolarization of the neuron or muscle, and the long-
term change in themembrane potential of the cell means that it
is essentially silenced.
Because vertebrates do not possess GluCls, there have been

attempts to develop them as tools for the specific silencing of
defined neurons by adding low concentrations of ivermectin
(45). Expression of theC. elegansGLC-1 andGLC-2 subunits in
mammalian neurons using recombinant virus vectors results in
the formation of functional GluCls in mammalian neurons,
which can then be selectively silenced by injecting ivermectin.
The subunits have been modified to encode GFP as a marker
and to eliminate activation by glutamate (46). Such methods
have beenused in the identification of an aggression locus in the
mammalian hypothalamus by injecting two adeno-associated
virus vectors encoding the modified GLC-1 and GLC-2 into
murine neurons of the ventrolateral subdivision of the ventro-
medial hypothalamus (47). A single intraperitoneal injection of
10 mg/kg is sufficient to electrically silence the infected neu-
rons (48) and reduce the level of intermale aggression.

Evolutionary Relationships

The GluCls, along with the HisCls, pHCl, and the vertebrate
glycine receptors, belong to the subfamily of CysLGCC that
possess two Cys loops in the N-terminal extracellular domain
(42, 49) and are thus distinct from the GABA-gated channels
present throughout the vertebrates and invertebrates. The
close evolutionary relationship between GluCls and glycine
receptors may be mirrored in the apparent ability of glutamate

to potentiate glycine receptor currents (50). One obvious pos-
sibility was that the GluCls are the invertebrate orthologs of the
glycine receptors, but a more detailed phylogenetic analysis
(42), together with the discovery of genuine glycine transmis-
sion and receptors in cnidarians (51, 52), has revealed the situ-
ation to be more complex. The GluCls seem to have evolved
twice, as the lophotrocozoan clade is completely distinct from
and independent of the GluCls from Ecdysozoa, so either con-
vergent evolution has resulted in the appearance of a gluta-
mate-binding site in the two families or there is a very deep-
rooted ancestralGluCl sequence thatmayhave been lost during
the evolution of the cnidarians and deuterostomes (42). An
alignment of the amino acid sequences of the loops that make
up the ligand-binding site in the nematode, insect, andmollusk
GluCls (Fig. 1) shows that although many of the residues are
conserved, there are significant differences in loops C and F
between the Aplysia sequences and those from nematodes and
insects, and indeed, it was difficult to get a good alignment of
loop F.
The recent rapid expansion of genome sequence information

allows the comparison of the GluCl gene families between
organisms, especially in insects and nematodes. The insect gene
family is relatively simple, but that found in nematodes tends to
be larger and more diverse, although there is quite a lot of var-
iation between species, with a greater complexity in C. elegans
and other species in clade V than in the species in clades I and
III (26).

Functions

GluCls have a wide range of functions in invertebrate nerv-
ous systems, but these can be broadly divided into three inter-
linked categories: the control and modulation of locomotion,
the regulation of feeding, and the mediation of sensory inputs.
Treatment of nematodes with ivermectin also has effects on
reproduction and fecundity, implying a role for GluCls or
closely related channels in these processes, although this has yet
to be directly demonstrated. Probably the best studied GluCl
functions are those in nematodes, where the channels are
widely expressed in sensory neurons, interneurons, and motor
neurons,modulating a considerable number of different behav-
iors. For example, avr-14 is expressed in a large number of
C. elegansmotor neurons and interneurons (31, 54), andmuta-
tions in this and the other GluCl genes (avr-15, glc-1, and glc-3)
affect the foraging behavior of the worm (30, 54). Mutations in

FIGURE 1. Transmitter-binding site residues of invertebrate 2-Cys loop ligand-gated anion channels. The binding loops are shown, as described (87), for
examples of nematode and insect GluCls, insect HisCls and pHCl, and mollusk GluCls. Cel, C. elegans; Hco, H. contortus; Dmel, D. melanogaster; Aca, A. californica.
Amino acid resides that make contacts with bound glutamate in the GluCl structure (87) are highlighted in red; where these are substituted in other channels,
they are colored purple. The alignment was made using Clustal�.
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or RNAi of avr-15, avr-15, or glc-1 increases the frequency with
which the worms change direction, whereas knockdown of
glc-3 expression produces the opposite effect. The expression of
GFPunder the control of the avr-14 promoter suggests that this
gene is also expressed on a number of sensory neurons (53).
AVR-15 is also widely expressed in the nervous system but, in
addition, is found in muscle cells of the pharynx (29, 55) along
withGLC-2 (56).Mutations in avr-15 affect gustatory plasticity
(57) and, along with avr-14, mediate mechanosensory inhibi-
tion of pharyngeal pumping (58). GLC-3 is expressed in theAIY
interneuron, where it receives inputs from the AWC and AFD
neurons, regulating the worm’s responses to odors (59) and
temperature (60), respectively. BecauseAIY inhibits turns, acti-
vation of inhibitory GLC-3 on this cell will promote turning
behavior and thus the search for a new food source (Fig. 2A).
GLC-3 is activated by glutamate released from the AWC olfac-
tory neuron, and this glutamate release is in turn inhibited by
the presence of volatile chemoattractants such as benzalde-
hyde, so the presence of the chemical will reduce the frequency
of turns and thus promote chemotaxis. Promotion of turns due
to the release of glutamate by the thermosensing AFD neuron
and subsequent activation of GLC-3 would also reduce move-
ment toward heat.

The role of the GluCls in controlling nematode pharyngeal
pumping, which is required both for feeding and for maintain-
ing the hydrostatic pressure of the worms, is relatively well
understood. The glutamatergic motor neuron M3 facilitates
rapid relaxation of the pharyngeal muscle (61, 62) via a chlo-
ride-dependent hyperpolarization (55), and this response is
mediated by an AVR-15-containing GluCl (29, 55) expressed
on the pharyngeal muscle cells. GLC-2, and possibly an addi-
tional subunit, may also be involved (56).
At present, we do not have enough information to know

whether or not the multiple GluCl functions described in
C. elegans are also present in other nematode species, although
the inhibition of both locomotion and pharyngeal pumping
seen in these worms after treatment with ML anthelmintics
suggests that these two roles are widely conserved (63, 64).
GLC-3 is present in at least some parasitic nematode species
(32), suggesting that its role inmediating sensory processesmay
be conserved, and AVR-14 is also expressed in Haemonchus
contortus (a gastrointestinal parasite of small ruminants) sen-
sory neurons (65). Recently, an additional role for AVR-14 was
described in the human parasitic nematode Brugia malayi; the
subunit is expressed around the excretory-secretory pore of the
larval microfilariae and may play a role in regulating the secre-
tion of proteins from this structure (66). The presence ofGluCls
on the pharynx of parasitic nematodes is also well established,
especially forAscaris suum (67–70), and there is some evidence
for the expression of GluCl subunits on pharyngeal neurons
(65, 71).
Some of the earliest descriptions of GluCls were from insect

muscle cells (10, 11, 16); these are extrasynaptic and are found
on both glutamatergic and cholinergic muscles. GluCls are also
expressed in insect neurons, including the dorsal unpaired
median neurons of the locust and cockroach (72–74), along
with the GABA receptor Rdl. Because these neurons innervate
flight and leg muscles, GluCls are likely to influence flight and
walking control in these insects. InD. melanogaster, GluCls are
expressed are high levels in the central nervous system, includ-
ing the larval lateral neurons, where they mediate rhythmic
light avoidance behaviors (75), and on large ventrolateral neu-
rons (LNvS) in the adult brain that control rest and arousal,
where they receive inputs from the dorsal clock neurons (DNiS)
(76). The proposed pathway by which GluCls inhibit fly light
avoidance behavior is shown in Fig. 2B. Interestingly, ivermec-
tin reduced the feeding of human head lice that hatched from
treated eggs; this effect was independent of its lethal effects on
the lice and may imply a role for GluCls in regulating feeding
(77).
Histamine is the major transmitter released by arthropod

photoreceptors, and HisCls containing the HCLA subunit are
expressed on large laminarmonopolar neurons in the insect eye
(78, 79), mediating the hyperpolarization of these cells. In the
eye, HCLB expression is confined to laminal glial cells (79).
HisCls therefore play an important role in insect vision. Muta-
tions in genes involved in histaminergic signaling, including
those encoding HisCls, also affect temperature preference in
the fly (80). Mutations in hclB affect not onlyDrosophila vision
(24) but also responses to high temperature and anesthesia,
suggesting a central role in the nervous system (81). In crayfish,

FIGURE 2. Role of GluCls in mediating sensory inputs in worms and flies. A,
in C. elegans, GLC-3 is expressed on the AIY interneuron, outputs from which
suppress the frequency of turns during locomotion (94). Glutamate released
from either of the AWC and AFD sensory neurons will activate GLC-3-contain-
ing GluCls, inhibiting AIY and thus increasing the frequency of turns. AWC is
an “odor-off” neuron inhibited by the presence of a volatile odor (59), so it will
normally release glutamate and promote turning behavior. In the presence of
the odor, glutamate release is prevented, and GluCl on AIY will not be acti-
vated, so turns will be inhibited, and the worm will tend to move toward the
source of the odor. AFD is activated by temperature to release glutamate. In
this case, an increase in temperature will cause inhibition of AIY via GluCls,
and hence, the worm will tend to turn away. B, in Drosophila, GluCl� is
expressed on the LNvS neurons (75), which mediate light avoidance behavior.
This is driven by the light-induced release of acetylcholine (ACh) from the
visual system. Early in the day, the dorsal clock neurons (DNiS) do not release
glutamate, and acetylcholine drives light avoidance behavior. At dusk,
increased clock gene activity results in the release of glutamate from DNiS,
which activates GluCls on LNvS and inhibits light avoidance.
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histamine induces a chloride current in the X-organ, the main
neurosecretory structure (82), and could modulate multiple
physiological functions via the regulation of hormonal
secretion.

Structure

Even though the first molecular cloning of C. elegans GluCl
cDNAs resulted in the expression of a multimeric receptor,
GLC-1�GLC-2 (17), themajority of theGluCls that have been
successfully expressed in vitro to date have been monomeric
(18, 28–31, 83–85). Whether this reflects the subunit compo-
sition of native GluCls in those species that possess multiple
subunit genes is unknown, although overlapping expression
patterns and the phenotype of individual gene mutations have
led to suggestions that AVR-15 and GLC-2, plus at least one
other subunit, co-assemble in the C. elegans pharynx (55) and
that GLC-5 and GLC-2 might form a receptor on the commis-
sures of inhibitory motor neurons in the parasite H. contortus
(65), but there is no formal proof for either of these possibilities.
A report that Drosophila GluCl and Rdl might co-assemble to
form a functional receptor, based on co-immunoprecipitation
studies (86), has not been confirmed andmay reflect the expres-
sion of bothGluCl and theGABAreceptor on the sameneurons
(73). Given the uncertainty about the subunit composition of
native GluCl, it is no surprise that we have almost no idea of the
subunit stoichiometry of heteromeric receptors, whether these
are native or reconstituted.

The fact that it is easy to express monomeric GluCl in vitro
has led to a major breakthrough, the first three-dimensional
structure of a eukaryotic ligand-gated ion channel, C. elegans
GLC-1 complexed with ivermectin (87). This has revealed the
detailed structure of both the glutamate- and ivermectin-bind-
ing sites. The former is in the extracellular domain of the recep-
tor in a similar position to that of the nicotinic acetylcholine-
binding sites and other members of the CysLGCC family (88),
lying between adjacent subunits. The six loops that form the
agonist-binding site are structurally homologous to those
found in the acetylcholine-binding protein and prokaryotic
channels. The residues that play a role in glutamate binding are
highlighted in red in Fig. 1, which shows that they are conserved
in other nematode and insect GluCls, but not always inHisCl or
pHCl, in which, not surprisingly, the basic residues that confer
a strongly positive electrostatic potential (Arg-37, Arg-56, and
Lys-171) are not present (Fig. 1). Interestingly, these residues
are also poorly conserved in the Aplysia GluCl sequences.
Glutamate binds to the homomeric GLC-1 receptor only

after ivermectin has already bound, in contrast to almost all
other GluCls, where the ligand can bind and activate the chan-
nel in the absence of the drug. The ivermectin-binding site is in
the channel domain, lying betweenM3 andM1 of two adjacent
subunits, with the drug making contacts with M2, which lines
the ion channel, and the M2-M3 loop (Fig. 3). The structure
confirmed the predictions of site-directed mutagenesis experi-

FIGURE 3. Mechanism by which ivermectin promotes opening of GluCl channels. Ivermectin binds between the M1 and M3 membrane-spanning domains
of adjacent subunits and tends to push the membrane-spanning regions of the subunits apart, thus opening the channel (87). Contacts with the M2-M3 loop
and other parts of the extracellular domain transmit the allosteric signal to the ligand-binding site. A, side view. B, top view. This figure has been reprinted by
permission (87).
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ments that indicated an overlap between the ivermectin-bind-
ing site and that of volatile anesthetics and other drugs that act
at mammalian GABAA and glycine receptors (89, 90). This
structure is therefore of great importance to mammalian neu-
roscience and medicine. Ivermectin binding to this site may
alter the conformation of the glutamate-binding site via its
interactions with the M2-M3 loop, which could then transmit
allosteric changes in structure, and the interactions with resi-
dues in M2 may help to keep the channel in the long-lasting
open configuration characteristic of these drugs (Fig. 3). In Fig.
3, all of the potential binding sites are shown as being occupied;
it is not known how many bound ivermectin molecules are
required to directly open the channel or to potentiate the glu-
tamate response, although the highly cooperative nature of the
responses observed in vitro may suggest that multiple mole-
cules are required (83). The mechanistic consequences of iver-
mectin binding to this site, resulting in the slow opening of the
channel, have been recently reviewed (91).
Sequence variations in glc-1 underlie natural variations in

sensitivity to the anthelmintic drug ivermectin (92) of various
strains ofC. elegans, even though the normal role of the channel
has not been described. Surprisingly, perhaps, the variation
most strongly associatedwith reduced sensitivity does not lie in
the binding site for either ivermectin or glutamate but is a four-
amino acid deletion toward the extremeN terminus of the sub-
unit. Unfortunately, this deletion is within a part of the subunit,
the N-terminal 40 amino acids, that had to be removed to pro-
duce the recombinant protein used for the structural studies
(87), so how this deletionmight reduce the effects of ivermectin
on the channel is obscure. Mutations in the extracellular �10
strand, including the L256F mutation found in a drug-resistant
isolate of the parasiteCooperia oncophora (85), and theM2-M3
linker region ofAVR-14B affect the binding of ivermectin to the
channel (83, 93), consistentwith the contacts observed between
bound ivermectin and the M2-M3 linker in GLC-1 (87).

Concluding Remarks

The GluCls are a wonderful example of the importance of
invertebrate neuroscience. Although they are probably much
less familiar than the other channels reviewed in this minire-
view series, and there are certainly far fewer papers and grants
devoted to them, studies on the GluCls and related receptors
have illustrated the many practical and academic benefits
across multiple disciplines in the basic and applied medical,
veterinary, and agricultural sciences that result from studying
and exploiting these “simple” nervous systems.
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5-Hydroxytryptamine type 3 (5-HT3) receptors are cation-se-
lective Cys loop receptors found in both the central and periph-
eral nervous systems. There are five 5-HT3 receptor subunits
(A–E), and all functional receptors require at least one A sub-
unit. Regions fromnoncontiguous parts of the subunit sequence
contribute to the agonist-binding site, and the roles of a range of
amino acid residues that form the binding pocket have been
identified. Drugs that selectively antagonize 5-HT3 receptors
(the “setrons”) are the current gold standard for treatment of
chemotherapy-induced and postoperative nausea and vomiting
and have potential for the treatment of a range of other
conditions.

5-Hydroxytryptamine (5-HT2; serotonin) is one of, if not the
most, versatile of all neurohormones or neurotransmitters. Its
diverse range of functions are due to a large family of receptors:
5-HT1 to 5-HT7 (1). The 5-HT3 receptor is a Cys loop ligand-
gated ion channel, most closely related to nicotinic acetylcho-
line (nACh) receptors, and it is structurally and functionally
distinct from the other six classes of 5-HT receptor whose
actions are mediated via G-proteins. The 5-HT3 receptor is a
cation-selective ion channel capable of mediating fast excit-
atory neurotransmission in the CNS and peripheral nervous
system (PNS) (2). 5-HT3 receptors are located in many brain
areas, with the highest levels in the brainstem, especially areas
involved in the vomiting reflex such as the area postrema and
nucleus tractus solitarius (3, 4). The receptors are found both
pre- and postsynaptically, and activation can modulate the
release of a range of neurotransmitters, including dopamine,
GABA, substance P, and acetylcholine (3, 5, 6). 5-HT3 receptors
also regulate gut motility, secretion, and peristalsis in the
enteric nervous system and are involved in information transfer
in the gastrointestinal tract (7).

Background

Serotonin was identified in the 1940s as a potent vasocon-
strictor present in blood serum (8). The proposal of a specific
receptor for this compound was first raised in the literature in
1953, when Rocha e Silva et al. (9) noticed that 5-HT had

actions on guinea pig ileum and that its effects could be blocked
by cocaine atmicromolar concentrations. At approximately the
same time, Gaddum (10) proposed that 5-HT acted on specific
receptors, of which there were two types: one in smooth mus-
cle, which was inhibited by LSD (lysergic acid diethylamide),
and another in the nervous system, which was not inhibited by
LSD. However, the classic “discovery” of the 5-HT3 receptor is
usually linked to thework of Gaddum and Picarelli in 1957 (11),
who defined two classes of serotonin receptors in the ileum: M
receptors, which were located primarily in the nervous system
and inhibited bymorphine, atropine, and cocaine, andD recep-
tors, which were located mostly in muscle and blocked by
dibenzyline. When the serotonin receptors were reclassified in
1986 (12, 13), the M receptor became the 5-HT3 receptor, and
the D receptor the 5-HT2 receptor. These are just two of seven
currently known 5-HT receptor families, most of which have a
range of subtypes, in addition to splice variants and post-trans-
lationally modified receptors, creating one of the largest fami-
lies of neurotransmitter receptors (13).
Despite being identified in 1957, it was not until the 1980s

that the first selective 5-HT3 antagonists were developed,MDL
72222 or bemesetron (14) and ICS 205-930 or tropisetron (15),
and their antiemetic properties appreciated: MDL 72222 was
found to be a potent antiemetic in cisplatin-treated ferrets (16,
17). Novel (second generation) antagonists were soon devel-
oped, including GR38032F (ondansetron) and BRL 43694
(granisetron). Use of these compounds, in addition to the older,
nonselective, but still effective antagonists metoclopramide
and cocaine, revealed a widespread distribution of 5-HT3
receptors in the PNS. The presence of 5-HT3-binding sites in
the CNS was first established in 1987 using [3H]GR65630 (18),
and single-channel studies published in 1989 provided
unequivocal evidence that 5-HT3 receptorswere indeed ligand-
gated ion channels (19). In 1991, the first 5-HT3 receptor sub-
unit (5-HT3A) was cloned (20). The homology between this
subunit and those from other Cys loop receptors clearly indi-
cated 5-HT3 receptors were members of this family, but the
5-HT3A subunit was a little unusual in that it could readily form
functional homomeric receptors. The biophysical properties of
the expressed homomeric receptors differed, however, from
those observed in some native preparations. For example, when
expressed in HEK 293 cells, 5-HT3A receptors had a single-
channel conductance of �1 picosiemen (pS), whereas channel
activity in rabbit nodose ganglion revealed a single-channel
conductance of 19 pS (21). This discrepancy was not explained
until 1999, when a second subunit, the 5-HT3B receptor sub-
unit, was identified (22, 23). Coexpression of this subunit with
the A subunit resulted in properties that more closely repre-
sented those found in some native receptors. Since then, three
other subunits (C–E) have been identified, considerably
expanding the known complexity of the 5-HT3 receptor system
(24). Over the last decade, much progress has been made in
understanding the structure-function relationships of 5-HT3
receptors and their pathophysiological relevance (see Refs. 6
and 25–28 for reviews). There is nevertheless much left to be
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discovered, in particular in understanding the roles of the C, D,
and E subunits, whose expression has only recently been con-
firmed (29); such studies may allow the development of novel
agents to treat disorders such as anxiety, schizophrenia, and
Alzheimer disease, which were originally postulated to be tar-
gets of 5-HT3 receptor-specific compounds.

Receptor Structure

The functional 5-HT3 receptor, like other Cys loop recep-
tors, is a pentameric assembly of five identical or non-identical
subunits that surround, in a pseudo-symmetric manner, a
water-filled ion channel (30, 31). Each subunit has a large extra-
cellular domain (ECD) that forms the ligand-binding site, a
transmembrane domain (TMD) consisting of four membrane-
spanning �-helices (M1–M4) that enable ions to cross the
membrane, and an intracellular domain (ICD) formed by the
large M3-M4 intracellular loop, which is responsible for recep-
tor modulation, sorting, and trafficking, and which contains
portals (openings) that influence ion conductance. The pres-
ence of portals has been deduced from nACh receptor data, but
they are likely to exist, as these receptors are highly homologous
(see Refs. 6, 20, 28, and 32 for reviews). The structural and
functional similarity of these two receptors is such that chime-
ric receptors consisting of the ECD of the �7-nACh receptor
and the TMD of the 5-HT3A receptor can be activated by ACh
and have the channel properties of the 5-HT3A receptor (33).
Thus, although there are no high resolution images of 5-HT3
receptors, the currently available cryo-electron microscope-
and x-ray crystallography-derived structures are likely to be
structurally representative, and those that have been used as
templates for homology models include the nACh receptor,
many ACh-binding proteins (AChBPs), and the bacterial
homologs ELIC and GLIC (Erwinia and Gloeobacter ligand-
gated ion channels) (e.g. Refs. 32, 34, and 35). A model of one
such subunit using the nACh receptor cryo-electron micro-
scope structure as a template is shown in Fig. 1A; this reveals
that the ECD (blue) is predominantly�-sheet and that theTMD
(purple) is mostly �-helix, althoughmost of the structure of the
ICD, apart from a stretch of �-helix (yellow), is not currently
known. Deletion studies revealed that this region is not essen-
tial for receptor expression, as the large intracellular loop of the
mouse 5-HT3A receptor subunit can be replaced by the hepta-
peptide M3-M4 linker of GLIC without loss of function (36).
Homology models of the 5-HT3 receptor ECD using the nACh
receptor and AChBP as templates are broadly similar (Fig. 1B),
although there are some subtle differences such as the orienta-
tion of the�-helix at the top of the receptor and the positions of
some of the binding loops.

5-HT3 Receptor Subunits

Five distinct 5-HT3 receptor subunits (A–E) have been iden-
tified so far (Fig. 2), which is relatively few for a Cys loop recep-
tor, although the repertoire is increased by a number of differ-
ent isoforms (24, 37, 38). There are, for example, a long and
short form of the human 5-HT3A subunit that differ by 32
amino acids, three translational variants of the human 5-HT3B
subunit, and five isoforms of the 5-HT3E subunit. The stoichi-
ometry of heteromeric receptors is still not clear, although it

has been established that only 5-HT3A subunits can form func-
tional homomeric 5-HT3 receptors, and the presence of at least
one 5-HT3A subunit appears to be obligatory in heteromeric
receptors (24, 37–39).
Localization of the subunits reveals considerable overlap.

Distribution of 5-HT3A receptor mRNA and protein is wide-
spread and has been observed in many regions of the CNS
(where it correlates well with radiolabeled antagonist binding
studies (4, 18)), in peripheral and sensory ganglia, and in a wide
range of other tissues, including the gastrointestinal tract (37,
40–43). 5-HT3B subunit mRNA and protein were originally
shown to be located in the spleen, colon, small intestine, and
kidney, with some controversy as to their presence in the brain
(22, 23, 44–46). Later studies showing that there are several
5-HT3B receptor isoforms provided an answer to this conun-
drum: different tissue preferences of the different subunits. The
longer B subunit variant is broadly expressed in many tissues,
including the kidney, liver, brain, and gastrointestinal tract,
whereas the shorter variant has a brain-specific expression pat-
tern (37, 47). 5-HT3 receptor C–E subunits were first identified
in humans, and genes for these proteins have now been shown
to exist in a range of species, although not in rodents (24, 37,
48). A recent study suggested that they all have a relatively
widespread distribution, although initial studies suggested that
the D and E subunits had a very restricted expression in the
gastrointestinal tract. Studies examining protein levels have
lagged behind the genetic work, but expression of the C–E sub-
units at the protein level in the gastrointestinal tract has
recently been demonstrated (29).

FIGURE 1. Homology models of the 5-HT3 receptor. A, a single receptor
subunit based on the nACh receptor structure (Protein Data Bank code
2BG9) showing the mostly �-sheet-containing ECD (blue), the four trans-
membrane �-helices (purple), and the �-helix that forms part of the ICD
(orange). The structure of the remainder of this domain is not yet known.
B, models of the 5-HT3 receptor ECD based on AChBP (blue; code 1UV6)
and the nACh receptor (cyan; code 2BG9), with 5-HT docked into the inter-
subunit binding pocket.
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5-HT3 Receptor Binding Pocket
The agonist-binding site lies at the interface of two adjacent

subunits in the extracellular N-terminal domain and is formed

by three loops (A–C) fromone (the principal) subunit and three
�-strands (referred to as loops D–F) from the adjacent or com-
plementary subunit, as in other Cys loop receptors. Only a few

FIGURE 2. 5-HT3 receptor subunits. Shown is a Clustal alignment of representative human (h) 5-HT3 receptor A–E subunits, demonstrating the approximate
locations of the binding loops on the principal (red) and complementary (cyan) faces, the Cys-Cys loop (green), and the transmembrane �-helices (black). Note
the unusual sequence construction of the D subunit, which is missing a Cys-Cys loop and parts of loops D and E and which has a region of extra sequence in the
M2-M3 loop. Accession numbers are as follows: NP_000860 (A subunit), NP_006019 (B subunit), NP_570126 (C subunit), NP_001157118 (D subunit), and
NP_872385 (E subunit).
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residues within each loop face into the binding pocket, with
other residues having roles in maintaining the structure of the
pocket and/or contributing to the conformational changes that
result in channel opening (6). Evidence fromAChBP structures
suggests that the binding pocket contracts around agonists,
which may initiate the conformational change that ultimately
leads to channel opening, whereas antagonists tend to have lit-
tle effect or may cause binding site expansion (32).
Key residues that contribute to the 5-HT3 receptor ligand-

binding site include one or more from each of the six binding
loops (see Refs. 6, 25, and 49 for comprehensive reviews). In
loop A, attention has focused on the sequence 128Asn-Glu-
Phe130, as substitutions here have large effects on receptor
function (50–53). Recent data indicate that only Glu-129 faces
into the binding pocket, where it forms a hydrogen bond with
the hydroxyl of 5-HT (54). Mutations in loop B show that many
residues here are important for receptor function, and these
data, when combinedwithmodeling data, suggest that loop B is
an obligate rigid structure (55–57). One residue plays an espe-
cially critical role, Trp-183, which forms a cation-� interaction
with the primary amine of 5-HT (55, 58). Loop C shows the
largest species variability and is important in determining the
species specificity of various drugs (59). However, point muta-
tions throughout the loopC region did not identify any residues
that were essential for binding of the agonist m-chlorophenyl-
biguanide or the antagonist (�)-tubocurarine, suggesting that
multiple regions of the binding site are important (60, 61). One
residue that is critical for both agonist and antagonist binding is
Tyr-234, which forms part of the aromatic box found in all Cys
loop receptors (62). Loop D also contributes an aromatic resi-
due (Trp-90) to the binding pocket, and double-mutant cycle
analysis at Trp-90 and Arg-92 has indicated that the aromatic
rings of the competitive antagonist granisetron are located
close to Trp-90 and that the azabicyclic rings lie close to Arg-92
(63). Loop E residues Tyr-141, Tyr-143, Gly-148, Glu-149, Val-
150, Gln-151, Asn-152, Tyr-153, and Lys-154may all be impor-
tant for granisetron binding andperhaps function, although it is
not clear if some of these effects are due to alterations in the
binding site structure (63–65). As yet, the structure of loop F is
not well defined, although a study of granisetron binding has
implicated Trp-195, Asp-204, and Ser-206 as potentially
important residues for ligand binding; alternatively, these resi-
dues may influence conformational changes in or close to the
binding pocket (49).
There are also binding sites for a range of other ligands and

modulators (Fig. 3). Of these, the pore-binding sites are cur-
rently the best characterized, e.g.picrotoxin and the ginkgolides
block the 5-HT3 receptor channel by interacting with the 6�
residue (32, 66); there also may be specific binding pockets for
many other compounds, including ions, steroids, alcohols,
anesthetics, and a range of small molecules (6, 25, 67, 68).

Receptor Function

Homomeric 5-HT3A receptors mediate rapidly activating
and desensitizing inward currents, which are carried primarily
by Na� and K� ions (19). The receptors are also permeable to
Ca2� and other small organic cations (20, 69). As in other Cys
loop receptors, the residues that line the ion-accessible inner

face of the M2-generated pore are predominantly non-polar,
and it is M2 residues that primarily control ion flux and size
selection through the channel (70–72). Charge selectively is
mediated predominantly via the Glu residue in the M1-M2
loop, at the so-called �1� position, and when combined with
the introduction of a positively charged residue at the 20� posi-
tion or insertion of a Pro at the �2� position and a V9�Tmuta-
tion, the channel conducts predominantly anions (73, 74). Res-
idues in the �-helical stretch of the ICD and in the ECD also
play roles in determining single-channel conductance and rel-
ative permeability to Ca2� (75, 76).
5-HT3B receptor subunits do not form functional homo-

meric receptors but can coexpress with A subunits to yield het-
eromeric 5-HT3AB receptors that differ from 5-HT3A recep-
tors in their EC50, Hill slope, desensitization kinetics, calcium
permeability, shape of current-voltage relationship, and, most
noticeably, single-channel conductance, which is much larger:
�16pS in 5-HT3AB receptors comparedwith�1pS in 5-HT3A
receptors (22, 23). Despite these biophysical differences, the
pharmacology of the orthosteric sites of 5-HT3A and 5-HT3AB
receptors is almost identical, and to date only one compound
has been identified that can distinguish between them (77).
This is consistent with the action of agonists and competitive
antagonists being at an AA interface, as has been described for
both human and mouse receptors (78, 79), but conflicting with
data suggesting a BABBA arrangement determined using
atomic force microscopy (80).
There have been only two studies to date examining the func-

tional effects of roles of theC–E subunits (37, 39). None of these
subunits form functional homomers but do result in functional

FIGURE 3. 5-HT3 receptor binding sites. Shown is a model of the 5-HT3
receptor (with two subunits removed for clarity) showing granisetron (green)
and picrotoxin (red) docked into their known binding sites in the ECD and in
the pore, respectively. Other possible binding sites (pink), whose locations
have not yet been confirmed, are an allosteric site in the ECD, an interhelical
site in the TMD, and a lipid transmembrane site at the membrane-receptor
boundary.
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receptors when coexpressed with the A subunit, although there
is no reported difference in radioligand binding, current-volt-
age relationships, or kinetics of whole cell currents of the pre-
sumed heteromers compared with the homomer. The physio-
logical roles of these subunits are therefore still unknown. The
role of the 5-HT3D subunit is particularly tantalizing; there are
two variants, one of which is missing a significant proportion of
the ECD, whereas the other is lacking a Cys-Cys loop, both
critical features of the vast majority of functionally character-
ized Cys loop receptor subunits. Perhaps these subunits can
modify receptor function when in a very specific stoichiometry
or are involved in receptor expression and trafficking. More
studies are needed on these potentially interesting subunits.

Therapeutic Use and Potential

There are currently a range of 5-HT3 antagonists available
for clinical use in Europe, including tropisetron (Navaban�),
ondansetron (Zofran�, Emetron�), granisetron (Kytril�), dola-
setron (Anzemet�), and palonosetron (Aloxi�). These drugs
have revolutionized the treatment of nausea and vomiting in
cancer patients receiving chemotherapy or radiation therapy,
which is their largest therapeutic use (81). The efficiency of
these drugs may depend on the particular variants of 5-HT3
receptors expressed by the patient; , for example, one isoformof
the 5-HT3B receptor has a promoter deletion that is associated
with reduced efficacy of tropisetron and ondansetron (82–84).
Irritable bowel syndrome (IBS) is a common gastrointestinal

disorder affecting 10–15% of adults and is another major ther-
apeutic area for 5-HT3 receptor-selective compounds, perhaps
not surprisingly as these receptors have roles in gastrointes-
tinal motility, sensation, and secretion. Alosetron (Lotronex�,
Lotronox�), a 5-HT3 receptor antagonist, has been approved
for the treatment of IBS, but there have been problems with
constipation and,more rarely, ischemic colitis, and it is now less
frequently used (primarily in female patients suffering from IBS
with diarrhea). A range of other 5-HT3-selective compounds,
including some partial agonists,may provemore successful and
are currently being explored (26, 85).
An important consideration is that the 5-HT3 receptor-re-

lated actions of all drugs now on the market have been deter-
mined using homomeric 5-HT3A receptors. This may not
prove to be the most useful testing protocol given that other
subunits may play important roles. Emerging studies suggest
that alterations in a number of 5-HT3 receptor subunits con-
tribute to a range of disorders. Thus, mutations in the A, B, D,
and E subunits have been associated with bipolar disorder,
depression, anxiety, IBS, and anorexia (see Ref. 84 for a recent
review). A greater understanding of the roles of C–E subunit-
containing heteromeric receptors may therefore allow a wide
range of other diseases to be treated with 5-HT3 receptor-se-
lective drugs, potentially including addiction, pruritis, emesis,
fibromyalgia, migraine, chronic heart pain, bulimia, and neuro-
logical phenomena such as anxiety, psychosis, nociception, and
cognitive function (26, 84, 85).

Conclusions

The 5-HT3 receptor is a widely expressed, cation-selective
member of the Cys loop receptor family. A range of studies, in

particular heterologous expression and molecular modeling,
have revealed many molecular details of its distribution, struc-
ture, function, and pharmacology. Nevertheless, information
on receptor stoichiometry and the roles of these receptors in
the CNS and PNS is still limited, suggesting there is much
potential for therapeutic intervention in areas beyond those for
which 5-HT3 receptor-specific drugs are proving highly
successful.
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HIV continues to posemajor global public health challenges.
An estimated 30 million of the world’s population are infected
with HIV, and there is not yet an effective vaccine. HIV is a
member of the lentivirus genus of the Retroviridae family of
viruses. HIV possesses a dimeric, positive-sense, single-
stranded RNA genome of �9700 nucleotides contained within
an �120-nm diameter enveloped virion (1). Substantial knowl-
edge has been gained over the past 3 decades about the molec-
ular details of how the HIV virus multiplies, the mode of viral
transmission, and the disease known as AIDS caused by HIV
infection. Advances in the biochemical understanding of HIV
led to the combination antiretroviral chemotherapy strategy
with drugs that target different steps of the virus multiplication
cycle, including viral entry, synthesis and subsequent integra-
tion of the DNA provirus, and processing of viral polyprotein
precursors.
The main features of the HIV multiplication cycle are sum-

marized by the schematic shown in Fig. 1. The virion envelope
includes two viral glycoproteins, the surface gp120 and the
transmembrane gp41. Following virion binding to cellular
receptors, including the primary receptor CD4 surface protein
found on T cells and macrophages, conformational changes
occur in gp120, leading to interaction with a chemokine core-
ceptor and subsequent membrane fusion catalyzed by gp41.
The viral nucleocapsid core is then released into the cytoplasm
of the infected cells, where the virion-associated reverse tran-
scriptase (RT)2 and RNase H catalyze the reverse transcription
of the plus-strand RNA genome to produce a double-stranded
linear DNA provirus flanked by LTR structures at each end.
Subsequent 3�-end processing of the proviral DNA and trans-
port to the nucleus are followed by integration of the provirus
into the host chromatin catalyzed by the viral integrase (IN)
protein. Synthesis of 5�-capped and 3�-polyadenylated viral
RNA transcripts is catalyzed by the cellular RNA polymerase II
system. Full-length viral RNAs serve as mRNA templates dur-
ing translation for synthesis of the Gag polyprotein precursor
and, by a ribosome frameshift mechanism, the Gag-Pol fusion
precursor. Spliced transcripts encode the envelope precursor
gp160 (which gives rise to the gp120 and gp41 proteins) and six
accessory gene products (Vif, Vpr, Vpu, Nef, Tat, and Rev) that

affect transcription and RNA processing, as well as host
responses to infection. The pol gene encodes the viral protease
(PR) in addition to the RT, IN, and RNase H enzymatic activi-
ties. The Gag precursor undergoes proteolytic processing by
the viral PR to produce the matrix, capsid, and nucleocapsid
proteins during the process of assembly and release of progeny
virions. Assembly of budding progeny virions occurs largely at
the plasma membrane.
The first four minireviews in this thematic series concern

biochemical and biophysical aspects of steps in the HIV multi-
plication process, beginning with the initiation of infection (2),
followed by stages of macromolecular synthesis and processing
(3–5). The last two minireviews focus on interactions between
the host and the virus and the functional roles that microRNAs
(6) and cellular innate immune response components (7) play in
affecting viral replication.
In the first minireview, entitled “HIV Entry and Envelope

Glycoprotein-mediated Fusion,” Robert Blumenthal, Stewart
Durell, and Mathias Viard, at the National Cancer Institute
(Frederick, MD), consider new developments in both the bio-
chemistry and structural biology of theHIV envelope-mediated
fusion process (2). The authors provide a background of the
virion envelope structure, with focus on the gp120/gp41 trimer
and the structural domains of the gp120 and gp41 proteins.
They then discuss what is known and unknown about the HIV
envelope-mediated fusion process triggered by protein interac-
tions and conformational changes that result in lipid rearrange-
ments and merging of the lipid envelope of the virus with the
host cell membrane as part of the process of the initiation of
infection.
In the second minireview in this thematic series, entitled

“Human Immunodeficiency Virus Reverse Transcriptase: 25
Years of Research, DrugDiscovery, and Promise,” Stuart F. J. Le
Grice, at the Frederick National Laboratory for Cancer
Research (Frederick, MD), summarizes progress in under-
standing gained at the biochemical and structural levels of the
process of formation of the HIV double-stranded DNA provi-
rus from the single-stranded RNA genome template catalyzed
by the viral RT DNA polymerase and RNase H activities. This
first step inmacromolecular synthesis during theHIVmultipli-
cation cycle has proved to be an important drug target to ther-
apeutically reduce viral load in infected individuals. The suc-
cessful targeting of RT, the development of a number of RT
inhibitors approved for clinical use, and efforts toward devel-
opment of RNase H inhibitors are considered, as well as the
mechanisms of action of the inhibitors.
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The thirdminireview, written by Lavanya Krishnan andAlan
Engelman at the Dana-Farber Cancer Institute and Harvard
Medical School in Boston and entitled “Retroviral Integrase
Proteins andHIV-1 DNA Integration,” summarizes progress in
understanding the mechanism of HIV DNA integration into
host chromosomal DNA (4). The viral IN catalyzes both the
processing of the proviral DNA to generate 3�-hydroxyl termini
and the subsequent integration of the viral DNA into the cellu-
lar genome. The authors review the biochemical understanding
of the nucleoprotein complexes that mediate integration, as
well as progress in the development of antiviral agents that tar-
get IN-catalyzed integration.
In the fourth minireview, Sook-Kyung Lee, Marc Potempa,

and Ronald Swanstrom, at the University of North Carolina in
Chapel Hill, examine issues concerning the HIV protease, the
role of protein processing and rearrangement in the assembly
pathway of HIV virions, and the impact of protease inhibitor
resistance on viral fitness and virion assembly. The Gag poly-
protein precursor of virion structural proteins and the Gag-Pol
precursor of the PR and the RT, RNase H, and IN enzymes are

processed by a viral aspartic proteinase, which is a major target
of antiviral inhibitors. What is known and what remains unre-
solved about proteolytic processing during the HIV particle
assembly and budding process are considered, as well as the
opportunity to develop inhibitors that affect these steps in
multiplication.
The final two minireviews focus on the role that microRNAs

and host innate immune products play in modulation of HIV
infections. Zachary Klase, Laurent Houzet, and Kuan-Teh
Jeang, at NIAID (Bethesda, MD), review our understanding of
the functional roles of microRNAs inmodulating the efficiency
of HIV replication and also how HIV infection can alter the
expression of cellularmicroRNAs. Reuben S.Harris and Judd F.
Hultquist, at the University of Minnesota, and David T. Evans,
at the New England Primate Research Center of HarvardMed-
ical School, then examine mechanisms by which host innate
antiviral immune responses function to modulate HIV multi-
plication and spread. Focus is placed on three strategies by
which proteins that are inducible by interferon restrict HIV
replication and the counterstrategies thatHIVutilizes to impair

FIGURE 1. Schematic diagram of the HIV multiplication cycle. Enveloped HIV virion particles are depicted as spheres. Following entry by receptor-mediated
fusion and partial uncoating of the viral nucleocapsid released into the cytoplasm, the double-stranded DNA provirus is synthesized from the positive-strand
RNA genome by the virion-associated RT and RNase H activities. Proviral DNA is then imported into the nucleus and integrated into the genome of the host by
a process catalyzed by the viral IN. Processed viral transcripts synthesized from the integrated proviral genome by the host RNA polymerase II system are
transported to the cytoplasm, where they are translated to yield viral structural proteins and enzymes. Among the products are the polyprotein precursor that
undergoes proteolytic processing, including that by the viral PR. Cellular components that affect the efficiency of production and release of infectious progeny
virions from productively infected T cells include the host restriction factors APOBEC3, tetherin/BST-2, and SAMHD1, as well as microRNAs (miRs) including
miR-29a,b, miR-150, and miR-223, implicated in the modulation of HIV replication. Accessory and regulatory viral proteins include the virion infectivity factor
(Vif), which antagonizes members of the cellular APOBEC3 deaminase family, and viral protein U (Vpu), which impairs tetherin/BST-2 function. M, matrix; CA,
capsid; NC, nucleocapsid; TM, transmembrane; SU, surface. This figure was adapted from Ref. 8.
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these innate immune restrictionmechanisms. SomeAPOBEC3
family members, illustrated by APOBEC3G, catalyze C-to-U
deamination of HIV first-strand cDNA, resulting in hypermu-
tations, a process inhibited by the HIV Vif protein. The teth-
erin/BST-2 membrane protein tethers budding HIV virions to
the cell surface, a process impaired by the HIV-1 Vpu protein.
Considerable progress has been made in understanding the

fundamental roles that viral and cellular proteins play in deter-
mining the host susceptibility to viral infection and disease.
Efforts to understand the genetic and molecular bases of virus-
host interactions have led to the identification of specific gene
products that play key roles in determining the outcome of
infections. Some of the immediate challenges and opportuni-
ties in the field of biochemical virology involve using knowledge
of the replication scheme of HIV together with insights gained
fromatomic level structures ofmacromolecular components to
develop new and improved antiviral treatments and preventa-
tive strategies.
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HIV entry involves binding of the trimeric viral envelope gly-
coprotein (Env) gp120/gp41 to cell surface receptors, which
triggers conformational changes in Env that drive the mem-
brane fusion reaction. The conformational landscape that the
lipids and Env navigate en route to fusion has been examined by
biophysical measurements on the microscale, whereas electron
tomography, x-rays, and NMR have provided insights into the
process on the nanoscale and atomic scale. However, the cou-
pling between the lipid and protein pathways that give rise to
fusion has not been resolved. Here, we discuss the known and
unknown about the overall HIV Env-mediated fusion process.

The Virus and Its Target

HIV virions exist as roughly spherical nanoparticles �100
nm in diameter and are coated by the viral envelopemembrane
(1). The viral membrane is a lipid bilayer �4 nm thick, inter-
spersed with membrane-embedded glycoproteins. The HIV
matrix protein Gag Pr55 drives viral assembly by recruiting all
the building blocks, which include both viral and cellular com-
ponents required for the formation of a fully infectious virion
(2). A typical HIV viral membrane contains �300,000 lipids,
with a rather unique distribution of lipids compared with the
lipid composition of cells from which it is derived (3, 4). In
addition to the virally encoded envelope glycoprotein gp120/
gp41, the HIV membrane also incorporates a plethora of cell
membrane proteins in the process of assembly and budding (5).
The HIV envelope proteins are expressed in the endoplasmic
reticulum as a precursor protein, gp160, which transits the Golgi
apparatus, where glycosylation is completed (6, 7). The precursor
is cleaved in the trans-Golgi by the cellular protease furin into
two proteins, gp120 and gp41 (8). These proteins are present
on the cell surface as the envelope complex, a mushroom-
shaped trimer of heterodimers of gp120 and gp41, incorporated
into the viral envelope through the transmembrane region of
gp41 as virus particles bud from the cell surface (9).

The number of gp120/gp41 trimers per virion ranges
between 10 and 100 depending on the isolate (10). HIV gp120 is
�50% carbohydrate and is one of the most glycosylated pro-
teins known (11). The number of accessory HIV membrane
proteins has, in general, not been determined, with the excep-
tion of HLA class II in HIV-1MN derived from H9 cells, which
has �50 native HLA class II complexes (12). The lipids and
proteins are glycoconjugated, providing an additional shield for
HIV against immune and environmental challenges. The viral
genome is thus comfortably ensconced in awrapper of lipid and
protein covered by carbohydrate. However, mannose-type car-
bohydrates onHIV are recognized by DC-SIGN (dendritic cell-
specific intercellular adhesionmolecule-3-grabbing non-integ-
rin), which is a C-type lectin receptor present on dendritic cells
(13). The dendritic cells internalize HIV-DC-SIGN complexes
and migrate to the lymph nodes, where they interact with T
cells. The HIV-DC-SIGN complexes are then recycled to the
cell periphery, and HIV is transferred to CD4� T cells via a
virological synapse (14). To infect a CD4� T cell, HIV has to
transfer its genome across both viral and cell membranes,
which are also highly resistant to environmental challenges.
The double-crossing is achieved by fusion of the viral and cell
membranes, which provides a large pore for the viral genome to
gain access to the cell’s cytoplasm. This process requires a par-
tial opening up of the overall virus structure to expose bare lipid
patches of �50–300 nm2 in area (15, 16).
Resting peripheral blood lymphocytes have typically 70,000

CD4, 2500 CXCR4, and 600 CCR5 molecules on their surface
(17), and these numbers could change upon stimulation. Cell
lines are often used as targets that overexpress orders of mag-
nitude larger amounts of these molecules. The first step in HIV
entry is docking,which involves a stepwise recognition of gp120
by CD4 and co-receptor (CR)2 on the target cells. Binding of
gp120 to CD4 produces conformational changes in gp120 that
lead to recognition of a CR, CXCR4 or CCR5. Although HIV
fusion/entry has been studied extensively, we are still far from
elucidating its mechanism. One problem is that little informa-
tion is available on the proper time and length scales of the
process. Data are available that can be used to explore only
certain aspects of the process at different resolutions: atomic
scale, nanoscale, and microscale (Figs. 1 and 2).

HIV Env Structure on the Atomic Scale and Nanoscale

Because the gp120/gp41 trimer is unstable when separated
from itsmembrane-anchored environment, subunits have been
taken apart, and high resolution structures have been deter-
mined separately. The structure of gp120 is composed of two
mixed �- and �-domains (Fig. 1A): the so-called “inner
domain,” which interacts with the gp41 subunit, and the larger,
less conserved “outer domain,” which is highly glycosylated and
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interacts with CD4 and the CR proteins of the target cells. The
structure is unique, without obvious links to other proteins or
subdomains (18). Due to problems in crystallizing the intact
protein alone, the first structures obtained were mostly of the
core domains bound to CD4 and an antibody, omitting the five
variable loop regions. Subsequent studies were able to include
the V3 loop, which determines CR selectivity (19); the V1/V2
loops (20); the interface with gp41 (21); and the unbound state
in simian immunodeficiency virus (SIV) (22) and HIV (23).

HIV gp41 can be divided into threemajor domains: the extra-
cellular domain or ectodomain, the transmembrane domain,
and the cytoplasmic domain (cytoplasmic tail (CT)). Themajor
functions of the gp41 protein are mediated by the extracellular
domain, which can be further subdivided into the following five
functional regions: the fusion peptide (FP) followed by the
N-terminal heptad repeat (NHR), the loop region, the C-termi-
nal heptad repeat (CHR), and finally, the membrane-proximal
external region (MPER) (24). The structure of the fusion pep-

FIGURE 1. HIV Env protein structure: atomic scale and nanoscale. A, x-ray crystallographic structure of gp120 with the V3 loop (Protein Data Bank code 2B4C)
(19). The inner domain is in blue, the bridging sheet is in yellow, and the outer domain with the V3 loop is in red. B, crystallographic structure of the gp41
ectodomain in the 6HB conformation (Protein Data Bank code 2X7R) (30). The advantage of this recent structure is the inclusion of the FP proximal region and
MPER segments. Although refolding of gp41 into this more stable conformation facilitates fusion, it is still unclear what stage of the process is driven by the
released energy. C and D, cryo-electron microscopy tomogram density maps of HIV-1 Env gp120/gp41 trimers in the closed and soluble CD4-triggered open
states (98), respectively. The fitted atomic coordinates of gp120 are shown in red, and those of soluble CD4 are shown in yellow. The same color code applies
for the schematic insets, with the addition of cyan for gp41.

FIGURE 2. Microscale determination of the HIV fusion cascade. Shown is a schematic representation of the experimentally determined sequence of events
in HIV Env-mediated fusion determined on the micrometer scale. A, the viral membrane is labeled with a lipid dye (light blue). It contains Env trimers (gp120,
dark blue; and gp41, red) and accessory proteins, such as HLA-DR (purple). It encapsulates the viral core, Vpr-BlaM (green), and small aqueous dyes (yellow).
Although the target membrane may contain various attachment molecules (99), only the most important ones, CD4 (gray) and CR (CXCR4 or CCR5; red violet),
are indicated. Specific lipids in the viral and target cell membranes are not indicated. B, docking of the virus via gp120 to the cell surface receptor gives rise to
Env conformational changes (72, 73) and aggregation of Env proteins (1, 43). C, further conformational changes lead to lipid mixing (47) and redistribution of
small aqueous dyes (53, 100). These data were gathered in HIV Env-mediated cell fusion experiments. The 6HB (orange) is on its way to formation at this stage.
D, fusion pore expansion indicated by movement of larger molecules, Vpr-BlaM and GFP-Gag (green) (60, 61), as well as the viral core (brown), into the cytosol.
At this point, viral membrane-embedded proteins redistribute over the cell surface (57).
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tide depends critically on the lipid environment in which the
structure is determined (25). It is generally assumed that the FP
inserts into the target and/or viralmembrane following the trig-
gering of gp120-gp41 complexes by host cell CD4 and CRs.
However, FP insertion has not be demonstrated despite tre-
mendous efforts that involve photolabeling, protein purifica-
tion, fragmentation, and sequence analysis (26). Three NHR
helices form a coiled-coil core, and the three CHR helices dock
in the three hydrophobic grooves around the core, forming the
iconic six-helix bundle (6HB) structure (27–29). This final con-
formation in the fusion process is the only atomic level (x-ray
and NMR) information we have of gp41 to date. A recent crys-
tallographic study has expanded our understanding by includ-
ing the FP proximal region andMPER segments with the classic
6HB structure of gp41 (Fig. 1B) (30). These extra segments
occur as helical extensions from the core coiled-coil structure
but still interact to enhance the thermodynamic stability. An
interesting bend at the C terminus of the MPER segments
exposes conserved hydrophobic residues that may insert into
the outer layer of the viral membrane to increase the curvature.
The unusually long CT of HIV-1 gp41 contains highly con-

served lentiviral lytic peptides, which are amphipathic�-helical
domains embedded in the viral membrane (26). Truncation of
the HIV-1 CT has been shown to result in increased fusion
efficiency while leading to the enhanced exposure of gp120
conformational epitopes (31). The HIV-1 CT therefore seems
to be involved in an “inside-out”mechanismof regulation of the
envelope function.
Binding of the gp120 subunits of Env spikes to CD4 from the

target cell initiates a complex series of conformational changes.
The relatively strong binding to CD4 (32) causes a rearrange-
ment of the inner and outer domains of gp120, resulting in the
joining of two �-hairpins to form the bridging sheet domain
(18, 22). Studies of the intact trimer spike using cryo-electron
tomography indicate that CD4 binding also initiates a dramatic
change in quaternary structure, where the gp120 domains
rotate and move away from the central stalk, exposing the
V1/V2 and V3 loops to the target membrane (33), where they
presumably are better able to interact with the CRs (Fig. 1, C
and D). Similarly, the binding also induces a hinge-like change
in the position of the two outer domains of CD4 (D1D2) relative
to the inner ones (D3D4), which acts to pull the Env spike closer
to the target membrane. The opening up of the gp120 domains

from the top of the stalk also allows for rearrangement of the
gp41 domains in preparation for catalyzing fusion.

Microscale Determination of the HIV Fusion Cascade

Viral fusion involves the merging of the lipid bilayer mem-
branes of virus and cell, as well as the mixing of aqueous com-
partments encapsulated by these membranes (34). For this to
happen, the lipids must transiently leave their lamellar orienta-
tions. Fig. 3 shows these rearrangements in the framework of
the “stalk-pore” model, which has been very well grounded
in theory (35) and experiment (36). HIV membranes are
remarkably enriched in cholesterol, ceramide, GM3, and
dihydrosphingomyelin (3, 4). Their highly liquid-ordered state
(37) would provide resistance to membrane bending and stalk
formation. On the other hand, HIV membranes are also
enriched in phosphoinositides (4), which, when situated on the
inner monolayer, may provide positive curvature required for
fusion pore formation (38).
HIV Env-induced membrane fusion is a multistep “dance

macabre,” in which the leading partner is the protein, and the
following partner is the lipid. However, engagement of an inap-
propriate lipid partner on the target cell may lead to early abor-
tion of the process. Such inappropriate partners have been
identified in the form of overexpressed glycosphingolipids (39),
ceramides (40), or other products of the sphingomyelin metab-
olism (41) and, more recently, dihydrosphingomyelin (42).
Interestingly, the major effect of the inappropriate partner is
bringing CD4 lateral movement to a grinding halt (39, 41),
whereas the CR goes merrily on with the dance. From a cell
biological point of view, it would be interesting to figure out
why certain lipids have such a selective effect on the lateral
movement of cell surface receptors. Non-participation of CD4
in the dance macabre presumably leads to defective viral junc-
tion formation (43), and consequently, fusion is blocked.
To study the kinetics of viral fusion, lipid dyes have been

incorporated into the viral membrane (Fig. 2) in self-quenching
concentrations, with dequenching as a result of fusion mea-
sured both in bulk at high time resolution and in single virions
at high spatial resolution (44–46). The kinetics of HIV/SIV
Env-mediated membrane fusion has been studied extensively
using envelope glycoproteins expressed in cells interactingwith
target cells bearing CD4 and the appropriate CR in dye redis-
tribution assays (47). Interestingly, the rates of HIV cell fusion

FIGURE 3. Lipid rearrangements in fusion. The starting point of the fusion process is the formation of a contact site (i) between two apposed membranes
(“docking”). Fusion is initiated in the contact site when two apposed membranes each locally protrude as “nipples” toward each other (ii) (15). In pure lipid
bilayers, the required energy for structural changes comes from thermal fluctuations, whereas in viral fusion, (part of) this energy comes from work exerted by
viral envelope proteins on the lipid bilayer (16). The point-like membrane protrusions minimize the energy of the hydration repulsion between the proximal
leaflets of the membranes coming into immediate contact. Nipple formation results in transient displacements of polar headgroups from each other, yielding
small hydrophobic patches at the tip of the nipple. Because hydrophobic surfaces attract each other, cis-leaflets can merge to create a hemifusion stalk (iii), with
proximal leaflets fused and distal leaflets unfused. On the nanoscale, stalk structures have been determined in pure lipids by x-ray diffraction (36). Stalk
expansion yields the hemifusion diaphragm (iv). A fusion pore forms either in the hemifusion diaphragm bilayer or directly from the stalk (v). Dashed lines show
the boundaries of the hydrophobic surfaces of monolayers. This figure was reprinted by permission from Ref. 38.
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andEnv-mediated cell fusion are roughly similar (48). Although
there are subtle differences between fusion of intact virus with
cells and Env-mediated cell-cell fusion, the basic mechanisms
that underpin both phenomena are the same.
The rearrangements that lipids undergo during fusion have

been recapitulated in viral envelope protein-mediated cell
fusion experiments, particularly in the case of influenza HA.
The groundbreaking paper byWhite and colleagues (49) show-
ing that lipid-anchored influenza HA promotes hemifusion
firmly established this intermediate in the consciousness of
fusion aficionados. In other studies, small pores have been seen
before lipid redistribution (50), a process referred to as
restricted hemifusion (51). Hemifusion in the HIV Env-medi-
ated cascade was revealed by the observation that the entry
inhibitor T20 had different sensitivities for lipid versus contents
mixing (47, 52). Moreover, a mutant in the MPER exhibited a
phenotype that allowed small molecules to pass but not pore
expansion, leading to syncytia or nucleocapsid release (53).
Additionally, HIV Env proteins with mutations in the loop
region were found to exhibit hemifusion phenotypes (54, 55).
The involvement of the loop region in hemifusion was further
supported by a study with homologous peptides (56). Accord-
ing to one HIV pathogenesis hypothesis, hemifusion is consid-
ered to be dangerous in that HIV-infected CD4� cells express-
ing HIV Env act like vampires that inflict apoptosis upon
innocent CD4� bystanders by a “kiss and run” process that is
blocked by fusion inhibitors, such as enfuvirtide (24).
A photosensitized labeling methodology provided a reliable

time course of fusion of HIV and SIV with biological mem-
branes (57). The assay reports the redistribution of a protein
(HLA-DR) from the viral membrane to the cell membrane (Fig.
2D). The most striking result is that SIV reaches maximum
fusion at 37 °C, with a t1⁄2 of �20 min. This indicates that the
CD4- and CR-induced triggering events leading to HIV/SIV
Env-mediated fusion are stochastic, leading to much slower
fusion kinetics compared with the low pH fusion induced by
influenza HA and vesicular stomatitis virus, whose pH-trig-
gered fusion events are more synchronized. The lack of syn-
chrony in the activation ofHIV/SIVEnv proteins therefore pro-
vides an opportunity for the C-terminal peptide inhibitors to
bind to the prehairpin grooves, which become transiently
exposed following CD4-induced triggering of HIV-1 Env.
Indeed, there is a strong correlation between HIV/SIV fusion
kinetics and potency of fusion inhibitors, such as enfuvirtide
(58). Another fusion assay was later developed that relies on the
co-incorporation within the virus of an enzyme linked to the
HIV accessory protein Vpr (59). The loading of target cells with
fluorescent probes attached to a substrate of this enzyme gives
the means to follow fusion specifically, as the activity of the
enzyme is observed only within the cytoplasm of the target cell,
does not necessitate uncoating, and occurs with small fusion
pores (60). Kinetic information can be obtained by stopping the
fusion process through nonpermissive temperatures or the use
of inhibitors at different timepoints, confirming the slow fusion
process of HIV.
Dye redistribution from single HIV pseudotyped virions

engineered to incorporate GFP-Gag does show reliable fusion
(61), although the kinetics cannot be assessed. In an interesting

twist, Melikyan and co-workers (62) found that hemifusion
occurred at the plasma membrane but that pore expansion
occurred following endocytosis in the endosome. Although the
endocytic pathwaywas revealed by observation on themicrom-
eter scale (62, 63), it was not supported by examination on the
nanoscale in primary lymphocytes (64). Inhibitors of dynamin-
and clathrin-dependent endocytosis (62, 65) have been invoked
to argue for HIV entry via endocytosis, but such inhibitors have
multifaceted effects on cellular processes, including cell-cell
fusion (66). Endosomal acidification inhibitors could prevent
degradation and allow endocytic fusion at neutral pH, but
enhanced endocytosis causes lysosomal degradation of HIV
(67, 68). Interestingly “fusion from without” has been used as a
measure of virus-cell fusion, which is followed by Env-induced
cell fusion (69).However, if the initial process (virus-cell fusion)
were to occur in the endosome, Env would have to traffic back
to the cell surface to cause cell fusion. This process needs to be
examined. A kinetic argument in favor of the endocytic path-
way is the observation that entry inhibitor arrest precedes cold
arrest in HIV entry (62). This observation does need to be con-
firmed for Env-induced cell fusion. Finally, observations of dif-
ferential uptake (70) and infection (71) of vesicular stomatitis
virus (which does enter via the pH-dependent endocytic path-
way) versus HIV seem to be at odds. Regardless of where entry
eventually occurs, which may depend on the type of target cell
HIV infects, the mechanics of fusion will likely be the same.

Conformational Changes of HIV Env Proteins in the
Course of HIV Env-mediated Fusion

The complex choreography of the protein in its pathway to
fusion is being unraveled by structural studies on the Env pro-
teins on the nanometer scale level for the trimer and on the
atomic level for the subunits. In addition to structural informa-
tion, a wealth of HIV Env-mediated fusion data, including inhi-
bition by peptides that mimic the sequences of the N- and
C-terminal helical regions and fusion kinetics (48), has pro-
vided information on this complex choreography. In the
absence of complete structural information, some of the details
of the HIV-1 Env-mediated fusion reaction have been inferred
from immunochemical, biochemical, and mutagenic analyses.
Conformational changes in gp120-gp41 expressed on cells have
been monitored as a function of time by analytical and quanti-
tative video microscopy following interactions of Env-express-
ing cells with target cells using nonspecific probes that report
on hydrophobicity changes (72, 73), as well as reagents that are
specific for the different conformations of triggered HIV-1
gp120/gp41 (74, 75). After the interaction with target cell sur-
face-bound CD4, a substantial increase in immunoreactivity to
certain antibodies is observed, reflecting conformational
changes in gp120, resulting in exposure of the CR-binding site
(gp120CR), and in gp41, resulting in the prehairpin conforma-
tion (gp41PHP) (Fig. 4, step 1) (76). The increased reactivity has
been observed in the absence of gp120 dissociation (77), indi-
cating that subunit dissociation is not absolutely required for
these CD4-induced conformational changes to occur. How-
ever, engagement of the gp120-gp41PHP-CD4 complex with CR
triggers a further barrage of conformational changes, resulting
in dissociation of gp120 and further release of gp41PHP (Fig. 4,
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step 2). These interactions lead to viral junction formation (43),
which presumably involves annular aggregation of gp120-
gp41-CD4-CRcomplexes into an “entry claw” observed by elec-
tron microscopy (1).

Coupling between Refolding of HIV Env and Lipid
Rearrangements

Figs. 3 and 4 show pathways the lipids and viral Env, respec-
tively, take en route to fusion. Although these pathways have
been fairly well grounded in theory and experiment, the cou-
pling between the two has not been resolved. The classical “har-
poon model” (27, 28) posits that the triggering of Env by CD4
and CR results in gp41 prehairpin formation and the displace-
ment of FP in the direction of the target membrane into which
it inserts. TheCHR region is then thought to jackknife and pack
against the innerNHRcoiled-coil core, forming the 6HB,which
brings the attached target cell and viral membranes together.
However, no mechanism is provided for membrane bending
and fusion. An alternative model posits that both the FP and
transmembrane domain are anchored in the viral membrane,
and refolding into 6HB exerts a force that bends the viral mem-
brane into a saddle-like shape (16), from whence the process
indicated in Fig. 3 can ensue. There is no experimental evidence
for eithermodel because it still remains to be shown that the FP
inserts into the target and/or viral membrane. The energy
required for formation of the stalk (Fig. 3) ranges from 25 to 50
kcal/mol at body temperature depending on the lipid composi-
tions of the membrane layers. How many Env proteins are
involved in the fusion process and howmuch energy is released
by the refolding of a single protein trimer are still hotly debated.
Data have been generated from in vitro infectivity assays using
pseudotyped virions that express mixed trimers consisting of

functional and nonfunctional envelope proteins (78). However,
mathematical models are required to interpret such data in
terms of Env stoichiometry. Although the original model pos-
ited that only one Env protein is required, subsequent analyses
came up with five (79) or eight (80) Env proteins. The energy
released from 6HB formation has been addressed mostly by
thermodynamic studies (e.g. thermal denaturation and isother-
mal titration calorimetry) and theoretical calculations. Consid-
erable work has gone into studying the stability of the 6HB
conformation of gp41 in pursuit of developing fusion-inhibit-
ing drugs for HIV (81). Unfortunately, obtaining an exact
answer is complicated by many factors, such as that melting of
the 6HB is not necessarily a simple two-state process, that the
experimental environments of the protein are different from in
vivo, and that studies tend to utilize only fragments of the pro-
tein. Indeed, Buzon et al. (30) demonstrated that including the
FP proximal region andMPER segments in the gp41 6HB com-
plex significantly enhances the stability. Simple back of the
(viral) envelope calculations on the energy required for stalk
formation versus recoup from6HB formation indicate that acti-
vation of a single trimer would be more than sufficient to drive
merging of the membranes (82). However, even if one trimer is
capable of doing the heavy lifting, it still has to work against the
other five or more proteins that are keeping the membranes
apart in their prehairpin state. In an interesting twist, Melikyan
and co-workers (83) showed that although 6HB formation is
indeed required for the fusion process, some (if not all) of this
occurs after the fusion pore has formed. This suggests that we
must consider other facilitators of fusion pore expansion, such
as earlier conformational changes following activation that
destabilize the outer leaflets of the viral and target membranes.
This is consistent with the recent crystal structure of gp41
determined by Buzon et al. (30), which shows the MPER seg-
ment ideally positioned for shallow insertion into the viral
membrane.

Fusion Pore Opening

Although the cost of forming a stalk and fusion pore appears
to be manageable and accommodated by conformational
changes of one or more gp41 trimers, this only leads to a rela-
tively small opening. Whether the pore stabilizes and dilates
depends on the balance betweenmembrane tension that drives
dilation and line tension that drives pore closure (84). Pore
dilation appears to be the most energy-demanding step of
fusion (85). So, even if several Env glycoproteins form a prefu-
sion complex, it remains uncertain how these proteins create a
pore large enough to permit the release of theHIVnucleocapsid
(50 nm). Therefore, it has been proposed that cellular pro-
cesses, such as signaling and actin rearrangement, might be
co-opted by the virus to help enlarge a fusion pore. Upon the
discovery of CXCR4 and CCR5 as the CRs for HIV entry (86),
questions have risen regarding the relevance of their signaling
capability in the infection process. At the same time, results
indicated that actin dynamics may have a role to play in HIV
entry (87). However, it is only recently that we start getting
initial insights into the mechanism of this process. gp120
induces a capping of CD4 and CR on the surfaces of target cells
at the site of interaction with the virus. This capping is facili-

FIGURE 4. HIV Env conformational changes during fusion. Shown is a sche-
matic representation of experimentally determined conformational changes
during the initial stages of HIV Env-mediated fusion. HIV Env trimers (gp120,
blue; and gp41, red) on the viral membrane (top) are poised to interact with
CD4 (gray) on the target membrane (bottom). Binding of gp120 to CD4 (step 1)
leads to conformational changes in gp120 that involve exposure of its CR-
binding site (gp120CR; light blue) and formation of the gp41 prehairpin
(gp41PHP; orange). Upon engagement of CR (red violet; step 2), gp120 dissoci-
ates into subunits (blue oval), allowing gp41PHP to engage with the target
membrane (27, 28) and/or viral membrane (16). The mechanism of coupling
between HIV Env refolding and lipid rearrangements in Fig. 3 leading to
fusion is unresolved.
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tatedby thegp120activationofRhoA,which in turnphosphory-
lates cofilin (88). This transient inhibition of the actin depo-
lymerization factor cofilin contributes to a cappingmediated by
the physical and functional adapter filamin A, which has the
ability to bind to CD4, CXCR4, and actin. These cortical actin
filaments can then be attached to the plasma membrane
through the ERM (ezrin/radixin/moesin) cytoskeletal proteins.
Indeed, gp120 has been shown to induce the phosphorylation of
ERM proteins, leading to the recruitment of moesin to the rich
actin cap (89). Although early deactivation of cofilin is helpful
to facilitate the gathering of the different participants in the
fusion event, its reactivation is necessary to clear the cortical
actin, which then represents a barrier for the penetration of the
viralmaterial within the cells (90). The participants in this com-
plex and dynamic orchestration are still being unraveled, as the
modulation of the process by Arf6 (91), LIMK1 (92), and syn-
tenin-1 (93) has recently been evidenced. Harmon et al. (94)
went a step farther in the characterization of the process by
identifying the stage at which the blockage occurs. They
showed that Abl and the Wave2 signaling complex were
involved at a post-hemifusion step. Indeed, the blockage
induced by silencing of those components could be relieved
by the addition of chlorpromazine or trifluoroperazine, agents
that are able to induce positive curvature and that are believed
to selectively destabilize a hemifusion diagram (95). An impor-
tant mediator of these processes might be found at the lipid
level with phosphatidylinositol 4,5-bisphosphate (PIP2) (89,
93). PIP2 is indeed an important modulator of membrane
remodeling (96) and has been implicated in the control of syn-
cytial formation (97). PIP2 can often be the target of proteins
such as epsins, Arf proteins, and some BAR domain proteins,
which have the ability to sense and induce membrane curva-
ture. The cell therefore harbors an arsenal of membrane-shap-
ing proteins to carry out its compartment biogenesis that could
be hijacked by the virus to facilitate the highly energy-demand-
ing pore expansion that is needed for the proper delivery of its
genetic cargo.

Conclusion

The high resolution determination of the structure of the
gp41 core fromHIV-1 has provided a well defined landmark in
the terrain HIV Env navigates following CD4- and CR-induced
conformational changes. Further elucidation has been accom-
plished by experimental data on lipids and proteins involved in
this process on themicroscale, nanoscale, and atomic scale and
by computational analysis. The obligatory steps taken by lipid
and proteins in this process are delineated in Figs. 3 and 4.
However, several critical pieces of the puzzle, which include
fusion peptide insertion, oligomerization, and pore expansion,
are still missing. These uncertainties underscore the incom-
pleteness of any present model of HIV entry. We need to
develop more advanced biochemical (photolabeling, mass
spectroscopy) and biophysical (force measurements, time-re-
solved nanoscale imaging) techniques to resolve these issues.
Despite many efforts in the areas of drug delivery and gene
therapy, we have not been able to engineer an efficient fusion
machine. Following Richard Feynmans’ dictum “what I cannot

create, I do not understand,” we are not there yet in the case of
HIV Env-mediated fusion.
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Synthesis of integration-competent, double-stranded DNA
from the (�)-RNA strand genome of retroviruses and long ter-
minal repeat-containing retrotransposons reflects a multistep
process catalyzed by the virus-encoded reverse transcriptase
(RT). In conjunction with RNA- and DNA-templated DNA syn-
thesis, a hydrolytic activity of the same enzyme (RNase H) is
required to remove genomic RNA of the RNA/DNA replication
intermediate. Together, these combined synthetic and degrada-
tive functions ensure correct selection, extension, and removal
of the RNA primers of (�)- and (�)-strand DNA synthesis
(tRNA and the polypurine tract, respectively). For HIV-1 RT, a
quarter century of research has not only illuminated the bio-
chemical properties, structure, and conformational dynamics of
this highly versatile enzyme but has also witnessed drug discov-
ery advances from the first Food and Drug Administration-ap-
proved anti-RT drug to recent use of RT inhibitors as potential
colorectalmicrobicides. Salient features ofHIV-1RTand exten-
sion of these findings into programs of drug discovery are
reviewed here.

HIV-1 DNA Synthesis

The individual steps of HIV-1 DNA synthesis, catalyzed by
the multifunctional reverse transcriptase (RT),2 are summa-
rized schematically in Fig. 1. (�)-Strand DNA synthesis, initi-
ated from a cellular tRNA (tRNA3

Lys) hybridized to the genome-
encoded primer-binding site, continues to the 5� terminus,
creating (�)-strong-stop DNA. RNase H-mediated degrada-
tion of the resulting RNA/DNA hybrid promotes relocation of
nascent (�)-DNA to the genome 3� terminus by a strand trans-
fer event that exploits sequence homology between the 5� and
3� termini. RNA-templated DNA synthesis continues, accom-
panied by RNase H-mediated degradation of the RNA genome,
the exception to which are two short purine-rich segments (the
3�- and central polypurine tracts (PPTs)) from which (�)-

strand DNA-dependent DNA synthesis is initiated. Newly syn-
thesized (�)-strand DNA and 18 nucleotides of the covalently
attached tRNA3

Lys primer provide the template for 3�-PPT-
primed (�)-strand DNA synthesis until the replication com-
plex stalls at a position corresponding to the first modified
tRNA base (A57). As a consequence, the C-terminal RNase H
domain is positioned at the (�)-DNA/tRNA junction, and deg-
radation of the tRNA “template” promotes a second or (�)-
strand transfer event supported by homology between (�)- and
(�)-strand DNA primer-binding sites. Although bidirectional
DNA synthesis would be sufficient to complete DNA synthesis,
HIV utilizes a second, central PPT primer, thereby producing a
(�)-strand discontinuity (1). Following (�)-strand transfer,
3�-PPT-mediated DNA synthesis continues, displacing �100
nucleotides of central PPT-primed (�)-DNA, but abruptly
ceases at the central termination sequence, a prominent feature
of which is phased A-tracts that induceminor groove compres-
sion (1–3), creating the “central flap” (Fig. 1) (4–7). Although
central flap function remains controversial (8, 9), its mutation
or deletion has been shown to impair virus replication (4, 10,
11), and it improves transduction efficiency when incorporated
into lentiviral vectors (12–16).

Biogenesis and Structural Organization of HIV-1 RT

Although HIV-1 RT is encoded by a single open reading
frame of the Gag/Pol precursor polyprotein, the biologically
relevant enzyme is a heterodimer of 66 and 51 kDa polypeptides
(p66/p51) (Fig. 2a) derived via cleavage of p66 by the virus-
encoded protease between Phe-440 and Tyr-441 (17, 18). Both
subunits thus contain four similar subdomains, designated fin-
gers, palm, thumb, and connection, whereas p66 retains the
C-terminal RNase domain (Fig. 2a) (19, 20). Despite identity in
primary sequence, the p66 and p51 subdomains adopt signifi-
cantly different folds, i.e. although the p66 DNA polymerase
domain exhibits an open extended structurewith a large active-
site cleft, the equivalent region of p51 forms a closed compact
structure incapable of participating in catalysis (19, 21). Both
the DNA polymerase and RNase H activities are catalyzed by
the p66 subunit, whereas the proposed roles for p51 include
providing structural support to p66 (19, 20, 22, 23), facilitating
p66 loading onto a template-primer (24), and stabilizing the
appropriate p66 conformation during tRNA-primed initiation
of reverse transcription (25, 26). In contrast to p66, which
undergoes large-scale motions (especially the fingers and
thumb subdomains), the p51 subunit is essentially rigid (27).
Although the extreme p51 C terminus has not been resolved
crystallographically, its contribution to maintaining RT archi-
tecture is supported by observations that reconstituted
enzymes with short deletions show increased RNase H inhibi-
tor sensitivity (28) and altered thermal stability.3
The p66 nucleic acid-binding cleft is formed by its finger,

palm, and thumb subdomains, and co-crystal structures of
HIV-1 RT with duplex DNA and an RNA/DNA hybrid have
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identified numerous contacts with both strands of the template
and primer (20, 29–31). Interactions are primarily between the
sugar phosphate backbone and highly conserved motifs of the
p66 DNA polymerase and RNase H domains. Superimposing
x-ray structures of unliganded and nucleic acid-containing
enzymes highlights considerable flexibility of the p66 thumb
subdomain (32). Both x-ray crystallography and spin labeling
studies of unliganded RT (33) depict the thumb as folded into
the nucleic acid-binding cleft (34, 35), whereas nucleic acid
binding produces large changes in orientation relative to the
p66 palm, resulting in a more open conformation. �-Helix H of
the thumb mediates extensive contacts with the primer strand
in the minor groove of the DNA (36–38). Pro-227–His-235
comprises the �12-�13 hairpin, designated the DNA polymer-
ase “primer grip.” This highly conserved motif (39) has been

proposed to maintain the primer 3�-OH in an orientation
appropriate for nucleophilic attack on the incoming dNTP (20).
Important primer grip contacts involve themain chain atoms of
Met-230 and Gly-231 with the primer terminal phosphate (29),
and mutations of these residues induce pleiotropic effects,
altering DNA polymerase and RNase H activities, as well as
reducing dimer stability (36, 37, 40–46). Contact with the tem-
plate strand is mediated by the “template grip,” comprising ele-
ments of the p66 palm (�B-�6 loop, �-strand 9, �-helix E, and
�8-�E connecting loop) and fingers (�-strand 4) (20, 29). In
contrast to original proposals (20), the co-crystal structure of
Huang et al. (30) showed that the template overhang ahead of
the polymerase active site was not co-linear with the duplex but
was bent away and contacting the p66 fingers, revealing con-
tacts with nucleobases �1, �2, and �3.

The DNA Polymerase Active Site

The palm subdomain of HIV-1 RT houses the DNA poly-
merase active site (Fig. 2b) characterized by the Asp-110, Asp-
185, and Asp-186 catalytic triad, a common feature of nucleic

FIGURE 1. Synthesis of integration-competent, double-stranded HIV-1
DNA from the (�)-strand RNA retroviral genome. See text for details. DNA
and RNA are indicated in red and yellow, respectively. PBS, primer-binding
site; cPPT, central PPT.

FIGURE 2. a, structure of the p66/p51 HIV-1 RT heterodimer. For both sub-
units, the finger (F), palm (P), thumb (T), and connection (C) subdomains have
been color-coded blue, red, green, and yellow, respectively, whereas the
lighter shading has been used for the p51 subdomains. The p66 RNase H
domain (R) has been colored in gold. b, DNA polymerase active site of HIV-1
RT. Template and primer strands are colored light and dark green, respec-
tively, and dTTP is in gold. Mg2� ions are represented as yellow spheres, and
assigned hydrogen bonds and metal ligand interactions are indicated as dot-
ted lines. This figure was adapted from Ref. 30 with permission.
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acid-polymerizing enzymes (19, 20). Among polymerase fami-
lies, palm subdomain architecture is also highly conserved,
comprising a four- to six-stranded �-sheet flanked on one side
by two �-helices (47). In nucleic acid-containing crystal struc-
tures, catalytic aspartates are close to the 3� terminus of the
primer. Asp-185 and Asp-186 are part of the conserved -Tyr-
Met-Asp-Asp- motif, which adopts an unusual �-turn confor-
mation (29, 35, 48), possibly to promote their positioning for
catalysis, whereas the Tyr-183 phenoxy side chain is involved in
hydrogen bonding with nucleobases at position �2 (29). Com-
parison of the crystal structures of DNA-bound RT with un-
liganded or non-nucleoside RT inhibitor (NNRTI)-bound
enzymes reveals significant conformational differences for the
-Tyr-Met-Asp-Asp- motif, implicating a high degree of struc-
tural flexibility (29).
The incoming dNTP is tightly coordinated by p66 finger res-

idues Lys-65 andArg-72, themain chainNHgroups of Asp-113
and Ala-114, and two divalent metal ions, whereas its ribose is
accommodated by a pocket lined by Asp-113, Tyr-115, and
Phe-116 on one side and Glu-151 and Arg-72 on the other.
Additional dNTP contacts involve base pairing and base stack-
ingwith the template overhang (30). The fidelity of dNTP inser-
tion is critically influenced by interactions of the �-phosphate
with Lys-65 (49), whereas mutagenesis studies have designated
Tyr-115 as the “steric gate,” suggesting that it aids in discrimi-
nating between deoxy- and ribonucleoside triphosphates (50,
51).

The RNase H Domain and Catalytic Mechanism

RNase H-mediated hydrolysis is divalent metal-dependent,
with a preference for Mg2�. Although models for one-metal
(52) and two-metal (53) assisted catalysis have been proposed,
structures of Bacillus halodurans (54, 55) and human RNase H
(56) bound to anRNA/DNAhybrid have confirmed the original
two-metal hypothesis by Steitz and Steitz (53) (Fig. 3).Metal ion
coordination is also substrate-dependent, i.e. at physiologically
relevant concentrations, productive binding occurs only in the

presence of substrate (57). Based on crystallographic studies
(54–57), the RNase H catalytic cycle can be summarized in the
following steps.
1) In a “resting” state, divalent metal ions A and B are sepa-

rated by�4 Å, whereas during catalysis, their position and sep-
aration vary according to the coordination environment.
2) Similar to nucleic acid phosphoryl transfer reactions, hydro-
lysis proceeds via an SN2 mechanism, involving a pentacoordi-
nated intermediate and resulting in inversion of configuration
at the phosphorus. 3) Metal ion A (complexed by conserved
carboxylates Asp-443 and Asp-549) coordinates a water mole-
cule, reducing its pKa and aligning this for in-line nucleophilic
attack on the scissile phosphodiester bond. 4) In turn,metal ion
B (coordinated by Asp-443, Glu-478, and Asp-498) is correctly
positioned to stabilize the transition state, facilitating leaving of
the 3�-oxyanion group.
Because metal ion B undergoes a change from an irregular

five-ligand coordination and non-ideal geometry in the sub-
strate and intermediate complexes to a regular octahedral
geometry in the enzyme-product complex, this likely lowers the
energy barrier for product formation (57). Crystallographic
studies have revealed extensive contacts between HIV-1 RT
and nucleic acid immediately ahead of the RNase H active site
(31). This motif, which interacts with the DNA primer 4–9
nucleotides upstream of the scissile bond of the RNA/DNA
hybrid, is collectively designated the “RNase H primer grip”
(31). Amino acids of the RNase H primer grip include p66 res-
idues Gly-359, Ala-360, His-361, Thr-473, Asn-474, Gln-475,
Lys-475, Tyr-501, Ile-505, and Lys-359 and p51 residue Glu-
396. Through interactions with DNA of the RNA/DNA hybrid,
the RNase H primer grip is believed to impose the appropriate
trajectory on the RNA strand for catalysis when it enters the
RNase H active site. RNase H primer grip residues are con-
served among retroviral RTs and Escherichia coli RNase H1,
and both in vitro and in vivo site-directed mutagenesis studies
have demonstrated their importance with respect to cleavage
specificity (58, 59).
The B. halodurans RNase H-RNA/DNA co-crystal structure

(54) has demonstrated that the RNAandDNAstrands adoptA-
and B-form geometry, respectively. Unfortunately, a structure
of HIV-1 RT-associated RNase H with the RNA/DNA hybrid
positioned in the active site to promote catalysis remains elu-
sive. Structures of HIV-1 RT containing either duplex DNA
(30) or a PPT-derived RNA/DNAhybrid (31) indicate that sub-
strate is positioned for primer extension by the polymerase cat-
alytic center and extends into the RNaseHdomain but does not
reach its active site. Modeling studies based on RNase H-RNA/
DNA co-crystals (56) propose that the RNA/DNA hybrid can-
not be correctly positioned at both active sites simultaneously,
necessitating a conformational change to permit “toggling”
between catalytic centers. Although this is a plausible model,
Beilhartz et al. (60) have shown that RNaseH activity persists in
the presence of the pyrophosphate analog foscarnet, which
“traps” the nucleic acid substrate in the pre-translocated con-
formation (31). If, indeed, there is a mechanism of substrate
toggling, it remains to be established whether this is specific to
sequences resembling the PPT that are refractory to hydrolysis.

FIGURE 3. Superposition of active-site residues from the substrate com-
plexes of B. halodurans RNase H1 (magenta) and human RNase H1
(orange) and the complex of HIV-1 RNase H containing the natural prod-
uct hydroxytropolone �-thujaplicinol (blue) (89). Metal ions (Mg2� for
B. halodurans RNase H1, Ca2� for human RNase H1, and Mn2� for HIV-1 RNase
H) are depicted as spheres. The RNA strand from the B. halodurans RNase
H1-substrate complex is shown in pink. The inhibitor from the HIV-1 RNase H
co-crystal structure has been omitted for clarity.
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Conformational Dynamics of Reverse Transcription

X-ray crystallography has provided incisive insights into
structures of the unliganded HIV-1 RT (34) and co-crystals
with nucleic acid (20, 30) and inhibitors of both DNA polymer-
ase and RNase H function (19, 61–64). However, crystallo-
graphic analysis does not explain how RT assumes alternative
conformations required to catalyze HIV-1 DNA synthesis. We
therefore investigated HIV-1 RT-nucleic acid complexes by
single-molecule spectroscopy (SMS), placing a fluorescent dye
on the p66 N or C terminus of reconstituted p66/p51 and a
second on a surface-immobilized nucleic acid duplex (Fig. 4, a
and b) (65). Although the FRET signal obtained fromRT bound
to a 50-nucleotide DNA template/19-nucleotide DNA primer
confirmed placement of the DNA polymerase catalytic center
over the primer 3� terminus, reversal of the FRET signal in the
presence of an RNA primer of identical sequence indicated a
binding mode with the C-terminal RNase H domain now over
the primer terminus. Substituting chimeric RNA/DNAprimers
whose RNA component progressively increased from the 5�
terminus indicated that introducing two ribonucleotides (i.e. 2
RNA/17 DNA) was sufficient to initiate redistribution in
enzyme reorientation and that the process was virtually com-
plete on a duplex whose primer contained five 5�-ribonucle-
otides. The structure of HIV-1 RT and a PPT-containing RNA/
DNA hybrid (31) shows that p66 residues Glu-89, Gln-91, Ser-
280 (substituted for Cys-280 in Ref. 31), and Arg-284 contact
the ribose 2�-OHat several positions near the RNA5� terminus.
Because equivalent contacts are absent with duplex DNA (20,
30), additional hydrogen bonding afforded by the RNA strand
may stabilize the inverted orientation. Applying SMS to PPT-
containing RNA/DNA hybrids indicated that the presence of
the incoming dNTP favored a polymerization-competent bind-
ing mode, whereas the NNRTI nevirapine (NVP; 11-cyclopropyl-
4-methyl-5,11-dihydro-6H-dipyrido[3,2-b:2�,3�-e][1,4]diazepin-
6-one) increased the frequency with which RT assumed the
opposite orientation (Fig. 4, c–f). BecauseNNRTIs potently and
preferentially inhibit initiation of HIV-1 (�)-strand DNA syn-
thesis (66), SMS suggests that this might be due in part to their

ability to induce enzyme binding in a polymerase-incompetent
mode. Consistent with the notion that NNRTIs occupy a
hydrophobic pocket at the base of the p66 thumb, thereby
“loosening” the grip on nucleic acid, SMS also demonstrated
increased “sliding” ofHIV-1 RTon the template in the presence
of NVP (67). Although an unresolved feature of this and related
studies (68) was the ability of HIV-1 RT to adopt alternative
orientations (collectively referred to as “flipping”) without dis-
sociating from its nucleic acid substrate, our work demon-
strated the value of SMS in dissecting the intricate events of
reverse transcription.

DNA Polymerase and RNase H Inhibitor Development

Since the Food and Drug Administration approval of azido-
thymidine (1-[(2R,4S,5S)-4-azido-5-(hydroxymethyl)oxolan-
2-yl]-5-methylpyrimidine-2,4-dione) in 1987, several nucleo-
side RT inhibitors (NRTIs) have been approved for clinical
use, including lamivudine (2�,3�-dideoxy-3�-thiacytidine),
emtricitabine (4-amino-5-fluoro-1-[(2S,5R)-2-(hydroxymeth-
yl)-1,3-oxathiolan-5-yl]-1,2-dihydropyrimidin-2-one), abacavir
({(1S,4R)-4-[2-amino-6-(cyclopropylamino)purin-9-yl]cyclo-
pent-2-en-1-yl}methanol), didanosine (9-[(2R,5S)-5-(hy-
droxymethyl)tetrahydrofuran-2-yl]-3H-purin-6(9H)-one), and
stavudine (1-[(2R,5S)-5-(hydroxymethyl)-2,5-dihydrofuran-2-
yl]-5-methylpyrimidine-2,4(1H,3H)-dione). NRTIs contain
modifications to their sugar moiety, the nucleobase, or both
(69). Upon phosphorylation to the triphosphate derivative by
cellular kinases, NRTIs are incorporated into nascent DNA,
whereas their general lack of a 3�-OHprevents incorporation of
the subsequent dNTP. Nucleotide RT inhibitors, e.g. tenofo-
vir (TFV; [(2R)-1-(6-aminopurin-9-yl)propan-2-yl]oxymethyl-
phosphonic acid), which was also approved in 1988 for
treatment of hepatitis B, function by an equivalent chain-
terminating mechanism but harbor a phosphonate group, re-
quiring only two phosphorylation steps to their active deriva-
tive. In contrast, NNRTIs, e.g. NVP and efavirenz, impose
allosteric control of DNA synthesis by occupying a site at the
base of the p66 thumb that “locks” this subdomain in a config-

FIGURE 4. Examining HIV-1 RT dynamics by SMS. a, HIV-1 RT is site-specifically labeled with Cy3 at either the N-terminal finger subdomain or the C-terminal
RNase H domain. b, Cy3-labeled RT interacts with surface-immobilized DNA containing the FRET acceptor Cy5, and fluorescence of individual substrates is
followed by total internal reflection fluorescence (TIRF) microscopy. c–f, HIV-1 RT adopts alternative orientations on the PPT. c, ternary complex formation
promotes binding to the primer terminus in a polymerization orientation. Shown is a FRET histogram of RT bound to the PPT (filled gray trace) in the presence
of 10 �M (purple trace) and 1 mM (cyan trace) dTTP. d, FRET time trace of HIV-1 RT bound to a chain-terminated PPT substrate in the presence of dNTPs,
establishing a stable ternary complex. e, FRET time trace of HIV-1 RT bound to the PPT substrate in the presence of NVP, indicating multiple transitions or
flipping between high and low FRET states. f, NNRTI binding promotes RT binding to the PPT 3� terminus in an RNase H orientation. Shown are histograms of
RT bound in the absence (filled gray trace) and presence of 10 �M (red trace) and 100 �M (orange trace) NVP. This figure is adapted from Ref. 65.
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uration incompatible with catalysis (19, 70). Subsequent SMS
analysis indicated an additional property of NNRTIs of induc-
ing dislocation of HIV-1 RT from the polymerization target site
and sliding on the nucleic acid duplex. Finally, indolopyridones
(INDOPYs) represent a new class of RT inhibitors with a
unique mechanism. The prototype compound, INDOPY-1
(which is active against NNRTI-resistant HIV), binds and sta-
bilizes RT-DNA/DNA complexes, trapping them in a post-
translocational state. INDOPY-1 binding depends on the
chemical nature of the ultimate base pair at the primer 3� ter-
minus rather than the chemical nature of the templated base
engaged in classic base pairing (71, 72). Although the clinical
benefits of RT inhibitors in reducing rates of HIV transmission
are clear, the rapid emergence of drug resistance continues to
pose a challenge (73). On a more positive note, however, the
availability of a wealth of high resolution co-crystal structures
has spawned the development of second generation NNRTIs
that interact with highly conserved residues immediately adja-
cent to the allosteric binding pocket. A more comprehensive
synopsis of current anti-RT drugs and their use in combination
antiretroviral therapy is provided in Ref. 69.
Despite documentation that loss of virus infectivity following

selective inhibition of RNase H function (74) identified this
activity as a potential therapeutic target, RNase H inhibitors
have failed to advance toward clinical trials. The retroviral
enzyme belongs to a superfamily of nucleotidyltransferases,
raising concerns of toxicity due to lack of specificity. In partic-
ular, inactivating the eukaryotic RNase H counterpart is asso-
ciated with a lethal embryonic defect in mice due to failure to
accumulate mitochondrial DNA (75). These issues notwith-
standing, a considerable body of biochemical and structural
data for small molecule RNase H inhibitors has accumulated.
Asmight be predicted, chelating the divalentmetal essential for
catalysis is a shared feature of these inhibitors. For example, the
pharmacophore of the N-hydroxyimides described by Klumpp
and Mirzadegan (76) contains a 3-oxygen motif and was origi-
nally developed as an inhibitor of influenza virus endonuclease,
which shares the two-metal ionmechanismof catalysis (77, 78).
A second class includes the natural product hydroxytropolones
�-thujaplicinol and manicol, the former of which specifically
inhibited HIV-1 RNase H with �30- and �250-fold enhanced
specificity with respect to human and bacterial RNases H,
respectively (79). Originally developed as metal-dependent
inhibitors of HIV-1 integrase (80, 81), compounds containing a
diketo acidmoiety aremoderately effective RNaseH inhibitors,
among which RDS 1643 inhibited RNase H activity and pre-
vented HIV replication in cell culture with an EC50 of 14 �M

(82).
On the basis of structural information on pyrimidinol car-

boxylic RNase H inhibitors, Lansdon et al. (63) have suggested
that the relatively open inhibitor-binding site is unfavorable
and provides a major obstacle to compound optimization. In
light of the potential drawbacks of active-site inhibitors, target-
ing a region outside the active site might offer the possibility of
allosteric inhibition of RNase H activity, akin to NNRTI-medi-
ated restriction of thumb movement, and should be further
explored. Compounds fulfilling this requirement include
N-acylhydrazones such as dihydroxy benzoyl naphthyl hydra-

zone ((E)-3,4-dihydroxy-N�-((2-methoxynaphthalen-1-yl)-
methylene)benzohydrazide). Surprisingly, while demonstrat-
ing selectivity for RNase H function, x-ray crystallography has
shown that dihydroxy benzoyl naphthyl hydrazone binds �50
Å from the active site, interacting with Trp-229 of the primer
grip and Asp-186 of the DNA polymerase active site (61).
Thienopyrimidinones represent a second class of allosteric
inhibitor, demonstrated by both protein footprinting and site-
directed mutagenesis to bind at the interface between the p51
thumb subdomain and p66 RNase H domain (28, 84, 85).
Because interactions of p51 thumb residues Cys-280–Thr-290
and p66 RNase H residues Pro-537–Glu-546 constitute �33%
of the buried surface at the dimer interface (86) thienopyrim-
idinones are unlikely to interact with active-site residues but
rather induce a change in active-site geometry that is inconsis-
tent with catalysis. Amore thorough summary of HIV-1 RNase
H inhibitors can be found in Ref. 87.

The Final Chapter? RT Inhibitors as Microbicides

Although considerable structural and biochemical data are
now available for HIV-1 RT, it is essential to recognize this in
the context of developing new and improved antiretroviral
agents to reduce viral burden and rates of HIV transmission.
Antiretroviral agents targeting specific enzyme functions of the
HIV replication cycle, and in particular RT, have recently
emerged as promising vaginal and rectal microbicides (88).
Prominent among these is the nucleotide RT inhibitor TFV,
which functions through a chain-terminating mechanism. In
clinical trials, TFV was demonstrated to be safe and well toler-
ated in a study on HIV-negative women with a vaginal gel
applied during 24 weeks. Repeated application of TFV intrav-
aginal gel was well tolerated, produced low plasma levels, and,
importantly, did not select for resistance-conferringmutations.
NNRTIs such as dapivirine (DPV; 4-({4-[(2,4,6-trimethylphe-
nyl)amino]pyrimidin-2-yl}amino)benzonitrile) have also dis-
played promising virucidal properties.When applied intravagi-
nally, DPV is absorbed by the outermucosal layerswhile plasma
concentrations reportedly remained low. Long-term constant
release of DPV has been obtained from a variety of intravaginal
rings. Although encouraging, HIV microbicide development
(reviewed in Ref. 88) still faces considerable formidable chal-
lenges, including conclusive demonstration of efficacy in non-
human primates, selection of drug-resistant virus in clinical
settings, cultural acceptability, and affordability. These issues
notwithstanding, advances inHIV RT research over that last 25
years, which have ranged from expressing active recombinant
enzyme for high throughput screening to the potential of intro-
ducing vaginal and rectal microbicides in resource-limited set-
tings, should be considered a bench-to-bedside success and a
model for development of future antiviral agents.
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Retroviral integrases catalyze two reactions, 3�-processing of
viral DNA ends, followed by integration of the processed ends
into chromosomal DNA. X-ray crystal structures of integrase-
DNA complexes from prototype foamy virus, a member of the
Spumavirus genus of Retroviridae, have revealed the structural
basis of integration and how clinically relevant integrase strand
transfer inhibitors work. Underscoring the translational poten-
tial of targeting virus-host interactions, small molecules that
bind at the host factor lens epithelium-derived growth factor/
p75-binding site on HIV-1 integrase promote dimerization and
inhibit integrase-viral DNA assembly and catalysis. Here, we
review recent advances in our knowledge of HIV-1 DNA inte-
gration, as well as future research directions.

Retroviral replication proceeds through an obligate proviral
or integrated DNA recombination intermediate. Integration
provides a favorable environment for efficient gene expression,
ensures inheritance of the virus in both daughter cells during
mitosis, and forms the basis for latent HIV-1 reservoirs that
persist in the face of highly active antiretroviral therapy. The
early events of retroviral replication take place within the con-
text of nucleoprotein complexes that are derived from the core
of the infecting virus particle (1, 2). Within the confines of the
reverse transcription complex (RTC),2 the reverse transcrip-
tase enzyme copies single-stranded viral RNA into a linear dou-
ble-stranded DNA molecule containing a copy of the LTR
sequence at each end. The viral integrase (IN) engages the LTR
ends prior to catalyzing two spatially and temporally distinct
chemical reactions. Soon after their synthesis (3), IN site-spe-
cifically processes each LTR end adjacent to an invariant CA
dinucleotide (4, 5), yielding CAOH 3�-hydroxyl groups that
serve as the nucleophiles for the second reaction, DNA strand
transfer. Because the viral replication intermediate at this point
gains the ability to catalyze DNA strand transfer activity,

3�-processing operationally marks the transition of the RTC to
the pre-integration complex (PIC) (Fig. 1). In the strand trans-
fer step, IN utilizes the 3�-oxygen atoms to cut chromosomal
DNA in a staggered fashion and simultaneously join the viral
DNA ends to the 5�-phosphates of the target DNA (4, 6, 7). The
resulting DNA recombination intermediate, with unjoined
viral DNA 5�-ends, is repaired by host cell enzymes to yield the
integrated provirus flanked by the duplication of the sequence
of the staggered DNA cut (Fig. 1). The spumaviruses, which
compose one of seven Retroviridae genera, are an exception to
this generalized scheme, as DNA synthesis is largely complete
prior to target cell infection (8). Research on the functionality of
the active nucleoprotein complexes that mediate HIV-1 DNA
integration has led to the development of antiviral inhibitors
that target the IN and block integration.

IN Domain Structure and Reaction Mechanism

Retroviral INs belong to a superfamily of proteins known as
the retroviral IN superfamily, which contains other nucleic
acid-metabolizing enzymes such as RNase H, RuvC, bacterio-
phage MuA transposase, and the nuclease component of the
RNA-induced silencing complex Argonaute (9). Common fea-
tures of these enzymes are the RNase H fold adopted by their
catalytic domains and active sites composed of electronegative
Asp and Glu side chains (9, 10). 3�-Processing and DNA strand
transfer are in-line bimolecular nucleophilic substitution (SN2)
reactions (7), and the catalytic site residues coordinate the posi-
tions of two Mg2� ions to activate the attacking nucleophile
(the oxygen atom of a water molecule for 3�-processing and the
3�-hydroxyl of viral DNA for strand transfer) and to destabilize
the scissile phosphodiester bonds (Figs. 1 and 2) (11–13).
Sequence database analysis has indicated the presence of a
much larger DD(E/D) superfamily named for catalytic triad
amino acid signatures, although in many cases, verification of
active site domain RNase H folds and functional active site res-
idues awaits validation (14).
All retroviral IN proteins share three common domains, the

N-terminal domain (NTD), catalytic core domain (CCD), and
C-terminal domain (for a recent review on domains and IN
structure, see Ref. 15). Asmentioned, theCCDadopts anRNase
H fold, harboring the D,DX35E catalytic triad common to all
retroviral and retrotransposon INs, as well as certain bacterial
transposase proteins (10, 16, 17). The NTD adopts a helix-
turn-helix fold, utilizing conserved His and Cys residues to
bind a single Zn2� ion, whereas the positively charged C-ter-
minal domain adopts an SH3 (Src homology 3) fold. Crystal
structures of the prototype foamy virus (PFV) IN in complex
with DNA revealed a fourth domain upstream from the
NTD, termed the N-terminal extension domain (Fig. 2A)
(18). Based on amino sequence alignment, the IN proteins
from two additional genera, the gammaretroviruses and
epsilonretroviruses, are predicted to harbor N-terminal
extension domains.
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Retroviral IN-DNA Nucleoprotein Complexes

The identification of specific nucleoprotein complexes that
mediate the transposition of mobile DNA elements such as
phage Mu and Tn10 (19) predated analogous work with retro-
viruses, so it is convenient to adopt DNA transposon terminol-
ogy to describe the salient retroviral complexes. The stable syn-
aptic complex (SSC) is formed upon IN binding to the LTR
DNA ends, and 3�-processing yields the cleaved donor complex
(CDC; donor refers to mobile element DNA, which, for retro-
viruses, is the viral DNA). Engagement of chromatin acceptor
or target DNA by the CDC in the cell nucleus yields the target
capture complex (TCC), and integration of the viral DNA
3�-ends yields the strand transfer complex (STC) (Fig. 1). The
term “intasome,” which was originally used to describe the
higher order nucleoprotein complex between bacteriophage �

integrase (Int; note phage � and retroviruses integrate through
fundamentally different mechanisms) (20) and � substrate
DNA (21), was first adopted by the retrovirus field to describe
an assembly responsible for the approximate 250-bp functional
footprints at the LTR end regions ofMoloneymurine leukemia
virus and HIV-1 PICs (22, 23). The term has subsequently been
used to describe the heart of the DNA recombinationmachine,
composed of a tetramer of IN protein and two viral DNA ends
(Fig. 2A, right) (18). The SSC, CDC, TCC, and STC accordingly
represent different stages of the retroviral intasome that corre-
spond to the distinguishable nucleoprotein complexes along
the integration pathway (Figs. 1 and 2). The relationship
between the relatively large footprints observed in HIV-1 PICs
and smaller �16–32-bp regions of protection observed with
purified IN and substrate DNA in vitro (24, 25) is unknown,
although it seems likely that PIC-associated viral and/or cellu-
lar factors could impact the breadth of DNA protection.
X-ray crystal structures of functional PFV intasomes have

yielded unprecedented details on the mechanism of retroviral
DNA integration (13, 18, 26). The intasome is composed of a
dimer of IN dimers, with eachmonomer within the dimer play-
ing a distinct role (Fig. 2A). The inner monomer (colored green
in Fig. 2A, left) adopts an extended conformation andmakes all
contacts with the viral LTR end. Only the CCD of the outer
monomer is resolved in the electron density maps (18). The
molecules within each dimer interact through an extensive
CCD-CCD interface that is repeatedly observed in structures of
one- and two-domain IN constructs in the absence of DNA
(reviewed in Ref. 15). Consistent with results of in vitro integra-
tion assays with recombinant IN protein (27–30) and crystal
structures of a lentiviral IN two-domain NTD-CCD construct
(31), the NTD of each inner monomer engages the CCD of the
opposed innermonomerwith its bound viral DNA in trans (Fig.
2A, right) (18). Such trans-configurations, which can be found
throughout the retroviral IN superfamily (32, 33), as well as in
other DNA recombination systems (34), help to ensure coordi-
nated activity by amultimer of recombinase protein on a pair of
participating DNA strands. An outstanding question with the
PFV structure is the role of the “missing” domains of the outer
IN molecules. The visualized domains of the tetramer remain
largely unchanged as the SSC progresses to the STC (Fig. 2B)
(13, 26). Because the outer IN domains remain unresolved
during this transition (Fig. 2B), it seems they are unlikely to
play direct roles in DNA recombination and are more likely
to help support the architecture of the inner pair of work-
horse monomers.
Recombinant PFV IN was amenable to intasome structural

biology due to its inherent solubility in relatively low ionic
strength buffer and its favorable DNA recombination proper-
ties (18, 35, 36). The enzyme importantly integrates relatively
short (�16 bp)DNAoligonucleotidemimics of theU5LTRend
into both strands of target DNA separated by 4 bp, the spacing
of the target site duplication observed during PFV infection
(36). By contrast, HIV-1 IN is poorly soluble under conditions
of limited ionic strength and struggles to integrate two LTR
ends into target DNA in concerted fashion (37), characteristics
that have severely limited its utility in intasome structural biol-
ogy. Various parameters can increase the efficiency of con-

FIGURE 1. Retroviral nucleoprotein complexes and IN-mediated DNA cut-
ting and joining reactions. The SSC substructure of the viral RTC forms when
IN engages the LTR ends (U3 end of the upstream LTR (open triangle) and U5
end of the downstream LTR (closed triangle)) of the newly synthesized viral
DNA. 3�-Processing (scissile phosphodiester bonds marked by short vertical
arrows), which can occur in the cell cytoplasm (3), converts the RTC to the PIC,
yielding the CDC with activated CAOH 3� termini. The TCC is formed in the
nucleus when the PIC engages chromosomal target DNA (dark green region
delineates the 5-bp stagger cut made by HIV-1 IN). Integration of the viral LTR
3�-ends yields the STC, with viral DNA 5�-ends unjoined. Repair of the DNA
recombination intermediate, which is mediated by host cell enzymes and
likely requires active proteolysis of PIC components, yields the integrated
provirus flanked by the duplication of the target DNA cut. Two of the four IN
monomers within each complex are color-coded to match the inner mono-
mers of the respective PFV intasome crystal structures as shown in Fig. 2.
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certed integration catalyzed by HIV-1 IN, including the length
of the recombinant LTR substrate (38) or various IN- or DNA-
binding cofactors such as lens epithelium-derived growth fac-
tor (LEDGF)/p75 (39) and HIV-1 nucleocapsid (40), respec-
tively. Purification of HIV-1 IN under conditions that
suppressed protein multimerization yielded monomers that
supported efficient concerted integration activity of oligonu-
cleotide substrate DNA (41), suggesting one possible way to
improve the enzyme for intasome structural biology. LEDGF/
p75 binding increases both the activity (39, 42, 43) and solubil-
ity (44) of HIV-1 IN, and a higher order complex comprising
HIV-1 IN, LEDGF/p75, and 21-bp U5 LTR DNA was solved to
�14–17 Å resolution by cryo-negative staining electron
microscopy (43). The x-ray structure of the PFV intasome (18)
has more recently spurred numerous attempts to model analo-
gous HIV-1 structures (45–47).
Results of chemical cross-linking (48), solution biochemistry

(24, 25, 49, 50), and structure-based approaches (18, 43, 51)
confirm that a tetramer of IN catalyzes DNA strand transfer
activity, although somewhat less clear is the multimeric nature
of the 3�-processing protagonist. Although a dimer of IN may
suffice to process an individual LTR end in vitro (48, 52), some
substitutions that affect the ability of HIV-1 IN to tetramerize
compromise 3�-processing activity severely (31). Furthermore,
the PFV IN tetramer efficiently processed a pair of LTR ends in
crystallo (13). Consistent with the observation that the NTD
works in trans with the CCD to catalyze 3�-processing activity
(27, 28), Li et al. (24) demonstrated that a single HIV-1 DNA
end canmoreover be processed and integrated in the context of
the intasomal tetramer in vitro. Such asymmetry may very well
account for the different rates at which theU3 versusU5 ends of
the HIV-1 LTR are processed during acute infection (3), as well
as for the reasonable titers of single LTRendmutant viruses (53,
54), where IN-mediated integration of the wild-type end pre-
sumably templates subsequent host-mediated integration of
the mutant viral DNA end (55, 56). Skalka and co-workers (57)
have interestingly reported a novel “reaching dimer” structure
for avian sarcoma virus IN protein based on small-angle x-ray
scattering and chemical cross-linking thatmimics the extended
inner monomers of the PFV intasome. Although missing the
canonical CCD-CCD interface, the reaching dimer neverthe-
less seemingly affords IN domain cis/trans-relationships con-
sistent with solutionmeasures of 3�-processing activity (27, 28).
Additional work is required to determine whether the reaching

FIGURE 2. PFV intasome structures. A, left, crystallographic asymmetric unit
with the IN dimer bound to a single viral DNA end (Protein Data Bank (PDB)
code 3OY9) (18, 68) and different IN domains labeled. The inner monomer is
colored green, the outer monomer gray, and the DNA strands magenta (the
transferred or to-be-integrated strand) and orange (the non-transferred

strand). Right, two dimers come together to form the functional CDC (with the
second inner monomer shown in gold). CTD, C-terminal domain; NED, N-ter-
minal extension domain. B, left, structures of the PFV intasome complexes
along the integration pathway (SSC, PDB code 4E7I; CDC, same as in A; TCC,
PDB code 4E7K; and STC, PDB code 4E7L) (13). The coloring of the inner mono-
mers matches the analogous complexes in Fig. 1. Right, enlargements of the
active site of the upper inner monomer to the left, with Mn2� ions A and B and
the oxygen atoms of active site residues Asp-128, Asp-185, and Glu-221 col-
ored red and the target DNA strand colored olive green (other coloring as
described for A). The scissile viral DNA phosphodiester adjacent to the invari-
ant CA dinucleotide and terminal residues of the transferred LTR strand in the
active site regions of the SSC and CDC are labeled. The labeling of target DNA
nucleotides in the TCC and STC active sites indicates the utilized oligonucleo-
tide sequence and position of DNA strand transfer (26). Metal ion A in the SSC
activates a water molecule to process the CA/AT phosphodiester bond,
whereas metal ion B in the TCC activates the resulting CAOH 3�-hydroxyl for
strand transfer into target DNA (13).
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dimer plays a physiological relevant role in catalyzing 3�-pro-
cessing activity or in the assembly of the functional IN tetramer.

IN Strand Transfer Inhibitors

The establishment of DNA oligonucleotide-based HIV-1 IN
3�-processing and DNA strand transfer assays (37, 58) led to
multiwell plate formats amenable for small-molecule library
screening (59–61). As alluded to above, catalysis under these
conditions occurs in large aggregate assemblies more so than
discrete soluble complexes (35, 62). Early hits included poly-
anions, which could disrupt the binding of positively charged
HIV-1 IN to DNA in a nonspecific manner and accordingly
failed to effectively inhibit integration during HIV-1 infection
or the activity of PICs extracted from infected cells (63). Recon-
figuring the assay design to more faithfully recapitulate PIC
biology by querying DNA strand transfer activity after prebind-
ing IN to preprocessed LTR DNA (64) in large part overcame
this undesirable outcome, leading to the identification of diketo
acid (DKA) compounds that specifically inhibited strand trans-
fer activity in vitro and during HIV-1 infection (65). Likely due
to similar two-metal ion-dependent active sites, DKAs are also
potent hepatitis C virus RNA polymerase inhibitors, and ralte-
gravir (RAL), a pyrimidinone carboxamide, came fromutilizing
both enzymes in DKA optimization trials (66). RAL, the sole

licensed HIV-1 IN inhibitor to date, has become a mainstay
antiviral agent since its introduction into the clinic in October
2007.
Potent IN strand transfer inhibitors (INSTIs) harbor two

critical chemical moieties: heteroatom clusters reminiscent of
the oxygen-based DKA pharmacophore and a halobenzyl side
chain (Fig. 3A). The similar chemical nature of amino acid car-
boxylate side chains and DKAs led to the suggestion that the
drugmoieties engage boundmetal ion at the IN active site (67),
which was subsequently verified through co-crystallization of
INSTIs with the PFV CDC (18, 68, 69). The crystal structures
also revealed the role of the halobenzyl groups, which is to sup-
plant the adenosine ring of the terminal deoxyadenylate residue
at the processed LTR end and concordantly eject the nucleotide
with its associated 3�-OH strand transfer nucleophile from the
enzyme active site (Fig. 3B) (18, 68, 69). INSTI engagement of
the IN active site within the PFVCDC clashes with the position
of the scissile dinucleotide at the uncleaved LTR end in the
analogous SSC structure (Fig. 3C), accounting for INSTI spec-
ificity to inhibit strand transfer activity over 3�-processing
activity (13).
Resistance to RAL arises through one of three predominant

pathways that include changes atHIV-1 IN amino acid residues

FIGURE 3. Mechanism of action of INSTIs. A, chemical structures of RAL and DTG. B, comparison of drug-free (left; PDB code 3OY9), RAL-bound (middle; PDB
code 3OYA), and DTG-bound (right; PDB code 3S3M) PFV intasomes shows the displacement of the terminal dA nucleotide (carbon, oxygen, and nitrogen
atoms are colored magenta, red, and blue, respectively) and the reactive 3�-OH (colored red and marked by arrows) of the transferred DNA strand. C, IN active
sites from the SSC (green; PDB code 4E7I), TCC (cyan; PDB code 4E7K), and RAL-bound (PDB code 3OYA; only the drug, in pink sticks, is shown) CDC are
superimposed using the C� atoms of active site residues Asp-128, Asp-185, and Glu-221. The unprocessed viral DNA end in the SSC is green, whereas the
processed viral DNA and bound target DNA strands from the TCC structure are in dark blue and cyan, respectively. Mn2� ions (labeled A and B), metal-chelating
oxygens of RAL, bridging oxygen atoms of the scissile viral DNA and target DNA phosphodiester bonds (arrows), and 3�-processing (Wnuc, sphere) and DNA
strand transfer (3�-OH, arrow) nucleophiles are colored red to highlight substrate mimicry of INSTIs during retroviral DNA integration (13).
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Tyr-143, Gln-148, andAsn-155 (70). The amino acid sequences
of the HIV-1 and PFV IN CCDs are 22% identical, and crystal
structures of PFV intasomes harboring wild-type or drug resis-
tance changes, with orwithout bounddrug, have helped explain
the structural basis ofHIV-1 drug resistance (18, 68, 69). RAL in
particular is unlikely to directly contact the side chains of resis-
tance substitutions that occur at position 148 or 155 (45).
Instead, the substitutions appear to subtly affect local active site
geometry, such that binding of the drug to mutant enzymes
requires significant energetically unfavorable rearrangement of
the INCCD (68). Consistentwith this interpretation, resistance
changes correlatewith significant increases in drug dissociation
rates from these enzymes (71). The PIC harbors a unique enzy-
matic antiviral target: formed through INprocessing of the LTR
ends in the cytoplasm, the functional CDC must persist for
sufficient time to accommodate PIC nuclear import, chromatin
targeting, and IN strand transfer activity (Fig. 1), which would
require a few hours to days, depending on the activation state of
the target cell. When dissociation constants are significantly
longer than the PIC half-life, CDC-specific drugs like INSTIs
theoretically afford a “one-shot kill” mechanism (72).
3�-Processing and integration of modeled PFV LTR DNA

have recently been followed in crystallo, allowing unprece-
dented visualization of the reaction mechanisms (Fig. 2B) (13).
Overlaying the position of RAL in the PFV CDC co-crystal
structure with the respective 3�-processing and strand transfer
nucleophiles and scissile phosphodiester bonds from the SSC
and TCC structures moreover revealed impressive similarities
in positions of salient oxygen atoms (Fig. 3C). The oxygen of the
heteroatom cluster distal from the halobenzyl group mimics
the attacking water nucleophile during processing (labeled
Wnuc in Fig. 3C) and a bridging oxygen atom of the target phos-
phodiester bond during strand transfer. Vice versa, the proxi-
mal oxygen mimics the positions of the attacking 3�-OH
nucleophile for DNA strand transfer and a bridging oxygen
atom of the scissile phosphodiester bond during processing
(Fig. 3C). These data are fully consistent with the reversible
“ping-pong” role played by the two metal ions during RNase H
catalysis (73) and furthermore suggest novel ways by which
INSTIs could be modified to increase drug potency (13).
Dolutegravir (DTG) (Fig. 3A) is a promising second-genera-

tion INSTI that retains activity against many RAL-resistant
viruses (69). Co-crystallization with the PFV CDC revealed an
extended linker region between themetal-binding heteroatoms
and the halobenzyl arm that allowed the drug to intimately
contact the viral LTR end and IN �4-�2 loop region (Fig. 3B)
(69), likely contributing to the slower dissociation of DTG ver-
sus RAL from HIV-1 IN-LTR complexes in vitro (71). The rel-
ative difficulty in selecting for DTG-resistant viruses ex vivo
(47) suggests that the generation of resistance in vivo might
occur less frequently than what has been seen with RAL. If so,
such differences should be forthcoming over the next year or so
as DTG segues into the AIDS clinic.

IN-binding Host Factors and Allosteric IN Inhibitors

Numerous host factors have been described to bind toHIV-1
IN (see Refs. 74 and 75 for recent reviews). Of these, LEDGF/

p75 has been determined to play a vital role in viral DNA inte-
gration (reviewed in Refs. 76 and 77).
The different genera of retroviruses differentially target par-

ticular aspects of host cell chromatin during viral DNA integra-
tion (see Ref. 78 for review). Lentiviruses like HIV-1 preferen-
tially integrate along the bodies of active genes, although
integration negatively correlates with the uppermost levels of
transcriptional activity (79). Moloney murine leukemia virus, a
gammaretrovirus, also favors genes but, by contrast to HIV-1,
favors promoters over internal regions (80). Although the
mechanisms that underlie different retroviral preferences for
particular chromatin features during integration are largely
unknown, the lentiviral preference to integrate along the bodies
of active genes is largely determined by LEDGF/p75 (76, 77).
LEDGF/p75 primarily acts as a bifunctional molecular teth-

er: N-terminal elements that harbor a PWWP domain and a
pair of AT-hookDNA-bindingmotifs confer constitutive chro-
matin-binding activity (81, 82), whereas a C-terminally located
IN-binding domain (IBD) engages lentiviral IN protein (83, 84).
The overall efficiency of HIV-1 integration is reduced by as
much as 10-fold in cells depleted for LEDGF/p75 content by
RNA interference (85, 86) or gene knock-out (87, 88). Although
LEDGF/p75 co-fractionates with PICs extracted from HIV-1-
infected cells (89), PICsmade in knock-out cells display normal
levels of DNA strand transfer activity in vitro (88). LEDGF/p75
therefore plays no apparent role in the regulation of IN catalysis
prior to chromatin engagement. Concordantly, order-of-addi-
tion experiments reveal that effective IN activity requires LTR
substrate binding prior to LEDGF/p75 binding in vitro (46, 90).
It therefore seems that HIV-1 PICs most likely engage LEDGF/
p75 as a chromatin component, where it preferentially associ-
ates along gene bodies (91). LEDGF/p75-bound IN is then acti-
vated for strand transfer in the local vicinity. The mechanism
that underlies the chromatin distribution of LEDGF/p75 is
unknown but predictably relies on engagement of specific his-
tone modifications by the N-terminal PWWP domain (92, 93).
The LEDGF/p75 IBD is a PHAT (pseudo-HEAT repeat anal-

ogous topology) domain composed of two copies of a helix-
hairpin-helix HEAT (huntingtin/elongation factor 3/subunit A
of protein phosphatase 2A/yeast PI3K Tor1) repeat (94) and
Ile-365 and Asp-366 at the tip of the N-terminal hairpin nestle
into a cleft at the IN CCD-CCD interface (Fig. 4A) (95).
Through an impressive example of structure-based drug
design, Debyser and co-workers (96) identified a series of
2-(quinolin-3-yl)acetic acid derivatives thatmimicked the posi-
tions of Ile-365 and Asp-366 in silico and inhibited IN-LEDGF/
p75 binding in vitro and HIV-1 replication in cell culture.
Although one of theirmore potent compounds, LEDGIN-6, did
not inhibit IN 3�-processing activity in vitro, Boehringer Ingel-
heim identified a remarkably similar series of compounds using
a high throughput screen for HIV-1 IN 3�-processing activity
(Fig. 4B) (97). Due to this apparent discrepancy, LEDGIN-6was
comparedwith BI-1001 in a series of assays, which revealed that
the compounds similarly inhibit IN 3�-processing and DNA
strand transfer activities in the absence of added LEDGF/p75
protein (98). Concurrent work using more potent derivatives,
including GS-A from Gilead Sciences, Inc. (Fig. 4B), verified
host factor-independent inhibition of IN catalytic function (99,
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100). Because the compounds engage the IN CCD at the host
factor-binding cleft (Fig. 4C) distal from the active site (Fig. 4A),
they are bona fide allosteric inhibitors of enzyme activity. The
compounds apparently stabilize an inactive dimeric form of IN,
thereby preventing proper assembly of the HIV-1 SSC in vitro
(98–100). They also display steep dose-response curves during
virus infection, which is indicative of a cooperative antiviral
mechanism (98). X-ray structures of allosteric IN inhibitor
(ALLINI)-CCD co-crystals moreover indicate that antiviral
potency is dictated by the strength of the interaction (Fig. 4C),
suggesting that further drug modifications could increase effi-
cacy. Although the underlyingmechanisms of cooperative drug
behavior during HIV-1 infection are not entirely clear, inhibi-
tion of both intasome assembly and intasome-LEDGF/p75
interaction are reasonable possibilities (98–100). Virus pro-
duced in the presence of drug is unable to initiate a new round
of infection (100),3 indicating that inhibition of steps in the
HIV-1 life cycle that precede integration might contribute to
the multimode mechanism of action of these intriguing
compounds.

Conclusions

The retroviral integration field has witnessed remarkable
advances in recent years. Co-crystal structures of PFV inta-

somes have revealed unprecedented details of IN-DNA inter-
actions and reaction mechanisms along the complete DNA
recombination pathway (Fig. 2) (13, 18, 26) and have helped
elucidate the structural basis of HIV-1 drug resistance to clini-
cal INSTIs (18, 68). Attempts to solve crystal structures of anal-
ogous IN-DNA complexes from other retroviral genera,
spurred on by the successes with PFV, are under way in a num-
ber of laboratories. DTG, a second-generation INSTI that
retains activity against first-generation RAL-resistant viruses
(69), is nearing its introduction into the clinic. Selection of
HIV-1 strains resistant to pipelineALLINIs can occur readily ex
vivo (96, 99), perhaps tempering excitement for this new class of
IN inhibitors. Their cooperative mode of action (98), which
indicates antiviral activity against more than one step in the
replication cycle, nevertheless highlights ALLINIs as unique
HIV-1 intasome structural probes with potential relevance for
the treatment of HIV/AIDS.
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HIV-1 has been the target of intensive research at the molec-
ular andbiochemical levels for>25 years.Collectively, thiswork
has led to a detailed understanding of viral replication and the
development of 24 approved drugs that have five different tar-
gets on various viral proteins and one cellular target (CCR5).
Although most drugs target viral enzymatic activities, our
detailed knowledge of somuch of the viral life cycle is leading us
into other types of inhibitors that can block or disrupt protein-
protein interactions. Viruses have compact genomes and
employ a strategy of using a small number of proteins that can
form repeating structures to enclose space (i.e. condensing the
viral genome inside of a protein shell), thusminimizing the need
for a large protein coding capacity. This creates a relatively small
number of critical protein-protein interactions that are essen-
tial for viral replication. For HIV-1, the Gag protein has the role
of a polyprotein precursor that contains all of the structural pro-
teins of the virion: matrix, capsid, spacer peptide 1, nucleocap-
sid, spacer peptide 2, and p6 (which contains protein-binding
domains that interact with host proteins during budding). Sim-
ilarly, the Gag-Pro-Pol precursor encodes most of the Gag pro-
tein but now includes the viral enzymes: protease, reverse tran-
scriptase (with its associated RNase H activity), and integrase.
Gag and Gag-Pro-Pol are the substrates of the viral protease,
which is responsible for cleaving these precursors into their
mature and fully active forms (see Fig. 1A).

TheGag andGag-Pro-Pol precursors assemble at the plasma
membrane of the cell, with the membrane ultimately being
pinched off from the cell surface to create a membrane-bound
virion with a diameter of �120 nm, representing a volume of
�0.9 attoliters (Fig. 1). The host ESCRT (endosomal sorting
complex required for transport) pathway that is subverted to
drive themembrane fission event needed for virion budding has
been reviewed in detail (1–3). The virion assembly process that
takes place at the cell membrane results in a finite number of
each viral protein within the particle. The budded particle has
�2400 Gag molecules embedded in the membrane via the

N-terminal matrix (MA)3 protein domain, which, in a 120-nm
sphere, gives Gag a concentration of �4.4 mM, with a crude
estimate that the Gagmolecules occupy 50–60% of the volume
of the sphere (4). There are also �120 Gag-Pro-Pol molecules
(5). The embedded protease (PR) must dimerize, release itself
from the Gag-Pro-Pol precursor, and then cleave the other PR
cleavage sites in Gag and Gag-Pro-Pol (6). From these cleaved
products, the nucleocapsid (NC) condenses and stabilizes the
viral dimeric RNA, and �1500 copies of the processed capsid
(CA) protein reform to make the mature conical capsid struc-
ture around viral RNA to create an infectious particle (7). In this
minireview, we examine outstanding issues surrounding the
HIV-1 PR, the role of protein processing and rearrangement in
the assembly pathway, the impact of PR inhibitor resistance on
viral fitness and assembly, and the fact that all of this biochem-
istry takes place within the confines of a particle that is only 120
nm wide.

A Closed System

The activity of all of the viral enzymes appears to take place
within a closed system, with a finite number of protein mole-
cules available for each process. This is true for protein proc-
essing during the production of the virus particle and for viral
DNA synthesis after the particle infects the next cell. Modest
changes in the number of one of the viral enzymes or the num-
ber of active molecules can have surprising effects on particle
assembly, maturation, and infectivity, and from this, we can
infer that certain steps in replication require more than one
molecule (ormolecular complex) of an enzyme, whereas others
require only one. The number of active enzyme molecules in a
virus particle can be manipulated by titrating in an inhibitor,
titrating in an inactive subunit through phenotypic mixing, or
reducing enzymatic activitywithmutations that confer a fitness
loss. Furthermore, reductions in PR activity can have pleiotro-
pic effects because the PR is responsible for cleaving the Gag-
Pro-Pol precursor to generate active reverse transcriptase (RT)
and integrase (IN). It is now clear that for replication steps that
require multiple copies of an enzyme, the partial loss of enzy-
matic activity, to the point where this activity is limiting for
replication, results in a virus particle that has enhanced sensi-
tivity to further inhibition by an inhibitor.
The simplest example is the sensitivity of RT to non-nucleo-

side RT inhibitors (NNRTIs). When RT activity is partially
inhibited by including an intermediate level of an NNRTI
(8–10), by creating a mixture of wild-type and mutant RT sub-
units (8, 11), or by reducing PR activity to decrease the amount
of processed RT subunits (12, 13), the remaining viral infectiv-
ity is hypersensitive to inhibition by adding additional NNRTI.
The interpretation is that viral DNA synthesis requires more

* This work was supported, in whole or in part, by National Institutes of Health
Grants P01 GM066524, R37 AI44667, and R21 NS073052. This is the fourth
article in the Thematic Minireview Series on Understanding Human Immu-
nodeficiency Virus-Host Interactions at the Biochemical Level.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed. E-mail: risunc@med.

unc.edu.

3 The abbreviations used are: MA, matrix; PR, protease; NC, nucleocapsid; RT,
reverse transcriptase; IN, integrase; NNRTI, non-nucleoside RT inhibitor; PI,
protease inhibitor; NRTI, nucleoside/nucleotide RT inhibitor; AZT, azido-
thymidine; SP1, spacer peptide 1; SP2, spacer peptide 2; CA, capsid; CAI,
capsid assembly inhibitor; CTD, C-terminal domain; NTD, N-terminal
domain; BD, benzodiazepine; BM, benzimidazole.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 49, pp. 40867–40874, November 30, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

NOVEMBER 30, 2012 • VOLUME 287 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 40867

MINIREVIEW



than one RT heterodimer to be successful; as the number of RT
molecules in the replication complex decreases, the probability
of successfully completing DNA synthesis is reduced, i.e. it is
easier to get to the threshold of too little RT if some of it is
alreadymissing. Thus, multiple RT heterodimersmust be asso-
ciated with the replication complex where viral DNA synthesis
occurs in a newly infected cell, and DNA synthesis requires the
participation of multiple RT complexes, making the process
distributive.
The same phenomenon is seen with PR activity in the forma-

tion of an infectious particle. Partial reduction of PR activity
through titrationwith an inhibitor (10), bymixingwith an inac-
tive subunit (11, 13), or by incorporatingmutations that reduce
enzymatic activity/fitness (13) results in enhanced sensitivity to
further inhibition with a protease inhibitor (PI). Thus, the mat-
uration process requires multiple PR dimers, and as the total
number of active PR dimers in the assembling virion decreases,
it becomes easier to titrate the remaining activity to reach a
threshold of too little enzymatic activity to make an infectious
particle.
The opposite phenomenon is seenwith the viral IN tetramer,

where reduction in IN activity through partial titration with an
inhibitor (10) or including an inactive subunit (11) does not
enhance sensitivity to further inhibition, presumably due to the
fact that a single IN tetramer binds to the ends of viral DNAand
does not exchange with free IN within the replication complex
even if the bound form is inactive. Also, chain-terminating
nucleoside/nucleotide RT inhibitors (NRTIs) cap the growing
DNA chain instead of inhibiting RT itself; thus, viral infectivity
does not become increasingly sensitive to NRTIs as the amount
of RT activity is decreased because reducing the amount of RT
does not change the probability of selecting a normal nucleo-
tide or a chain-terminating nucleotide for incorporation. The
exception among NRTIs is azidothymidine (AZT), which,

when incorporated, cannot translocate from the nucleotide-
binding site onRT to the primer site because of steric hindrance
by the large 3�-azido group (14, 15). In this position, the chain-
terminating nucleotide can be excised by RT by forming a dinu-
cleotide with ATP (14, 16). The increased sensitivity to AZT in
virus with decreased PR activity, first seen with PR fitness
mutants (12) and then with phenotypic mixing with an active
site mutant (13), shows that the RT heterodimer that incorpo-
rates AZT is not necessarily the same one that excises it.

Assembly and Processing

As depicted in Fig. 1B, a small number of Gag molecules
traffic dimers of the RNA genome to the plasma membrane (1,
17). Once at the membrane, additional Gag proteins are
recruited through Gag-Gag interactions and nonspecific Gag-
RNA interactions, utilizing Gag molecules from both the cyto-
sol and those already attached to the membrane (17–19). Gag-
Pro-Pol is recruited to sites of assembly simultaneously.
Although Gag oligomerization initiates budding, the process is
facilitated and completed by the ESCRT family of proteins (1,
4). Each immature virion will contain �2400 Gag monomers
(4) and �120 Gag-Pro-Pol molecules (5). For the emerging
virus particle to become infectious, theHIV-1 PRmust catalyze
a series of cleavage events that trigger structural and morpho-
logical changes that result in the condensation of the NC-RNA
core, the formation of the CA shell, and the release of viral
enzymes from their precursors (Fig. 1C). For a thorough discus-
sion of the architecture of the HIV-1 viral core, we direct you to
a number of recent publications (see Ref. 20).
The HIV-1 PR is an aspartic proteinase and functions as a

homodimer (Fig. 2A) (21). Each monomer contributes an
aspartic acid residue to coordinate a water molecule during the
proteolysis reaction. Most aspartic proteinases exist as pseu-
dodimers in eukaryotes, but the retroviral PR originates as a

FIGURE 1. HIV-1 assembly pathway. A, schematic diagram representing the Gag and Gag-Pro-Pol polyproteins: MA (blue), CA (dark green), SP1 (light green), NC
(brown), SP2 (orange), p6 (salmon), PR (purple), RT (cyan), and IN (navy). B, summary of the HIV-1 budding process at the plasma membrane. C, sequential
proteolytic processing of HIV-1 Gag polyprotein. Listed above each cleavage event is the processing site targeted within the intermediate.
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monomer within the Gag-Pro-Pol polyprotein. The need for a
dimer to form the active site necessitates the interaction of two
Gag-Pro-Pol molecules for proteolysis to begin. Relative to the
excised mature PR, dimers formed between monomers still
embedded in Gag-Pro-Pol are much less stable (22, 23) and
exhibit poorer enzymatic activity (23). The instability results in
the embedded dimers sampling awide variety of conformations
(22, 24, 25), potentially adopting the mature dimer interface
only 3–5% of the time (25). Because of this low enzymatic activ-
ity, the first cleavage events performed by the embedded PR are
intramolecular (26), with the primary result being the removal
of the transframe region from theN terminus of the PRdomain.
These processing events occur at three locations: the spacer
peptide 1 (SP1)/NC site, an internal site within the p6* domain
(the transframe protein in Gag that is expressed only after the
frameshift), and finally the transframe/PR interface. Removing
the transframe region from the N terminus of the PR greatly
improves dimer stability because the first four amino acids of
each PRmonomer interact with the final four residues to create
a four-stranded �-sheet (23). With improved stability, the PR
exhibits increased enzymatic activity, which is likely necessary
for efficient intermolecular cleavages to occur (26–28). These
more functional PR dimers will carry out the bulk of the
remaining processing events, including removal of RT from the
C-terminal end of the PR and cleavage of the Gag polyprotein.
Processing of the Gag polyprotein proceeds in a particular

order, with the five cleavage events roughly occurring in three
different phases, as measured using an in vitro derived Gag
substrate and purified PR (29–31). The initial site targeted is
the SP1/NC site. In the second phase of processing, the spacer
peptide 2 (SP2)/p6 and MA/CA sites are cleaved. Finally, the
spacer peptides SP1 and SP2 are removed from CA and NC,
respectively (Fig. 1C) (31). Although processing has proven dif-
ficult to observe in the virion, mutant particles defective for
cleavage at particular sites generated intermediates consistent
with the proposed order of events determined in vitro (32).
Furthermore, these mutants or others that alter the processing
order severely disrupt infectivity (32–35), indicating that the
timing and order of cleavage are important for the assembly of
the mature viral core. The mechanisms governing ordered
cleavage have been difficult to uncover, largely because no dis-
cernible pattern can be found among the cleavage site amino

acid sequences (36). Instead of a consensus sequence, the sub-
strate specificity demonstrated by the HIV-1 PR appears to be
dependent upon a conserved shape (37). All of the peptide sub-
strates derived from the cleavage sites within the Gag polypro-
tein were shown to adopt an asymmetric extended �-strand
conformation when bound in the active site of the enzyme,
creating a consensus volume termed the “substrate envelope”
(Fig. 2B). Molecular modeling suggests that the cleavage sites
share particular hydrogen bonding patterns between the pep-
tide backbone and the PR, but the hydrogen bonds and hydro-
phobic interactions between substrate side chains and the PR
are not conserved among the different cleavage sites. Thus, the
differences in the side chain hydrogen bonding and hydropho-
bic interactions may contribute to the unique processing rate
for each cleavage site (38).
Assembly, budding, and proteolytic processing of Gag and

Gag-Pro-Pol are intricately linked events, although the relative
timing of each and the importance of that timing are questions
that are still being explored. Following initiation of assembly at
the membrane, complete virions are observed at the surface of
the cell within 5–10 min (18, 39), and virion release occurs
15–20min later (18). It has been difficult to observe processing
events in released virions, and early activation of PR activity by
creating a tethered dimer within a single Gag-Pro-Polmolecule
or delay of particle formation relative to processing negatively
impacts particle formation (40, 41); these observations suggest
that activation of the PR is delayed until later in the assembly
process but that processing must be completed either during
budding or relatively quickly after budding. PR activity is not
required for the initiation of assembly (18), but there is some
evidence that the presence of a PR with decreased activity can
slow the rate of virion release (42). The excess of Gag over
Gag-Pro-Pol (20:1) suggests that the vast majority of Gag-Pro-
Pol will have primary interactions with Gag molecules. Thus,
the infrequent juxtaposition of two Gag-Pro-Pol precursors to
create a homodimer, the stochastic spacing ofGag-Pro-Pol pre-
cursors in the budding Gag shell spatially limiting the number
of Pro-Pol interactions, and the poor stability of the immature
PR dimer in the Gag-Pro-Pol homodimer all reduce the likeli-
hood of significant PR activity early in the assembly process.
The slow or delayed release of the first PR dimer can then ini-
tiate cleavage events in trans that would include the release of

FIGURE 2. Structure of the HIV-1 PR and its substrates. A, structure of HIV-1 PR with the resistance mutations. The dimeric PR is shown (Protein Data Bank
code 3EL1; rendered with PyMOL) bound to an inhibitor (green). The active site aspartic acid (Asp-25) from each subunit is shown in blue. The positions of PI
resistance mutations proximal to the active site are shown in red. The positions of compensatory mutations are shown in purple. B, substrate envelope of HIV-1
PR. The substrate envelope was calculated from the overlapping van der Waals volume of four or more substrate peptides. The colors of the substrate peptides
are red (MA/CA), green (CA/SP1), blue (SP1/NC), cyan (SP2/p6), magenta (RT/RNase H), and yellow (RNase H/IN). This figure was reprinted from Ref. 101 with
permission.
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PRmonomers that could dimerize and have high levels of activ-
ity. Still, it must be acknowledged that we do not know when
processing is initiated, although most textbook conceptualiza-
tions of processing have it occurring after budding. We are
likely to know the answer to this question when fluorescent
proteins are incorporated into the virion that can also serve as
substrates for the PR.

Protease Inhibitors, Resistance, and Viral Fitness

Due to the requirement of thematuration process to produce
infectious virions, PR has been a major target for developing
antiretroviral inhibitors, with nine PIs approved for clinical use.
These PIs are transition state analogs, mostly peptidomimetics,
that bind the enzyme with much higher affinity than do the
substrates (21). The binding affinity of the PIs for the wild-type
enzyme ranges from nM to pM (43) under conditions in which
peptide substrates bindwith affinities in the high�M range. The
effectiveness of the PIs in antiretroviral therapy can be compro-
mised by the emergence of resistance mutations in the PR
region. More resistance mutations have been selected by PIs
than any other antiretroviral drugs. Although mutations at as
many as 46 positions of the 99 residues in PR have been shown
to be associated with selection by PIs, only a subset of �26
positions have been identified as those most commonly
involved in PI resistance (see Refs. 44 and 45 and references
therein). High level resistance to a PI typically requires four to
six mutations, and PIs are thus considered to have a high
genetic barrier (46). The ability tomake tight binding transition
state analogs that require multiple mutations to confer resist-
ance suggests that it may be possible eventually to treat HIV-1
with a single PI if it were sufficiently potent. Efforts along these
lines have been explored with some success (47–49).
There are several mechanistic features of resistance to PI.

First, mutations in the active site can change the interaction
with the inhibitor either by reducing a contact or creating a
steric hindrance (Fig. 2A) (50–55). Such changes are more eas-
ily tolerated if a side chain of the drug extends outside of the
substrate envelope. However, when such changes also impact
interaction with the substrate, this results in a fitness cost in
howwell the enzyme functions in the context of replication (12,
56–58). Second, the fitness cost associatedwith these active site
mutations can be compensated bymutations that occur outside
of the active site but appear to be capable of enhancing PR
activity (51, 54, 59–65). Although the active site mutations are
absent in the untreated population, the compensatory muta-
tions pre-exist in the population, perhaps compensating for
deleterious mutations in PR that can get fixed fortuitously.
Third, cleavage sites around SP2 can become limiting for mak-
ing an infectious virus, and cleavage site sequences can undergo
evolution to make them more easily cleaved by the mutant PR
(66–70). Fourth, other mutations in Gag have been described
that appear to contribute to PI resistance (71) but in unknown
ways, suggesting that there are other pathways to at least low
level resistance.
Our view is that the concept of fitness is synonymous with

the idea of PR acting in a closed system.When PR loses activity
on its normal Gag substrate cleavage sites, the probability of
completing assembly and processing to yield an infectious par-

ticle is reduced, i.e. the virus is less fit to produce the full com-
plement of infectious virus. Thus, in some assays, a single resis-
tance-associated mutation will actually sensitize the virus to an
inhibitor when the fitness loss in substrate recognition is
greater than the fitness gain in resistance (13). This balance
shifts as multiple resistance mutations and compensatory
mutations are added. Such fitness cost and pleiotropic effects of
a virus with reduced PR activity may be the reason that patients
with virus carrying PI resistance mutations (that lower fitness
overall) can have slowed disease progression in the setting of
drug failure (72).

Assembly Inhibitors

HIV-1 particle assembly is a highly ordered process and
involves the association and rearrangement of several thousand
viral structural proteins.One key step involves cleavage at theN
terminus of CA by the viral PR, followed by the formation of a
new �-hairpin structure anchored by a salt bridge between the
released N-terminal Pro-1 of CA and an internal aspartic acid
side chain in CA (Asp-51 in HIV-1), an essential step in the
proper assembly of the capsid cone (73, 74). Disrupting this salt
bridge is an attractive drug target, although, as yet, an unreal-
ized target. The fully processed CA makes key intermolecular
CA-CA interactions that result in hexameric (and some penta-
meric) rings that are the basic structural unit of the conical
capsid (75). Due to the indispensable nature of these interac-
tions in generating infectious virus particles, there is an ongoing
search for molecules that bind CA and inhibit these interac-
tions. A 12-mer peptide (capsid assembly inhibitor (CAI)) and a
smallmolecule (CAP-1) are able to disruptHIV-1CAassembly.
CAI, a helical peptide selected in a phage display, binds to a
hydrophobic cleft within the C-terminal domain (CTD) of CA
(76, 77), and CAP-1 bind to the N-terminal domain (NTD) of
CA, forming a hydrophobic pocket (78, 79). Recently, new CA
inhibitors have been identified in high throughput screening
assays. PF74, a small molecule, binds to the NTD of HIV-1 CA,
near the CAP-1-binding site, and inhibits both early and late
events of viral replication (80, 81). Twomore series of inhibitors
have been identified based on benzodiazepines (BDs) and ben-
zimidazoles (BMs), which also bind to the same NTD of CA as
CAP-1 (82). It has been proposed that all of these inhibitors are
interfering with a critical NTD-CTD intermolecular interac-
tion of CA-CA that stabilizes the hexameric and pentameric
rings (82).
The structural changes that must occur during virion matu-

ration represent one type of target in inhibiting assembly.
Another target is the processing sites themselves. Blocking
cleavage at a specific processing site is analogous to blocking
viral DNA synthesis with a chain-terminating analog; in each
case, the enzyme (PR or RT) is not inhibited, but rather its
substrate (a cleavage site or the growingDNA chain) is blocked.
Processing at each site in Gag is essential for making an infec-
tious particle (32, 33, 83), althoughmutations blocking process-
ing at the NC/SP2 site do not completely ablate infectivity (33,
84). Bevirimat, the prototype HIV-1maturation inhibitor iden-
tified in a screen for inhibition of viral replication, specifically
inhibits the cleavage event between CA and SP1 within the Gag
polyprotein (85, 86). The drug is incorporated into immature
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particles near the CA/SP1 cleavage site and stabilizes an imma-
ture form of the CA lattice, and this interaction with Gag alters
its ability to serve as a PR substrate at the CA/SP1 site (87, 88).
Recently, direct binding of bevirimat to the CA/SP1 cleavage
site in immature Gag particles has been reported (89). The dra-
matic effect on infectivity of bevirimat binding to the CA/SP1
site is similar to the effect of a processing mutant at this site,
especially if a fortuitous cleavage site within SP1 is absent (90).
Thus, bevirimat provides a proof of concept for an inhibitor of
a specific processing site. Along these lines, cleavage at the
MA/CA site must go to near-completion to make an infectious
particle, and this has been seen for both MuLV and HIV-1 (33,
34, 91). Inhibiting cleavage at this site by as little as 10% is
sufficient to ablate virion infectivity (33). TheMA/CA cleavage
site is the most sensitive site among all of the cleavage sites in
Gag in terms of requiring nearly complete cleavage to allow
infectivity (33), suggesting that the MA/CA cleavage site could
be an important target for the development of a new class of
maturation inhibitors. The extreme sensitivity of this site to
underprocessing in the context of forming an infectious parti-
cle reinforces the idea that strong trans-dominant effects can be
realized in inhibiting the assembly/processing pathway. The
EM morphology of the virions showing defects in the CA
assembly process is shown in Fig. 3. Note that the inside of the
Y132I virion (where cleavage between MA and CA has been

blocked) is less electron-dense due to the lack of free CA pro-
tein. Virus particles with other CA assembly defects often dis-
play similar ring-shaped capsid-like structures, presumably
aberrant CA assemblies, regardless of the type of maturation
inhibitors used.
Another potential step in the life cycle that is impacted by PR

processing is the condensation of the viral dimeric RNA. In the
absence of processing, viral RNA is in a low stability dimeric
form in the virion (92). With processing, the RNA is in a much
more stable dimeric form. Condensation of the RNA is medi-
ated by the NC region after it is released fromGag (93). During
the maturation process, NC is found within four different pro-
teins: full-length Gag, NC/SP2/p6 (p15), NC/SP2, and fully
released NC. These different versions of the NC protein may
have distinct functions at different steps in the life cycle (94),
providing a role for processing in the regulation of RNAbinding
by the NC domain. Furthermore, there is evidence that nucleic
acid binding can regulate the efficiency of cleavage at the
SP2/p6 site using a p15 substrate (95, 96). Thus, on several
levels, processing around the NC domain of Gag is involved in
regulation of the protein activity.

Looking Ahead

Answering the question of when processing occurs in the
budding pathway is central to our understanding of virionmor-
phogenesis, and we are likely to know the answer to this ques-
tion with the application of new technologies. Our detailed
understanding of the role of protein processing in the regula-
tion of protein function for the proteins present in Gag is cre-
ating opportunities to design assays amenable for use in high
throughput screens to search for lead compounds that can
inhibit the assembly of an infectious particle (97–99). The 25
years of studying the biochemistry of theHIV-1 virionwas built
on an earlier 15 years of studying other retroviruses, starting
with the identification of a Gag precursor in avian myeloblas-
tosis virus (100). We are now at a point where we understand
critical steps in virion assembly at the molecular level and can
conceptualize newways of disrupting these essential processes.
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Cellular proteins called “restriction factors” can serve as pow-
erful blockades to HIV replication, but the virus possesses elab-
orate strategies to circumvent these barriers. First, we discuss
general hallmarks of a restriction factor. Second, we review how
the viral Vif protein protects the viral genome from lethal levels
of cDNA deamination by promoting APOBEC3 protein degra-
dation; how the viral Vpu, Env, and Nef proteins facilitate inter-
nalization and degradation of the virus-tethering protein BST-
2/tetherin; and how the viral Vpx protein prevents the
premature termination of reverse transcription by degrading
the dNTPase SAMHD1. These HIV restriction and counter-re-
striction mechanisms suggest strategies for new therapeutic
interventions.

Restriction Factor Hallmarks

Restriction factors have at least four defining characteristics
(see Fig. 1A). First and foremost, a restriction factor must
directly and dominantly cause a significant decrease in HIV
infectivity. This is often determined by cotransfecting cell lines
such as HEK293 and HeLa with a molecular clone of the virus,
with or without a plasmid expressing the restriction factor, and
measuring the amount and infectivity of virus recovered in the
cell culture medium after 1–2 days of incubation. Such assays
are ideally done over a range of restriction factor expression,
with the highest levels often imposing log-scale drops in viral
infectivity (see Fig. 1B). This “single-cycle” assay for viral repli-
cation is useful for testing the impact of viral mutations and/or
restriction factor variations.
Second, if a restriction factor is a true threat to viral replica-

tion, then the predecessors ofHIV invariably evolved an equally
potent counter-restriction mechanism that still exists in the
present day virus. For instance, titrating a counter-restriction
factor into the aforementioned single-cycle infectivity experi-

ment can result in a full recovery of viral infectivity despite the
presence of an active restriction factor (Fig. 1B). Viruses lacking
these various countermeasures are able to replicate in some,
but not all, cell types depending on the expression level of the
relevant restriction factor. Cell lines that support replication
are termed “permissive,” and those that do not are termed
“nonpermissive.” This life/death dichotomy has been elegantly
exploited to identify several restriction factors and their corre-
sponding viral antagonists.
Third, because the interactions between restriction and

counter-restriction factors occur through direct protein-pro-
tein interactions, the restriction factor often shows signatures
of rapid evolution. In general, mutations are maintained in a
population only if they confer a selective advantage. If a host
species experiences iterative rounds of pathogenic pressure,
altered variants of host restriction factors that are no longer
susceptible to the pathogen’s counteraction mechanism are
selected. Over evolutionary time, this results in an overabun-
dance of amino acid substitution mutations in these genes rel-
ative to non-amino acid changing, or silent, mutations. These
positive selection signatures become apparent by comparing
restriction factor gene sequences between the host and evolu-
tionarily related species. It is important to note that each amino
acid substitution could have been selected by an independent
pathogen conflict and that the ancestral pathogenmay not have
even resembled present day HIV. Thus, amajor corollary to the
hallmark of positive selection is the strong likelihood that
each present day restriction factor has emerged from many
ancient host-pathogen conflicts and has thus been fine-
tuned to protect against a formidable number of parasites
(i.e. restriction factors elicit broad activity). These hyper-
evolved restriction factor protein sequences will undoubt-
edly continue to change as a result of ongoing interactions
with modern pathogens.
Fourth, the expression of each restriction factor is often

hard-wired to the innate immune response. For instance,
restriction factor expression is often strongly induced by inter-
feron and is thus tied directly to the host’s innate immune
response. Many other genes are also induced by interferons (as
well as the interferon genes themselves), with each restriction
factor or group of restriction factors comprising a relatively
small portion of themuch larger immune response. Because the
overall composition of the innate immune regulon is shaped in
part by the pathogens to which each species and its ancestors
were exposed, innate immune effector proteins can vary
between species (i.e. with one type proving more important for
one species in comparison with another). Thus, this member-
ship to the larger innate immune regulon helps rationalize why
the number of each type of restriction factor often varies
between mammalian lineages.
It is also worth noting that restriction factors are relatively

rare in contrast to other host proteins that impact viral replica-
tion (dependency factors). Following the criteria established
above, human cells probably possess only a few HIV restriction
factors compared with hundreds of dependency factors and
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thousands of proteins that are not particularly relevant to HIV
replication. Bona fide restriction factors result in log-scale dif-
ferences in viral infectivity and interact directlywith at least one
viral component. Here, we discuss three such HIV restriction
factors: the APOBEC3 DNA deaminase subfamily, the BST-2
(bone stromal tumor protein 2)/tetherin integral membrane
protein, and the SAMHD1dNTPhydrolase.We also encourage
readers to see recent reviews on the TRIM5 proteins, which
represent an important barrier to HIV replication in other spe-
cies but not in humans (e.g. Ref. 1).

Restriction by Hypermutation: APOBEC3 DNA
Deaminases

Classic studies showed that the HIV Vif (viral infectivity fac-
tor) protein is dispensable for viral replication in some T cell
lines but not others (2, 3). Hybrid cells constructed by fusing
permissive and nonpermissive cell lines inherit the nonpermis-
sive phenotype, suggesting the existence of a dominant-acting
restriction factor (4). This difference led to the molecular iden-
tification of APOBEC3G in nonpermissive cell types (5).
Importantly, the expression of APOBEC3G in permissive T
cells was sufficient to render them nonpermissive for Vif-defi-
cient HIV replication (5).
At the same time, APOBEC3G was independently identified

and shown to be part of a larger subfamily of seven APOBEC3
proteins that each have the capacity to catalyze DNA C-to-U
deamination (6). This biochemical activity suggested not only a
mechanism for APOBEC3G-mediated HIV restriction but also
an explanation for the phenomenon of G-to-A hypermutation
noted previously in HIV sequences from clinical samples (e.g.
Refs. 7 and 8). Indeed, three groups demonstrated that
APOBEC3G-dependent HIV restriction is characterized by
massive levels of viral genomic strand G-to-A hypermutation,
which can only be explained by a cDNA C-to-U deamination
mechanism (Fig. 2) (9–11). This conclusion is now fortified by
biochemical and mutagenesis studies, with the most notable
showing that near-physiologic levels of APOBEC3G suppress
spreading Vif-deficient viral replication in permissive T cell
lines and induce G-to-A hypermutations, whereas physiologic
levels of a catalytically inactive variant fail to do so (12–14).

APOBEC3G has a strong intrinsic preference for deaminat-
ing the second cytosine of a 5�-CC dinucleotide motif, which
results in 5�-GG-to-AG hypermutations (9, 15, 16). HIV
sequences from clinical samples frequently bear this pattern,
but at near-equal levels they also often contain a 5�-GA-to-AA
pattern (e.g.Refs. 7 and 8).Many studies have been dedicated to
deducing which of the six other APOBEC3 proteins is respon-
sible for inflicting this additional signature, with widely varying
results (reviewed in Refs. 17 and 18). However, recent studies
have brought clarity to this area by strongly implicating
APOBEC3D, APOBEC3F, and APOBEC3H in HIV restriction
(and simultaneously excluding APOBEC3A, APOBEC3B, and
APOBEC3C) (19, 20).
The four HIV-relevant APOBEC3 proteins share the follow-

ing properties: (i) expression in nonpermissive CD4� T cells
(the primary HIV target cell), (ii) capacity to package into the
nucleic acid-containing viral core (i.e. encapsidate), (iii) potent
virus restriction activity, (iv) ability to inflict G-to-Amutations,
(v) susceptibility to HIV Vif, and (vi) functional conservation
with the homologous proteins of rhesus macaque (Fig. 2) (19).
These observations are supported by systematic APOBEC3
knock-out and knockdown studies in nonpermissive cells that
demonstrate the importance of APOBEC3G in causing 5�-GG-
to-AG hypermutations and that reveal overlapping roles for
both APOBEC3D and APOBEC3F in Vif-deficient HIV
restriction and 5�-GA-to-AA hypermutation (20). The con-
tribution of APOBEC3H to Vif-deficient HIV restriction and
5�-GA-to-AA hypermutation may vary depending on the
stability of the expressed protein, as multiple stable and
unstable haplotypes are circulating in the human gene pool
(21, 22).
HIV is a “successful” pathogen in part because its Vif protein

mediates the polyubiquitination and subsequent degradation of
the four restrictive APOBEC3 proteins by the 26 S proteasome
(19). This is an ancient and conserved counter-restriction
mechanism because all related lentiviruses, except equine
infectious anemia virus, express a Vif protein that neutralizes
the relevant APOBEC3 proteins of their host species (e.g. Ref.
23). An excellent recent example is provided by studies on nat-

FIGURE 1. Hallmarks of a restriction factor. A, four defining hallmarks of an HIV restriction factor include dominant restriction of viral replication (no-go sign;
clockwise from top left), a virus-encoded counteraction mechanism (shield sign), interferon responsiveness (promoter sign), and positive selection signatures
(plus sign). B, histogram depicting viral infectivity in the presence of a restriction factor and a dose response of the relevant counter-restriction mechanism.

MINIREVIEW: Restriction Factors of HIV

40876 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 49 • NOVEMBER 30, 2012



ural simian immunodeficiency virus (SIV)4 infection of four
African green monkey (SIVagm) subspecies (24). As expected,
the Vif protein of each SIVagm strain degrades the APOBEC3G
protein of its respective host. However, only a few of these Vif
proteins are able to degrade the APOBEC3G proteins of other
African green monkey subspecies. Genetic studies deduced
thatVif resistance/susceptibilitymaps to only a few amino acids
in APOBEC3G. These studies suggest that SIV may have been
transmitted into animals with Vif-resistant APOBEC3G pro-
teins and subsequently altered its Vif protein to regain the
capacity to degrade the new host’s APOBEC3G protein.
Original biochemical and genetic studies combined to show

that Vif recruits an E3 ligase complex consisting of CUL5,
ELOB, ELOC, and RBX to mediate APOBEC3G degradation
(Fig. 2) (25, 26). Despite this knowledge, Vif has resisted purifi-
cation and biochemical studies, suggesting that a cofactor
might bemissing. Recent proteomic studies identified the tran-
scription factor Core Binding Factor b (CBF�) as a Vif-associ-
ated protein that also associates with the E3 ligase but only in
the presence of Vif (27, 28). Knockdown studies demonstrated
that CBF� is essential for Vif stability and APOBEC3 degrada-
tion in human cells (27, 28). Importantly, CBF� permitted the
biochemical purification of the tetrameric complex CBF�-Vif-
ELOC-ELOB, which can be combined with a CUL5/RBX2
dimer to form a hexameric complex with APOBEC3G poly-
ubiquitination activity (27). It is likely that this breakthrough

will soon lead to the first atomic structures of Vif, the Vif-
APOBEC3 interface, and perhaps an entire Vif-E3-APOBEC3
complex. Such information will undoubtedly expedite the
development of drugs to disrupt the Vif-APOBEC3 interaction
and possibly extinguish HIV replication by lethal mutagenesis.
This strategy may lead to a new class of therapeutic agents to
suppress viral loads andmay have the potential to be curative if
combined with ongoing work in the field to purge cells of
latently integrated viruses.
The fact that theAPOBEC3proteins are promutagenic raises

another provocative possibility. It is conceivable that lentivi-
ruses, including HIV, use Vif as a mutational rheostat to regu-
late the overall load and impact of APOBEC3-drivenmutations
(29, 30). In the extreme, it is possible that HIV has become
dependent upon the APOBEC3 proteins to achieve the overall
high degree of genetic diversity required for the virus to “out-
run” antibody andT cell responses. Thus, therapeutic strategies
to inhibit APOBEC3 activity and to starve HIV of the fuel driv-
ingmuch of its genetic variabilitymay be worth investigating as
a means to constrain immune evasion.

Restriction by Particle Tethering: BST-2/Tetherin Integral
Membrane Protein

Tetherin, also known as BST-2 or CD317, was identified as
the cellular protein that accounts for a late-stage defect in the
release of vpu (viral protein U)-deleted HIV-1 from restrictive
cells (31, 32). This discovery traces back to original observations
that deletion of the HIV-1 vpu gene results in a 5–10-fold4 The abbreviation used is: SIV, simian immunodeficiency virus.

FIGURE 2. HIV restriction by APOBEC3 proteins. APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H can encapsidate into HIV virions and result in the
deamination of cytosines to uracils in viral cDNA upon initiation of reverse transcription (RT) in target cells. Uracil templates adenine upon second-strand
synthesis, resulting in a guanine-to-adenine mutation. These proviral cDNAs are subsequently degraded or integrated (although many are rendered nonfunc-
tional). HIV-1 Vif overcomes the APOBEC3 restriction block in the producer cell by binding CBF� and recruiting an E3 ubiquitin (Ub) ligase complex to
polyubiquitinate the APOBEC3 proteins and target them for degradation by the 26 S proteasome. The figure was adapted from Ref. 19 and reproduced with
permission.
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decrease in virus release from infected T cells without impair-
ing the expression of other viral proteins (33). This defect in
virus release was later shown to be cell type-dependent and to
result in a particularly dramatic phenotype observable by elec-
tron microscopy, whereby mature viral particles are unable to
detach from infected cells in the absence of Vpu and conse-
quently accumulate on the plasmamembrane andwithin intra-
cellular compartments (34). The explanation for this phenom-
enon remained enigmatic for several years until heterokaryon
fusions of permissive and nonpermissive cells revealed a dom-
inant block to the release of vpu-deleted HIV-1 (35). Subse-
quent work demonstrated that the restriction factor is
expressed on the cell surface and is interferon-inducible (36,
37), features that ultimately led to the identification of BST-2
(named “tetherin”) as the cellular protein responsible for inhib-
iting the release of Vpu-deficient HIV-1 (31, 32).
The topology of tetherin, which includes anN-terminal cyto-

plasmic domain followed by a single-pass transmembrane
domain, an extracellular coiled-coil domain, and a C-terminal
glycosylphosphatidylinositol anchor (38), accounts for its
broad antiviral activity not only against HIV-1 but also against
many other enveloped viruses (Fig. 3). By virtue of having a
membrane-spanning domain and a glycosylphosphatidylinosi-
tol anchor at opposite ends of themolecule, tetherin can simul-
taneously associate with both viral and cellular membranes. As
viruses attempt to bud from infected cells, tetherin becomes
incorporated into the viral envelope and physically bridges nas-

cent virions to the cell (39–41). Evidence suggests that tetherin
forms a parallel homodimer, and although either the N- or
C-terminal domain can be oriented in the cell (39), at least some
of the dimers need to have their N-terminal domains in the cell
to interact with the cellular endocytosis machinery. Captured
virions are subsequently internalized for degradation in lyso-
somes (39, 42).
There is a general consensus that the mechanism of tetherin

counteraction byHIV-1Vpubeginswith a direct physical inter-
action between the antiparallel membrane-spanning helices of
Vpu and tetherin (Fig. 3) (43–45). However, the relative impor-
tance of alternative cellular pathways leading to the removal of
tetherin from sites of virus release is less clear. A number of
studies have shown that casein kinase II phosphorylation of a
pair of conserved serine residues (Ser-52 and Ser-56) in the
cytoplasmic tail of Vpu recruits �-TrCP2, a component of the
SKP1-CUL-F box E3 ubiquitin ligase complex, which leads to
the down-regulation and degradation of tetherin (44, 46–48).
�-TrCP2-dependent degradation involves non-lysine ubiquiti-
nation of residues in the cytoplasmic domain of tetherin (49,
50), which serves as a signal for HRS binding and ESCRT-me-
diated trafficking to lysosomal compartments (51). Vpu-medi-
ated targeting of tetherin to lysosomes also requires Rab7A
(52), a small GTPase essential for the maturation of late endo-
somes and lysosomal fusion. Other studies have revealed a
�-TrCP2-independent mechanism of tetherin antagonism by
Vpu, which leads to the sequestration of tetherin in a perinu-
clear compartmentwithout degradation (48, 53, 54). This could
occur either by trapping newly synthesized tetherin or by
blocking the recycling of tetherin to the plasmamembrane (55,
56). The internalization and trafficking of tetherin by Vpu,
whether for sequestration or degradation, depend in part on
dynamin-2, a GTPase important for the scission of vesicular
membranes (57). Although the relative contribution of path-
ways leading to the sequestration versus degradation of tetherin
is presently unclear, it is important to recognize that these are
not mutually exclusive mechanisms, and both may contribute
to the optimal resistance to tetherin afforded by Vpu.
Most primate lentiviruses do not have Vpu and therefore

depend on other viral proteins to counteract tetherin. In the
case of certain HIV-2 and SIV isolates, this activity has been
acquired by the viral envelope glycoprotein (58–61). Indeed,
prior to the identification of tetherin, the envelope glycopro-
teins of certain HIV-2 isolates were shown to have “Vpu-like”
activity that could rescue the release of Vpu-deficient HIV-1
from restrictive cells (62). Tetherin antagonismby Env depends
on physical interaction between Env and tetherin and on a con-
served tyrosine-based endocytosis motif (YXX�) in the cyto-
plasmic tail of the Env transmembrane protein gp41 (59, 60,
63). The residues that contribute to Env-tetherin interactions
are not well defined but appear to be located in the extracellular
domains of both proteins based on analyses of recombinant
forms of Env and tetherin (60, 64) and on the identification of
defined amino acid changes in the ectodomains of gp41 and
tetherin that disrupt anti-tetherin activity (64–66). Interaction
with Env does not result in the degradation of tetherin but
instead leads to internalization and sequestration of tetherin

FIGURE 3. HIV restriction by tetherin. Tetherin acts to physically tether bud-
ding virions to the cell surface of productively infected T cells. HIV-1 Vpu or
HIV-2 Env overcomes tetherin restriction by internalizing and sequestering
tetherin in compartments away from sites of viral budding. HIV-1 Vpu can also
recruit an E3 ubiquitin ligase complex that ubiquitinates tetherin and targets
it for degradation in lysosomes. SIV Nef (not shown) can also counteract
tetherin.
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away from sites of virus release at the plasma membrane by a
clathrin-dependent pathway (57, 60, 63).
The majority of primate lentiviruses, including phylogeneti-

cally diverse SIVs endemic to chimpanzees (SIVcpz), sooty
mangabeys (SIVsmm), and African greenmonkeys (SIVagm), use
Nef (negative regulatory factor) to counteract the tetherin pro-
teins of their non-human primate hosts (61, 67, 68). In fact, the
anti-tetherin activities of HIV-1 Vpu and HIV-2 Env appear to
have been acquired after the respective cross-species transmis-
sion of SIVcpz and SIVsmm into humans due to the absence of a
five-amino acid sequence in human tetherin required for sus-
ceptibility toNef (61, 68). SIVNef counteracts the tetherin pro-
teins of apes and OldWorld monkeys but not humans through
the recognition of residues in the N-terminal cytoplasmic
domain ((G/D14)DIWK18 in rhesus macaque, sooty mangabey,
and chimpanzee tetherin) that are missing in human tetherin
(61, 68). SIVcpz, SIVmac, and SIVagm Nef proteins down-modu-
late the tetherin proteins of their respective hosts from the cell
surface by AP-2-dependent endocytosis (69). The nature of the
molecular interactions between Nef and tetherin and the ulti-
mate fate of tetherin in SIV-infected cells remain to be defined.
Nevertheless, current evidence suggests that, similar to HIV-1
Vpu and HIV-2 Env, the anti-tetherin activity of SIV Nef
reflects its ability to remove tetherin from sites of virus release
at the plasma membrane.
In a remarkable instance of convergent evolution, the enve-

lope glycoprotein of anef-deleted strain of SIV also acquired the
ability to counteract tetherin during serial passage in rhesus
macaques. Similar to HIV-2 Env, the anti-tetherin activity of
this Env is dependent on a physical interaction with tetherin
and on the YXX� motif in gp41 (58). However, in this case,
compensatory changes in the cytoplasmic domain of gp41,
rather than in the ectodomain, stabilize a physical interaction
with rhesus macaque tetherin (58). These observations imply
that tetherin antagonism is important for efficient viral replica-
tion in vivo and ultimately for pathogenesis.
There is now growing interest in the development of novel

therapeutic agents to enhance the antiviral activity of tetherin
as a treatment for HIV-1 infection. NMR structural data and
computational modeling have provided a high-resolution pic-
ture of the transmembrane interface between Vpu and tetherin
that represents a promising target for drug design (70, 71).
Pharmaceutical disruption of this interface would, in principle,
render HIV-1 susceptible to restriction by tetherin, signifi-
cantly attenuating viral replication in vivo. However, features
unique to the biology of tetherin suggest that this may not be so
straightforward. Unlike other restriction factors, tetherin does
not impose an absolute block to viral replication; vpu-deleted
HIV-1 and nef-deleted SIV still replicate, albeit at significantly
reduced rates, in primary lymphocytes and infected animals
(37, 58). Comparisons of the mechanisms of tetherin antago-
nism by HIV-1, HIV-2, and SIV also suggest that the primate
lentiviruses have unusual latitude in adapting to the tetherin
proteins of their respective hosts, having evolved to use at least
three different proteins to counteract this restriction. Thus,
although the development of drugs to interfere with tetherin
antagonism by Vpu certainly represents a worthwhile and
potentially fruitful avenue of investigation, these consider-

ations suggest that such drugs probably would not fully sup-
press HIV-1 replication on their own and might rapidly select
for viral resistance.

Restriction by Starving Reverse Transcriptase: SAMHD1
dNTP Hydrolase

Myeloid cell types such as macrophages and dendritic cells
have long been known to be more resistant to HIV-1 infection
thanCD4�T lymphocytes (72–74).Major clues to understand-
ing this large phenotypic difference were obtained in experi-
ments showing that the Vpx (viral protein X) protein of HIV-2
or SIV, naturally absent in HIV-1, improved susceptibility of
these cells to HIV-1 infection when delivered by preinfection
with Vpx-containing virus-like particles (74–78). Affinity puri-
fication and mass spectrometry studies identified SAMHD1 as
a Vpx-interacting protein, and supporting functional studies
established that SAMHD1 knockdown renders myeloid cell
types more permissive to HIV-1 infection (79, 80).
SAMHD1 is composed of a putative protein-interacting ster-

ile alpha motif (SAM) and a C-terminal dNTP phosphohydro-
lase domain containing conserved histidine and aspartate resi-
dues (HDdomain). Biochemical activitywas predicted based on
homology to the EF1143 protein ofEnterococcus faecalis, which
was shown previously to elicit dNTPase activity (81, 82). This
mechanistic possibility was tested and confirmed by biochem-
ical studies with the human and mouse enzymes, demonstrat-
ing dNTPase activity and a requirement for dGTP as a cofactor
(82, 83). A high-resolution crystal structure of the HD domain
confirmed strong structural similarities with the Enterococcus
enzyme (83).

FIGURE 4. HIV restriction by SAMHD1. SAMHD1 acts to block HIV-1 reverse
transcription (RT) by depletion of cellular dNTPs in myeloid target cells. HIV-
2/SIV Vpx and some Vpr variants can overcome the SAMHD1 restriction block
by acting as an adaptor to an E3 ubiquitin (Ub) ligase complex that polyubiq-
uitinates SAMHD1 and targets it for degradation by the 26 S proteasome.
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Current evidence supports a model for HIV-1 restriction in
which SAMHD1 causes a diminution of cellular dNTP levels
that effectively starves reverse transcriptase of essential build-
ing blocks needed for viral cDNA synthesis (Fig. 4) (82–85). A
failure to complete cDNA synthesis in a timelymanner (4–8 h)
eventually leads to particle disintegration and component deg-
radation by various cellular proteases and nucleases. HIV infec-
tion is thought to trigger an innate immune response, which
results in interferon production that feeds forward to elevate
cellular SAMHD1 levels. It is not clear, however, whether a
single incoming viral particle can trigger an interferon response
that elevates SAMHD1 to restrictive levels or whether
SAMHD1 up-regulation is a manifestation of a broader inter-
feron-dependent mechanism that serves to protect nearby
uninfected cells. Presumably, SAMHD1 up-regulation is not
harmful to the cell, as macrophages and dendritic cells are ter-
minally differentiated and do not require high levels of dNTPs.
The HIV-2 and SIV Vpx proteins counteract restriction by

triggering the degradation of SAMHD1 (Fig. 4) (79, 80). Vpx
serves as a scaffold for the formation of an E3 ubiquitin ligase
complex consisting of DCAF1, DDB1, and CUL4, which com-
bine to promote the polyubiquitination and degradation of
SAMHD1 (79, 80, 86). Mutagenesis and structural studies are
still at early stages, but several reports have alreadymapped the
Vpx-interacting domain to the C terminus of SAMHD1 and
identified residues in Vpx required for functional interaction
(87, 88). Although Vpx is a relatively new primate lentiviral
protein thought to have originated through duplication of the
vpr (viral protein R) gene, SAMHD1 degradation function pre-
dates this duplication. Almost all present day primate Vpx pro-
teins andmany (but not all) Vpr proteins share SAMHD1 coun-
ter-restriction activity (89, 90). This evolutionary link is
supported by mutagenesis studies that have revealed a con-
served hydrophobic motif in Vpx/Vpr proteins required for a
functional interaction with SAMHD1 (87). Clusters of positive
selection map throughout SAMHD1, including to regions out-
side of the implicated Vpx/Vpr-interacting domain, strongly
suggesting past and likely ongoing interactions with a variety of
distinct pathogens (88–90).
HIV-1 does not have aVpxprotein, nor does it appear to have

a Vpr protein capable of interacting with SAMHD1. This defi-
ciency provides a molecular explanation for the resistance of
myeloid cell types to HIV-1 infection. It also suggests a provoc-
ative hypothesis that could explain why HIV-2 is less patho-
genic than HIV-1 and why many SIV strains are non-patho-
genic inmonkey populations. Greater infection ofmyeloid cells
may shift the balance of antigen presentation to favor reduced
immune activation andCD4�T cell turnover (91). Thus, small-
molecule inhibitors of SAMHD1 may provide a means to
induce better immune responses and natural control of HIV-1
infection.

Additional Restriction Factors and the Bigger Picture

Undoubtedly, additional HIV restriction factors await dis-
covery. For instance, CD4� T cells are much more susceptible
to infection by Nef-expressing compared with Nef-deficient
viruses, suggesting that this accessory protein may serve to
counteract other cellular restriction factors (92–94). The cellu-

lar target(s) of Vpr and its associated E3 ligase complex has also
yet to be identified (17, 95). Other cellular proteins such as
humanTRIM5� do not inhibit HIV-1, although they are clearly
bona fide retrovirus restriction factors (1, 96). In fact, a single
amino acid substitution in human TRIM5� can endow strong
HIV-1 restriction activity, suggesting a strategy for gene ther-
apy and/or small-molecule mimicry (97, 98).
Although the examples of restriction and counter-restriction

described here are largely binary and involve viral proteins that
are dispensable under some growth conditions, it is probable
that a subset of viral counterdefense mechanisms could be
complicated by overlapping function. For instance, a counter-
defense measure might be embedded within an essential retro-
viral protein such as Gag, reverse transcriptase, or Env. In these
instances, identifying the salient viral protein domain(s) and the
relevant host restriction factor may require a combination of
biochemical, proteomic, and genetic methods to clearly distin-
guish between counter-restriction activities and essential viral
functions.
Another theme, perhaps best illustrated by tetherin, is the

likelihood that the virus may have multiple ways to block
restriction (i.e. functional redundancy). If a restriction factor
poses a great enough threat, the virus could very well employ
parallel counter-restriction mechanisms. Moreover, there may
bemajor andminor counter-restrictionmechanisms, such that
if a major pathway is inactivated or nonfunctional, the minor
pathway may becomemore prominent. Of potential concern is
the possibility that the activation of a minor pathway may only
require the virus to make a small number of amino acid
changes. Thus, not only should obvious therapeutic possibili-
ties be explored (such as small molecules that promote virus
restriction by antagonizing major counter-restriction pro-
cesses), but less obvious pathways of counter-restriction should
be investigated to ensure the virus does not have easy escape
routes (e.g. Refs. 58, 99, and 100).
As with the first decade of HIV restriction factors, beginning

roughly with the discovery of APOBEC3G in 2002, the second
decade is likely to be equally as informative and exciting. One
should look forward to the discovery of additional restriction
mechanisms and to the translation of existing knowledge into
new therapeutics. HIV is likely to remain at pandemic propor-
tions until a cure is found and applied at the population level.
Given the extreme hypervariability of HIV, it would be naïve to
assume that one strategy such as vaccination or mono-drug
therapy will be curative. Like current combination drug thera-
pies, which simultaneously block multiple viral enzymes, a
curative therapymay need to exploit multiplemechanisms. It is
conceivable that leveraging a natural restriction factor against
the virus, in combination with other methods such as eliminat-
ing latent cells and/or boosting antibody responses, may be
necessary to extinguish HIV from the human population.
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RNAi plays important roles in many biological processes,
including cellular defense against viral infection. Components
of the RNAi machinery are widely conserved in plants and ani-
mals. In mammals, microRNAs (miRNAs) represent an abun-
dant class of cell encoded small noncoding RNAs that partici-
pate in RNAi-mediated gene silencing. Here, findings that
HIV-1 replication in cells can be regulated by miRNAs and that
HIV-1 infection of cells can alter cellularmiRNA expression are
reviewed. Lessons learned from and questions outstanding
about the complex interactions between HIV-1 and cellular
miRNAs are discussed.

RNAi is a biological mechanismwidely conserved from yeast
through humans (1). A key component of the RNAi machinery
is the RNA-induced silencing complex (RISC),2 which, in its
minimal form, is composed of anArgonaute protein and a small
noncoding RNA (ncRNA) of �22–30 nucleotides in length.
The biogenesis of RISC and its activities have been extensively
reviewed elsewhere (2, 3); simply stated, using its small ncRNA
component as a guide sequence, an RNA-loaded RISC targets a
complementary mRNA and elicits gene silencing via RNA deg-
radation or a reduction in mRNA translation (4–6).
There are three major types of small ncRNAs: Piwi-interact-

ing RNA (piRNA), siRNA, and microRNA (miRNA) (6). Mam-
malian piRNAs number between an estimated 50,000 and
200,000 distinct entities (7); the humangenome encodes�2000
miRNAs (miRBase). Currently, the number of endogenous
siRNAs in mammalian cells remains incompletely understood
and is still poorly characterized (8). RNases that participate in
the generation of these small ncRNAs include: Drosha
(miRNA), Dicer (siRNA and miRNA), and Argonaute (piRNA)
(Fig. 1). miRNA and siRNA biogenesis has been well described
(2, 3), whereas piRNA biogenesis is less well understood and in
part involves the processing of single-stranded RNAs by yet
identified ribonuclease(s) (9). Once assembled, piRISCs are
thought to act primarily to silence cellular mobile genetic ele-

ments (e.g. retrotransposons and transposons) (10–12),
whereas endo-siRISCs and miRISCs regulate targeted mRNAs
through perfect or imperfect complementarities with sites
located in the 5�-UTR (13, 14), coding (15, 16), and 3�-UTR (17,
18) sequences in the substrate RNAs.
RNAi activity is involved in many eukaryotic cellular pro-

cesses. For example, the dysregulated expression of miRNAs
and other RNAi components has been described in cancers,
metabolic disorders, and infectious diseases (19, 20). In plants,
RNAi serves as a host defense mechanism against viral infec-
tions (21, 22). In mammals, the role of RNAi in regulating viral
infection is less clear; however, accumulating findings are con-
sistentwith this role (23–25), including recent evidence that the
virulence of viral infection in mammals is increased when host
RNAi functions are attenuated (26–30). Substantive advances
have been made in our understanding of the interplay between
HIV-1 and the cell’s RNAi activity. Recent findings illustrate
that many human miRNAs can target HIV-1 sequences and
thatHIV-1 infection can change themiRNAexpression profiles
in the circulating blood cells from infected individuals (25).
Here, we briefly review extant progress and discuss future ques-
tions pertinent to HIV-1 and RNAi biology.

Cellular miRNAs Regulate HIV-1 Expression

miRNAs can modulate HIV replication in two ways: directly
targeting HIV RNA or targeting the mRNAs that encode host
cell factors relevant to HIV replication (Fig. 2 and Table 1). The
first attempt to search for miRNAs that directly target sites in
theHIV genomewasmade byHariharan et al. (31). Using target
prediction software, they identified fivemiRNA (miR-29a,miR-
29b, miR-149, miR-324-5p, and miR-378) target sites in the
HIV-1 genome, with two of these sites located in the viral nef
gene (31). These investigators confirmed later that one of the
five identified miRNAs (miR-29a) inhibited nef expression,
leading to repressed HIV replication in Jurkat cells (32). This
effect was also observed by Rana and colleagues (33), who pre-
dicted target sites for 11 miRNAs in the HIV-1 3�-UTR and
further experimentally validated an inhibitory effect ofmiR-29a
on HIV replication. More recently, Sun et al. (34) also reported
the inhibition ofHIV-1 infection bymiR-29a andmiR-29b; they
noted, however, that miR-29 access to HIV-1 is limited by the
complex RNA secondary structure surrounding the target site.
A different group of five miRNAs (miR-28, miR-125b, miR-

150, miR-223, and miR-382) that target the 3�-UTR of the HIV
genome was reported separately by Huang et al. (35). These
“anti-HIV” miRNAs were shown to be enriched in resting
CD4� T cells and were hypothesized to be involved in proviral
latency. In a another study, Wang et al. (36) reported that four
of the miRNAs characterized by Huang et al.were also respon-
sible for differences between monocytes and macrophages in
their permissivity to HIV infection. Recent work by Houzet et
al. (37) confirmed the action of miR-29 and identified four new
miRNAs that target HIV-1 (miR-133b, miR-138, miR-149, and
miR-326). Taken together, the findings collectively suggest
that, in divergent cells and in varying contexts, different miR-
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NAs may selectively regulate HIV-1 infection through direct
targeting of viral sequences.
miRNAs regulate host gene expression through complemen-

tarity-driven silencing of cellular mRNA sequences. Genome-
wide screenings have identified recently several hundred host
proteins that regulate optimal HIV-1 replication in human cells
(38–42). In considering host cell proteins, it is reasonable that
miRNAs may regulate them in ways that impact viral replica-
tion. There are several examples that support this reasoning.
For instance, Sung and Rice (43) found that miR-198 targets
the cyclin T1mRNA, which encodes a HIV-1 Tat cofactor, to
confer differences in permissiveness between monocytes
and macrophages to HIV infection. They also found that, in
different cellular contexts, other miRNAs regulate cyclin T1

(e.g. miR-27b, miR-29b, miR-223, and miR-150), potentially
explaining expression differences of HIV in resting versus
activated T cells (44). Independently, miR-17-5p and miR-
20a were found by a separate group to target p300/CBP-
associated factor (PCAF), another cellular cofactor of the
viral Tat protein (29), and a further set of six miRNAs (miR-
15a, miR-15b, miR-16, miR-20a, miR-93, and miR-106b)
were reported to repress the expression of a third Tat cofac-
tor, Pur-�, which was noted also to be enriched inmonocytes
(45). In a converse example, Zhang et al. (46) found that
miR-217 was induced by Tat and that miR-217 increased
HIV-1 expression by targeting SIRT-1 (sirtuin-1), a host pro-
tein that deacetylates and inactivates Tat function. Collec-
tively, these discrete findings illustrate the complex miRNA-

FIGURE 1. Biogenesis of small ncRNA. The three main types of small ncRNA found in mammals are derived through the action of various RNases on different
RNA precursors. A, piRNA is formed when RNA transcripts are cleaved by a still unidentified RNase before associating in the cytoplasm with a PIWI complex. This
processed strand, in complex with a PIWI protein (Mili and Miwi in mammals), may directly mediate RNAi. Alternatively, the piRNA may aid in the production
of additional piRNAs through what has been termed the “ping-pong cycle.” piRNA guides the PIWI complex to a complementary RNA and cleaves it. The small
cleaved RNA then associates with another PIWI protein and cleaves RNA complementary to it. This cycle can continue as long as pairs of complementary
transcripts are available. B, miRNA is synthesized when long RNA transcripts fold into hairpin structures that can be recognized by the complex of the RNase
Drosha and DGCR8. Drosha cleavage results in a short hairpin structure that is exported from the nucleus. These hairpins are bound by Dicer in a complex with
TAR RNA-binding protein and then cleaved by Dicer in the cytoplasm to yield the mature miRNA duplex. One strand of the duplex is loaded into the
Argonaute-containing RISC. C, a siRNA is produced when long dsRNA (from either the cell or external sources) is acted upon directly by the Dicer protein. This
cleavage generates a phased array of siRNA duplexes that are loaded into the RISC. Mature siRNA can be classified as endo- or exo-siRNA based upon the origin
of the original dsRNA.
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mediated positive and negative regulatory events that
influence viral replication (Fig. 2).
HIV-1 is only one ofmany viruses whose expression has been

demonstrated to be modulated by cellular miRNAs. Inhibition
of influenza virus replication has been described for four miR-
NAs: miR-323, miR-491, miR-654 (47), and let-7c (48). Other
examples include the targeting of primate foamy virus 1 by
miR-32 (49); vesicular stomatitis virus by miR-24 and miR-93
(27); hepatitis B virus by miR-125a-5p (50), miR-199a-3p, and
miR-210 (51); and hepatitis C virus (HCV) by miR-196, miR-
296, miR-351, miR-431, and miR-448 (52). For HCV, a rather

unique and unexpected finding is that a liver-specific miRNA,
miR-122, was found (unlike other miRNAs, which generally
repress viral replication) to directly target HCV RNA sequence
to up-regulate viral replication (53). So far, there are no other
examples of viral replication being up-regulated by direct
miRNA-mediated targeting. Indeed, the list of viruses that are
regulated by cellular miRNAs is expected to grow longer, and
we expect to learn more about the apparently conserved role
played by miRNAs in regulating the infection of cells by many
viruses (54).

HIV-1 Infection Changes Cellular miRNA Profiles

As noted above, cellular miRNAs can affect viral replication;
and conversely, it could be that infection bymammalian viruses
alters the cell’s miRNA expression (55, 56). For HIV-1, the first
report of this effect was shown by the transfection of a replica-
tion-competent HIV-1 molecular genome into HeLa cells,
which demonstrated repression of the majority of the cell’s
miRNAs (57). Initially, it was thought that the RNAi-suppress-
ing function of the HIV-1 Tat protein (58, 59) explained these
miRNA changes. However, later findings suggested more com-
plex explanations (60). Thus, inHIV-1 infection ofCEMTcells,
Hayes et al. (60) observed changes in 145 cellularmiRNAs, with
the repression of only 22 cellular miRNAs appearing to corre-
late with the RNAi-suppressing activity of Tat. In a separate ex
vivoHIV-1 infection of primary peripheral blood mononuclear
cells (PBMCs), Sun et al. (34) reported reduced expression of
miR-21, miR-155, miR-29a, miR-29b, miR-29c, and miR-
142-3p and the increased expression of miR-223. Their
observed reduction in miR-29a, miR-29b, and miR-29c agrees
with similar findings obtained by HIV-1 infection of CEM T
cells reported by Hayes et al. (60) and ex vivo PBMC infections
reported byHouzet et al. (61).However, theirmiR-21,miR-155,
miR-142-3p, and miR-223 changes were not observed in the
latter two studies.

FIGURE 2. Host miRNAs regulate HIV replication. Host miRNAs that have been experimentally shown to regulate HIV expression are illustrated. HIV-1
transcription is altered by miRNAs that target positive (�) or negative (�) transcription factors (e.g. cyclin T1, PCAF, Pur-�, and SIRT-1). Other miRNAs, as
outlined in text, can directly target HIV RNA and decrease viral protein expression through inhibition of translation.

TABLE 1
miRNAs involved in the regulation of HIV-1 expression

* miR-125b was involved in HIV-1 restriction in resting T cells only.
** This study specifically examined only the miR-326 target site.
*** Indirect regulation of cyclin T1 by miR-29b, miR-150, and miR-223.
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Besides miRNA changes in ex vivo infected cells, there is also
intense interest in understanding in vivo miRNA changes in
HIV-1-infected individuals (61). This is technically more chal-
lenging because HIV-1 infects a very small fraction of CD4� T
cells in vivo, estimated to be 1 in 10,000 in the blood and 1 in 100
in the lymph nodes (62); thus, the profile of miRNA expression
in blood cells would reflect contributions from uninfected and
virus-infected cells. The first investigation of this issue was
made by Houzet et al. (61), who studied PBMCs from 36 HIV-
1-seropositive individuals and compared them with corre-
sponding samples from 12 uninfected controls. They found 59
miRNAs that were down-regulated in PBMCs from the sero-
positive individuals, and they noted that the pattern of miRNA
changes was different depending on whether the infected indi-
viduals had high CD4� T cells and low viral load, high CD4� T
cells and high viral load, low CD4� T cells and low viral load, or
lowCD4�T cells and high viral load. These initial findings have
been followed up by two other studies. Hence, Bignami et al.
(63) examined changes in 377 miRNAs in CD4� T cells from
HIV-1-seropositive patients matched with controls. They pro-
filed miRNAs in elite HIV-1 controllers (individuals who had a
documented history of infection of�15 years andmaintained a
mean CD4� T cell count of �900 cells/ml with undetectable
viremia in the absence of therapy), multiplyHIV-1-exposed but
uninfected individuals, and treatment-naïve HIV-1-infected
patients. They found that the miRNA profiles from the elite
HIV-1 controllers and treatment-naïve HIV-1-infected indi-
viduals were virtually indistinguishable but that they differed
from the miRNA profiles in multiply HIV-1-exposed unin-
fected persons. The results suggested that miRNA profiling
could distinguish between HIV-1-infected and HIV-1-exposed
but uninfected individuals. Bignami et al. interpreted that the
miRNA changes in HIV-1-infected persons were likely conse-
quences of immune responses to ongoing in vivo replication of
HIV-1, whereas the miRNA changes in the repeatedly exposed
but uninfected individuals (as defined by a history of frequent
sexual encounters with an HIV-infected partner) were due to
immune responses from recurrent exposures to non-replicat-
ing HIV-1 antigens.
A separate in vivo study was performed byWitwer et al. (64),

who compared miRNA profiles in PBMCs from healthy indi-
viduals, elite HIV-1 controllers (�50 viral copies/ml), and vire-
mic HIV-1 patients. They observed the down-regulation of
miR-150 and miR-29 family members in viremic patients, sim-
ilar to the published results of Houzet et al. (61), and also the
down-regulation of miR-150 and miR-125b, in agreement with
the earlier findings of Huang et al. (35). Overall, Witwer et al.
concluded that in vivomiRNA changes correlate, albeit imper-
fectly, with clinical disease parameters of CD4� cell counts and
plasma viral loads and that in vivo miRNA profiles could be
useful biomarkers for HIV-1 disease progression.
The understanding of genome-wide protein and miRNA

changes in HIV-1 infection is at a relatively early stage. When
viewed en toto, the published data from the various studies
could be considered to show very modest overlaps in the
miRNA profiles. This degree of discordance in miRNA results
mirrors similarly limited agreements among the several hun-
dred protein factors that have been identified in multiple

genome-wide surveys of host proteins that contribute to HIV-1
replication (reviewed in Ref. 41). A clear future challenge for
these large data-intensive experiments is to better control the
variabilities inmethodology and the cell and patient conditions
between the studies. Whether (and how) miRNA changes can
causally affect in vivo HIV-1 progression or if the miRNA
changes are simply consequences of HIV-1 infection also needs
careful dissection.

HIV-1 Proteins That Interact with the RNAi Machinery

Although HIV-1 infection can change the expression of cel-
lular miRNAs, it remains unclear if HIV-1 proteins act directly
to influence cellular RNAi activity. Current data show that
plant viruses, invertebrate viruses (65–67), and mammalian
viruses, such as influenza virus, Ebola virus, and human T cell
lymphotropic virus (59, 68–70), encode modulators of cellular
RNAi. For HIV-1, the viral Tat protein, a transcriptional acti-
vator with a highly basic RNA-binding domain that can inhibit
cellular interferon response (71, 72), has also been suggested to
have RNAi-suppressing activity (58). How Tat suppresses
RNAi remains incompletely understood; however, the highly
basic amino acid domain of Tat (58, 73) can bind and sequester
small RNAs, preventing their association with and activation of
Dicer (74). The ability of Tat to suppress cellular RNAi function
has been shown in several assays (59, 75, 76), including the
direct delivery of Tat into neurons, which changed (by�2-fold)
the expression of 50 cellular miRNAs (77). Nonetheless, it
should be noted that the observed apparent RNAi activity of
Tat has also been suggested to reflect an indirect effect of its
transactivation of cellular promoters (78).
Two other HIV-1 proteins have also been proposed to influ-

ence cellular RNAi function. Mukerjee et al. (79) studied the
HIV-1 Vpr protein. They showed that Vpr can cross the plasma
membrane; and in tissue culture experiments, it, like Tat, can
affect the properties of neuronal cells. Thus, the treatment of a
neuronal cell line with soluble Vpr protein up-regulated 30 and
down-regulated 15miRNAs (79), suggesting a Vpr effect on the
cellular RNAi machinery. However, a separate study that com-
pared CEM T cell line infection with either Vpr� or Vpr�
HIV-1 found no cellular miRNA changes attributable to the
Vpr protein (60), questioning the influence of Vpr on RNAi.
Separately and unexpectedly, Bouttier et al. (80) reported that
HIV Gag binds the AGO2 (Argonaute-2) protein. Intriguingly,
their results suggested that a Gag-AGO2 protein interaction
does not affect RNAi function directly but enhances viral rep-
lication by increasing the packaging of HIV-1 RNAs into viri-
ons. However, it remains unclear whether the redirecting by
Gag of AGO2 away from its RISC function into a novel RNA-
packaging pathway might indirectly change cellular RNAi.

Future Questions and Perspectives

Our understanding of HIV-1 interaction with the host’s
RNAimachinery is still at a nascent stage. As wemove forward,
several additional questions warrant consideration. First, it
remains debatedwhetherHIV-1RNAs are processed efficiently
by host cells into viral ncRNAs. Recently, bovine leukemia
virus, an animal retrovirus, was reported to synthesize a viral
RNA that is proficiently processed in cells into small ncRNAs
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(81). In three pyrosequencing studies of RNAs from HIV-1-
infected cells (82–84), several small HIV-1 ncRNAs have been
identified, some measuring at levels slightly higher compared
with low abundance cellular miRNAs, suggesting that theymay
serve biological roles. Nonetheless, the relative paucity of abun-
dantly expressed HIV-1 ncRNAs remains puzzling. Is this
because of inefficient biogenesis or overly efficient degrada-
tion? Are HIV-1 ncRNAs preferentially degraded by yet to be
characterized small RNA-degrading nucleases (85, 86)?
Although answers pertaining to degradation remain unknown,
there is increasing evidence that HIV-1 can express an anti-
sense transcript from the 3�-end of its genome (87–89) that can
form long RNA duplexes with counterpart sense HIV-1 RNAs.
Whether these putative long antisense-sense double-stranded
RNAs can be precursors for viral ncRNA biogenesis requires
further examination.
Another topic of emerging interest is the role of extracellular

circulating plasma miRNAs in normal and diseased states (90,
91). Compared with control plasmas, it has been reported that
patient plasmas have elevated levels ofmiR-155 in female breast
cancer individuals (92); miR-155 and miR-21 in lung cancer
patients (93); and miR-21, miR-141 and miR-200 in persons
with ovarian cancer (94). Relevant to disease-associated extra-
cellular miRNAs, two recent studies have suggested that HIV-1
infection increases the release of exosomes that contain cell-
free miRNAs frommacrophages and peripheral blood lympho-
cytes (95, 96). Important future questions include how
cell-free circulating miRNAs are changed in the plasma of
HIV-1-infected individuals compared with uninfected con-
trols and if these circulating miRNAs causally influence
AIDS pathogenesis.
Here, we have focused our discussion on RNAi-mediated

post-transcriptional gene silencing, which is a well accepted
biological process in mammals. By contrast, RNAi-mediated
transcriptional gene silencing (TGS) is a well characterized
finding in lower eukaryotes that has remained controversial for
mammals because many of the components needed for this
process are found in plants and yeasts but are absent in mam-
malian genomes (97, 98). Currently, we do not know the role, if
any, of TGS in the physiological regulation of and/or in the
therapeutic utility for HIV-1. There are reports suggesting
HIV-1 promoter-specific TGS (99, 100) in human cells, which
will need to be carefully validated. The thoughtful investigation
and integration of the roles contributed by post-transcriptional
gene silencing and TGS to HIV-1 infection of cells and humans
promise to keep researchers busily occupied for many years.
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Carbon-oxygen (CH���O) hydrogen bonding represents an
unusual category of molecular interactions first documented in
biological structures over 4 decades ago. Although CH���O
hydrogen bonding has remained generally underappreciated in
the biochemical literature, studies over the last 15 years have
begun to yield direct evidence of these interactions in biological
systems. In this minireview, we provide a historical context of
biological CH���O hydrogen bonding and summarize some
major advancements from experimental studies over the past
several years that have elucidated the importance, prevalence,
and functions of these interactions. In particular, we examine
the impact of CH���O bonds on protein and nucleic acid struc-
ture, molecular recognition, and enzyme catalysis and con-
clude by exploring overarching themes and unresolved ques-
tions regarding unconventional interactions in biomolecular
structure.

Introduction and Historical Perspective

Conventional hydrogen bonds (NH���O, OH���O, OH���N, and
NH���N) represent fundamental stabilizing forces in biomolecu-
lar structure. Traditionally, carbon has not been considered a
conventional hydrogen bond donor due to its relatively low
electronegativity compared with oxygen and nitrogen. How-
ever, several studies have illustrated that even aliphatic carbon
atoms are capable of forming weak hydrogen bonds, which are
denoted as CH���O hydrogen bonds (1, 2). In contrast, with
increased polarization due to adjacent atoms, carbon atoms can
theoretically participate in hydrogen bonds as strong as those
formed by conventional donors, specifically oxygen or nitrogen
(3, 4).
Many authors have pointed out that it is difficult to define a

hydrogen bond, as it is a class of interactions that exhibit varied
properties and behavior. One useful definition posits that
hydrogen bonding occurs between a proton donor group D-H,
where D can be any electronegative element, and an acceptor
group that is either a lone pair of electrons or a � bond (5). In
these interactions, the hydrogen is shared between the donor
and acceptor to varying degrees. The extent of this sharing
often dictates the properties of the hydrogen bond, leading to a
wide range of hydrogen bond strengths and geometries. Exper-
imental evaluation of hydrogen atom sharing in a biomolecular

system is somewhat challenging, so it has become common-
place to use distance and angular criteria to define a hydrogen
bond. Hydrogen bonds tend toward linearity and optimal over-
lap between the lone pair of the hydrogen bond acceptor and
the hydrogen atom.Typically, the sharing of the hydrogen atom
allows the hydrogen bond acceptor and donor to encroach to
within distances that would otherwise cause steric clashes.
Thus, the most commonly used method for discovering hydro-
gen bond interactions is to examine the hydrogen bond length
between the donor and acceptor groups (Fig. 1). Distances that
equal less than that of the sum of the atoms’ van derWaals radii
often indicate hydrogen bond formation. Spectroscopic signa-
tures can also be used to characterize hydrogen bonding. Anal-
ogous to conventional hydrogen bonds, CH���O bonds cause a
substantial downfield 1H chemical shift change (6). In infrared
spectroscopy, these interactions are unusual in that they usually
cause a blue infrared shift, indicative of C–H bond shortening
as opposed to the typical bond lengthening observed in conven-
tional hydrogen bonds (7, 8). Despite this difference, the litera-
ture on this subject has reached a consensus that the CH���O
interaction represents a bona fide hydrogen bond (9, 10).
The emergence of CH���Ohydrogen bonding as an important

interaction in biological structure and function stems from
research dating back several decades. As the purpose of this
minireview is to focus on recent experimental discoveries, we
recommend the authoritative book on the history of weak
hydrogen bonding by Desiraju and Steiner (11) for a history of
the early years of CH���O hydrogen bonding research. With
respect to early work on biological CH���O hydrogen bonds, the
review byWahl and Sundaralingam is also recommended (12).
However, certain landmark studies leading to our current
understanding of biological CH���O bonding merit discussion
here. Notably, studies by Ramachandran (13, 14) andKrimm (7,
15) in the 1960s were among the first to illuminate the contri-
butions of these interactions to protein structure. In more
recent work, Derewenda et al. (16) catalogued the ubiquitous
nature of backbone C� donor hydrogen bonds in proteins
based on a survey of 13 high-resolution crystal structures.Using
van der Waals distance cutoffs, their survey identified that a
surprisingly high percentage of C����O contacts form CH���O
hydrogen bonds in these proteins. The mean distance calcu-
lated for all C���O contacts in the interactions surveyed was 3.5
Å, well within the van derWaals distance cutoff of 3.7 Å (Fig. 1).
Using C���C interactions as a reference, they were able to clearly
demonstrate the widespread nature of CH���O hydrogen bond-
ing in proteins (Fig. 2), especially in the standard backbone
hydrogen bonding pattern of �-sheets (Fig. 2A). In addition,
CH���Ohydrogen bonding has been recognized in nucleic acids,
dating back to early crystal structures that identified surpris-
ingly close contact distances betweenpurineC8 andpyrimidine
C6 atoms and phosphate backbone oxygen atoms (12).
Since these early studies, many theoretical and experimental

studies have endeavored to elucidate the breadth, scope, and
importance ofCH���Ohydrogen bonding in biomolecular struc-
tures. As some of the recent computational discoveries in this
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field have been reviewed recently (3), we will focus on major
experimental studies within the past 15 years that have
advanced our understanding of biological CH���O hydrogen
bonding, with a specific emphasis on its contributions to pro-
tein and nucleic acid structure, molecular recognition, and
enzyme catalysis.

Contributions to Protein Structure

Characterization of CH���Ohydrogen bonds in protein struc-
ture spans several decades (7, 13, 16, 18). The aforementioned
study byDerewenda et al. (16) has led towidespread acceptance
of C�–H����O�C hydrogen bonds, especially main chain inter-
actions within �-sheet structures. More recently, x-ray crystal-
lography and NMR spectroscopy have validated the existence
of these interactions in proteins. A number of ultra-high-reso-
lution (�1.0 Å) x-ray structures have allowed direct visualiza-
tion of hydrogen positions, permitting elucidation of hydrogen
bonding patterns within proteins. Many of these studies have
attempted to define CH���O bonding patterns within protein
structures (19–21) and established unequivocal evidence for
CH���O hydrogen bond formation in parallel and antiparallel
�-sheets. In fact, it was determined that the idealized position
ofH� atoms in�-sheet structurewas rarely observed, as theH�
atom was frequently displaced 0.2–0.3 Å away from its ideal-
ized position to increase its CH���Ohydrogen bonding potential
(21). These findings were further substantiated using NMR
spectroscopy through scalar and quadrupolar coupling mea-
surements. In 2003, Grzesiek and colleagues (22) employed
long-range scalar coupling experiments to examine C�–
H����O�C interactions in the immunoglobulin-binding
domain of protein G. In this study, the authors demonstrated
that, analogous to conventional hydrogen bonds, magnetiza-
tion could be transferred via scalar couplings across CH���O
hydrogen bonds in the context of a folded protein, providing
direct evidence of hydrogen bond formation (22). Other NMR
evidence hasmore recently come from themeasurement of H�
quadrupolar coupling constants. The measured constants in
ubiquitin revealed variability in the quadrupolar couplingmag-
nitude and that the lowest set of couplings corresponded to
residues that were predicted to form C�–H����O�C bonds
based on distance (23). As quadrupolar coupling constants are
dictated by the shape of the electron density surrounding the
nucleus of interest, the decreased quadrupolar coupling con-
stant magnitudes were attributed to increased electronic sym-
metry due to hydrogen bonding. These studies have demon-
strated with certainty that C�–H����O�C hydrogen bonds are
highly prevalent in protein structure and should be considered
a building block of secondary and tertiary structure.

Beyond backbone interactions, there is also experimental
evidence for CH���O hydrogen bonds involving amino acid side
chains in protein structure. For example, histidine side chains
have been implicated in CH���O hydrogen bonding (20, 24) and
are predicted to form interactions as strong as conventional
hydrogen bonds when the imidazole group is protonated or
bound to a metal ion (25). Additional evidence has emerged
from neutron crystallography, an evolving technology that
holds great promise for directly visualizing CH���O hydrogen
bonds. Unlike x-rays, neutrons are diffracted by atomic nuclei,
enabling complementary structural information and, most
importantly, direct visualization of hydrogen or deuterium
atom positions (26). Over the past decade, the number of neu-
tron structures in the Protein Data Bank has increased dramat-
ically, providing many unprecedented snapshots of protein
hydrogen bonding. Most notably, one recent study endeavored
to analyze the prevalence of CH���O hydrogen bonding in ami-
cyanin, a cupredoxin that binds copper in bacteria. By using
joint x-ray and neutron refinement, the investigators were able
to obtain a high-resolution structure with excellent visualiza-
tion of hydrogen atoms. By analyzing the hydrogen positions,
the authors observed a remarkable 27 CH���O hydrogen bonds
in the copper coordination site (Fig. 2C) in addition to eight
conventional hydrogen bonds (27). As neutron crystallography
continues to evolve, we anticipate that future studies will illu-
minate many new and biologically relevant CH���O hydrogen
bond networks in protein structure.

CH���O Hydrogen Bonding in Nucleic Acid Structure

Although many recent advances in understanding CH���O
hydrogen bonding have arisen from studies of protein struc-
ture, these interactions have long been appreciated in nucleic
acid structure. In early crystal structures of single nucleotides, it
was noted thatmultiple CH���Ohydrogen bondswere apparent,
especially between phosphate backbone oxygens and the C6
atom of pyrimidines and the C8 atom of purines, and that these
interactionswere likely stabilized by theanti-conformation (28,
29). NMR and Raman spectroscopy later corroborated the
claim that the acidity of the C8 atom in purine rings poises it for
CH���O hydrogen bonding in RNA duplexes (30). Finally, a sur-
vey of high-resolution RNA structures (�2.0 Å) illustrated that
short CH���O contacts are ubiquitous and appear to stabilize
RNA tertiary structure (31). Despite these crystallographic
findings and multiple studies implicating CH���O hydrogen
bond formation in nucleic acids (32–35), the quantity of direct
evidence of CH���O hydrogen bonding in nucleic acids is com-
paratively smaller than that in proteins. In part, this dearth is
due to a general lack of neutron or high-resolution x-ray crystal
structures of RNA. Of those few RNA structures solved to suf-
ficiently high resolution to visualize hydrogen atoms (�1.0 Å),
only in one study of an RNA tetraplex do the authors explore
the possibility of CH���Ohydrogen bonding (Fig. 3C) (36). How-
ever, this structure does not address many common RNA sec-
ondary and tertiary structural elements. Although the forma-
tion of CH���O hydrogen bonds in A-T base pairs, both in
Watson-Crick and Hoogsteen conformation, has been debated
in the literature (37–40), experiments have yet to definitively
resolve whether these interactions represent true hydrogen

FIGURE 1. Distance and angular parameters used when defining CH���O
hydrogen bonds. Typical van der Waals distances d (2.7 Å) and D (3.7 Å) are
frequently used as distance cutoffs for hydrogen bond identification.
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bonds that stabilize DNA and RNA structure. Corollary studies
to those in proteins aimed at directly probing CH���O hydrogen
bond formation in base pairs, backbone interactions, and terti-
ary structure represent a promising area of future research.

CH���O Hydrogen Bonding in Molecular Recognition

Evidence and importance of CH���O hydrogen bonding in
molecular recognition are also a current focus of research.
These hydrogen bonds have been implicated in many intermo-
lecular interactions, including those involving protein-protein,
protein-ligand, and protein-nucleic acid complexes. Although
relatively few studies have analyzed CH���O hydrogen bonding
in protein-protein complexes, a recently determined x-ray
structure at 0.9 Å resolution of the ATRX ADD domain bound
to a histone H3 peptide bearing a trimethylated Lys-9 in which
themethyl hydrogen density is clearly visible illustrates that the
lysine trimethylammonium cation is specifically recognized
through a network of methyl CH���O hydrogen bonds (Fig. 4A)
(41). Similarly, in a recently determined neutron structure of
transthyretin, the authors noted that that the ratio of CH���O to
conventional hydrogen bonds in the interface between the A
and D subunits is �2:1 (42), potentially providing substantial
binding energy.
With respect to protein-ligand binding, Klaholz and Moras

(43)were among the first to use x-ray crystallography to analyze
the nuclear retinoic acid receptor-� bound to retinoid SR11254
to identify CH���O hydrogen bonds involved in ligand recogni-
tion. Along with several protein-protein CH���O interactions,
they discovered numerous CH���O bonds between different
moieties of the ligand with hydrogen bond donors and accep-
tors at several different positions, suggesting that multiple
CH���O interactionsmay significantly contribute to ligand bind-
ing affinity (43). Similar to neutron studies of protein-protein
interactions, neutron diffraction studies have also provided evi-
dence for these interactions between proteins and water and
ligandmolecules. As observed in the neutron structure of xylu-
lose-isomerase, a CH���O hydrogen bond between the protein

His-220 C1 and O2 of xylulose may facilitate xylulose recogni-
tion (44). To address the possibility of protein-solvent CH���O
bonds, one neutron crystallographic study analyzed the pro-
tein-solvent interface of lysozyme. Surprisingly, large sections
of its surface interacted with water exclusively through CH���O
hydrogen bonding (45), suggesting important roles for these
interactions in protein solubility and folding.
Protein-nucleic acid recognition is fundamental to myriad

biological processes, particularly those involving DNA transac-
tions.Due to the relatively fixednature of theDNAduplex, both
conventional and CH���O hydrogen bond interactions are
formed in concert in relatively predictable patterns. In a survey
of protein-DNA crystal structures, it was found that thymine
and cytosine appear to consistently form CH���O hydrogen
bonds when in complex (46). In total, the distribution of C���O
distances in protein-nucleic acid complexes was more consist-
ent with the distribution of conventional N���O hydrogen bond
distances than control C���C distances. Interestingly, the thy-
minemethyl group is themost frequent CH���Ohydrogen bond
donor, despite its lower polarization comparedwith the nucleo-
base aromatic carbon atoms. Despite the promising nature of
this early work, more neutron and ultra-high-resolution x-ray
structures that specifically probe the importance and nature of
CH���O hydrogen bonds in protein-nucleic acid complexes are
required. Determining the importance and function of CH���O
hydrogen bonds in protein-nucleic acid complexes remains an
exciting future avenue of research.

Experimental Measurement of CH���O Hydrogen Bond
Strength

Although obtaining evidence of CH���O hydrogen bond for-
mation in biomolecular structures is informative, it does not
address the strength or biological importance of these interac-
tions. Much of the insight gained thus far on the relevance of
these interactions derives from computational studies of the
relative strengths of CH���O bonds in protein structures. For
details on these studies, we suggest previous reviews on com-

FIGURE 2. Examples of CH���O hydrogen bonds (orange dashes) in proteins. A, typical hydrogen bonding pattern in �-sheets (21). B and C, extensive CH���O
hydrogen bonding in packed �-helices (72) and the copper coordination site in amicyanin (27), respectively.

FIGURE 3. Examples of CH���O hydrogen bonds (orange dashes) in nucleic acids. A, hydrogen bonding patterns in Watson-Crick (upper) and Hoogsteen
(lower) adenine-thymidine base pairs. B and C, extensive CH���O hydrogen bonding in the DNA i-motif (73) and the RNA tetraplex (36), respectively.
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putational studies of biological CH���O bonds (3, 47). These
studies have generally shown CH���O bonds to be weak interac-
tions, typically exhibiting half the bond energy of a conven-
tional hydrogen bond in gas-phase calculations. However, it is
noteworthy that these studies have consistently found that not
only are these interactions fundamental in protein structure,
but in some instances, they can be as strong as conventional
hydrogen bonds (3). In one striking example, it was estimated
that 17% of all protein-protein surface interaction energy arises

from CH���O hydrogen bonding and that, in some extreme
cases, this percentage can be as high as 40–50% (48). Although
CH���Ohydrogenbonds are oftenweak, they frequently occur in
greater quantities than their conventional counterparts and
thusmay contribute significantly to protein-protein interaction
energies.
In addition to a solid computational foundation, a few studies

have provided direct experimental evidence of CH���O hydro-
gen bond strength and importance in proteins. By a combina-
tion of high-pressure infrared spectroscopy and x-ray crystal-
lography, CH���O bonds were found to be crucial in artificial
�-sheet-like network formation (49), and it is possible that
these interactions are of similar importance in true �-sheets. In
a contrasting example, Bowie and co-workers (50) determined
that a C�–H����O hydrogen bond in bacteriorhodopsin did not
provide any protein stabilization, although subsequent studies
demonstrated that conventional hydrogen bonding in bacteri-
orhodopsin was also surprisingly weak (51). However, a sepa-
rate concurrent study using infrared spectroscopy discovered a
substantially stronger protein CH���O hydrogen bond, 0.9 kcal/
mol (18), comparablewith aweak conventional hydrogen bond.
Correlatively, Kallenbach and co-workers (52) analyzed helical
peptides using circular dichroism to show that a single CH���O
hydrogen bond contributed �0.5 kcal/mol helix stabilization
energy, but only with certain side chain sequences and orienta-
tions. Thus, from experimental evidence, the exact energetic
stabilization contributed by CH���O hydrogen bonds to protein
folding remains ambiguous. As in the case of conventional
interactions, the contribution of a single CH���Ohydrogen bond
to protein stabilization depends on its hybridization and polar-
ization as well as its role and position in protein folding (53).
Further studies are needed to precisely define the energetic val-
ues of CH���O hydrogen bonds and their contributions to pro-
tein folding.
In comparison with the foregoing examples, relatively few

studies have experimentally explored CH���O hydrogen bond
strengths in protein-ligand binding. One notable exception is a
study that analyzed the binding of two related compounds,
2,3,4-trimethylthiazole (234-TMT)3 and 3,4,5-trimethylthi-
azole (345-TMT), to a cytochrome c peroxidase mutant (Fig.
4B) (54). These compounds are both cationic, containing a for-
mal positive charge on the nitrogen atom. The only difference
between them involves the relative placement of the nitrogen in
the aromatic ring system. These nitrogens are methylated and
thus cannot directly participate in hydrogen bonding.However,
a single carbon atom in the aromatic ring in each compound is
in appropriate geometry to form a CH���O hydrogen bond to
Asp-235 in the enzyme. The only difference between these two
molecules is that, in 234-TMT, the nitrogen is two positions
removed from this hydrogen-bonded C–H group, whereas in
345-TMT, it is only one position removed, similar to histidine
residues. Due to the proximity of the positively charged nitro-
gen to the CH���O hydrogen bond that should enhance the car-
bon polarization, 345-TMT was computationally predicted to

3 The abbreviations used are: 234-TMT, 2,3,4-trimethylthiazole; 345-TMT,
3,4,5-trimethylthiazole; KMT, lysine methyltransferase; AdoMet, S-adeno-
sylmethionine; KDM, lysine demethylase.

FIGURE 4. Examples of CH���O hydrogen bonds (orange dashes) in molec-
ular recognition and enzyme catalysis. A, recognition of trimethyllysine by
CH���O hydrogen bonds in the ATRX ADD domain (41). B, schematic depiction
of 234-TMT (upper) and 345-TMT (lower) binding to an engineered protein
active site (54). C, conserved serine hydrolase CH���O hydrogen bond between
the catalytic histidine and serine residues (17).
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form a substantially stronger CH���O bond than 234-TMT,
accounting for the difference in binding energy between the
two ligands. By solving crystal structures of the two complexes,
the authors verified that the ligand binding modes were essen-
tially identical (Fig. 4B). Uponmeasuring the binding constants
for each ligand, the authors determined that the binding energy
of 345-TMT was 1.2 kcal/mol greater than that of 234-TMT
(54), substantiating their computational predictions.
Within nucleic acids, the CH���O hydrogen bond strength

within the i-motif has undergone uniquely in-depth study. This
motif is a quadruplex-like structure consisting of four strands
containing intercalatedC�CH� base pairs and linked loops (Fig.
3B) thatmay form at the end of telomeres (55). Initial structures
of this motif revealed extensive CH���O hydrogen bond net-
works, suggesting that these interactions may promote i-motif
formation (56, 57). To substantiate these observations, Gueron
and co-workers (57) attempted to determine the average
strength of C1�–H1����O bonds using different intercalation
topologies that a single sequence could form as a function of
ionic strength and temperature. Based on these experiments,
the average C1�–H1����O hydrogen bond strength was meas-
ured to be 0.6 kcal/mol. Cumulatively, these interactions likely
contribute significant stabilization energy in the i-motif.
Given their prevalence in RNA, it is likely that CH���Ohydro-

gen bonds contribute substantially to the specificity of RNA
folding. Indeed, these interactions have been introduced
recently as a parameter in RNA tertiary structure predictions
(58), but they have yet to be experimentally evaluated. Similarly,
determining the contribution (if any) of CH���O hydrogen
bonds toDNAbase pairingwould expand our understanding of
their energetic contributions in both base pair separation and
formation in processes such as transcription and DNA replica-
tion, repair, and recombination. Finally, the �1 kcal/mol
hydrogen bond found by Arbely and Arkin (18) is similar in
strength to that determined by the previous study of 345-TMT,
supporting the notion that these interactions are important not
only in protein structure and folding but also in ligand binding.

CH���O Hydrogen Bonding in Enzyme Catalysis

In addition to macromolecular structure, CH���O hydrogen
bonds have been implicated either directly or indirectly in the
catalytic mechanisms of several classes of enzymes. One well
studied case is serine hydrolases bearing a His-(Asp/Glu)-Ser
catalytic triad, including but not limited to serine proteases,
lipases, and thioesterases. An early survey of these enzymes by
Derewenda et al. (59) identified short histidine-oxygen dis-
tances between the catalytic histidine C1 and an adjacent car-
bonyl oxygen that were indicative of CH���Ohydrogen bonding.
This hydrogen bond was proposed to stabilize the imidazolium
cation and to potentially facilitate a ring-flipping mechanism
(24, 59). This observation of Derewenda et al. was further sup-
ported by Bachovchin and co-workers (24), who used NMR
chemical shift to show that the downfield chemical shift of the
histidine H1 proton was consistent with CH���O hydrogen
bonding. Corroboratively, Hunter and co-workers (60) pro-
posed, based on crystallographic distances, that a CH���O bond
formed between the catalytic triad histidine and a substrate
carbonyl group in trypanothione reductase would presumably

stabilize the positive charge formed on the histidine side chain,
facilitating an electronic induced fit mechanism.
Recent studies have also identified functions for CH���O

hydrogen bonding in methyl transfer reactions. Structural and
functional studies of the lysine methyltransferases (KMTs)
belonging to the SET domain family revealed that S-adenosyl-
methionine (AdoMet) methyl CH���O hydrogen bonds are con-
served in these enzymes, indicating a potential role in cofactor
binding and catalysis (61).We consider it likely that these inter-
actions aid not only in AdoMet recognition but also in transi-
tion state stabilization. These findings have been corroborated
by recent NMR spectroscopic studies using 1H chemical shift
and quantum mechanical calculations that quantitatively
established CH���O hydrogen bonding between the AdoMet
methyl group and oxygen atoms in the active site of the human
KMT SET7/9 (62). In addition, CH���O hydrogen bonds appear
to be important in methyllysine binding by both SET domain
KMTs and JmjC (Jumonji-C) lysine demethylases (KDMs),
analogous to the ATRXADD domain (Fig. 4A). In SET domain
KMTs, structural and mutagenic data indicate that CH���O
hydrogen bonds are important for the repositioning of the �-
amine group to enable lysine multiple methylation (63, 64). In
the JmjC KDM JMJD2A, mutational and structural evidence
suggests that CH���O hydrogen bonds are important in distin-
guishing between di- and trimethylated lysine. These interac-
tions have also been reported in other JmjC KDMS, including
UTX (65), PHF8 (66) and JMJD3 (67). Together, these studies
imply that CH���O hydrogen bonds are fundamental to every
phase of lysine methylation and demethylation.
CH���O hydrogen bonding has also been implicated in

enzyme acid/base-catalyzed reactions involving carbon atoms.
Typically, proton abstraction is preceded by hydrogen bond
formation. In the case of proton abstraction from a carbon, a
CH���Ohydrogen bondwould therefore be formed prior to pro-
ton transfer. For example, in acyl-CoA dehydrogenases, the ini-
tial step of catalysis involves proton abstraction from the C�
atom of the acyl-CoA substrate by a glutamate base. Computa-
tional investigation of this reaction indicated that a strong ionic
CH���O hydrogen bond forms along the reaction coordinate
prior to proton abstraction from the C� position in the acyl
chain (68). Given the ubiquitous nature of acid/base chemistry
in enzyme catalysis, this reaction constitutes a mechanism of
particular interest for future experimental investigation that
will likely uncover addition roles for CH���O hydrogen bonding
in many enzyme mechanisms.

Conclusions and Future Directions

In the past 15 years, experiments have provided new insights
into many facets regarding the biological functions of CH���O
hydrogen bonding.With respect to proteins, these interactions
have fundamental roles in mediating ligand recognition,
enzyme-catalyzed reactions, andmacromolecular interactions.
Additionally, several studies have yielded experimental data
regarding the strength of biological CH���O hydrogen bonds,
emphasizing their energetic contributions to macromolecular
structure. We are only beginning to appreciate the breadth of
functions of these interactions in protein structure and func-
tion, and many fundamental questions concerning CH���O

MINIREVIEW: CH���O Hydrogen Bonding in Biological Systems

41580 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 50 • DECEMBER 7, 2012



hydrogen bonding in nucleic acids, enzyme catalysis, and pro-
tein folding remain unresolved, representing fruitful avenues
for future research. Moreover, we expect that several practical
applications will emerge from these studies, most notably
improvedmethods for structure-based drug design and optimi-
zation and revised computational models for RNA and protein
folding that take into account CH���O hydrogen bonding.
Finally, a very recently determined ultra-high-resolution

neutron structure of the protein crambin emphasizes that
CH���O hydrogen bonds represent only one class of a large cat-
egory of underappreciated interactions in biomolecules (69). In
addition to many CH���O hydrogen bonds, the authors directly
observed many � acceptor hydrogen bonds. Other unconven-
tional interactions, including CH���N and CH���S (70), as well as
n����* interactions that are typified in proline residues (71), are
even less understood. Similar to CH���O hydrogen bonds, it is
conceivable that these interactions also play important roles in
macromolecular structure and function that have yet to be fully
explored and understood.
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The sirtuins are an ancient family of proteins found in all
forms of life, displaying a structure and catalytic function that
have been maintained from bacteria to humans. In an NAD�-
dependent process, sirtuins perform protein deacylation from
lysine-modified �-amino groups, although NAD�-dependent
protein ADP-ribosylation has been reported. The founding
member of the family, Sir2 (silentmating-type information reg-
ulator 2) from yeast, was identified as a gene required for main-
taining silent chromatin (1). After establishing that yeast Sir2
functions as a histone deacetylase, this enzymatic activity pro-
vided the mechanistic basis for the role of yeast Sir2 within the
silencing machinery (2). Confirmation of enzymatic activity
from homologs in other species fueled deeper interest in both
the biological functions and protein targets of sirtuins (3).
Engenderingmore general interestwere reports linking sirtuins
to organismal longevity and their counteractive functions in
age-associated cellular decline and metabolic dysfunction (4).
Because of potential roles in aging, human health issues, and
their unique enzymatic functions, sirtuins have garnered the
attention of the general public, and researchers are eager to
uncover how these molecular activities explain the physiologi-
cal outcomes of sirtuin-influenced pathways. Here, we briefly
introduce a thematic minireview series that focuses on sirtuin
functions, providing an up-to-date summary of where the field
is now and where it is likely to move in the upcoming years.
In theminireview entitled “SirtuinCatalysis andRegulation,”

Feldman et al. introduce the deacetylation reaction catalyzed by
sirtuin proteins. The authors discuss the chemical mechanism
of catalysis, substrate selection, and acyl group specificity
among the known activities of the seven mammalian sirtuins.
Molecular regulation by transcription, post-translation, and
synthesis of co-substrate NAD� is covered. Also, the authors
provide a brief summary of efforts to control sirtuin function
through the development of small-molecule modulators, spe-
cifically activators of SIRT1 function and the controversy sur-
rounding resveratrol as a direct target of SIRT1. As in all of the
minireviews in this series, the authors cite the recent evidence that
several sirtuins display specificity toward distinct acylated lysines,
including propionylation, succinylation, andmalonylation.
In the minireview “Structural Basis for Sirtuin Activity and

Inhibition,” Yuan and Marmorstein discuss the overall struc-
tural conservation of the catalytic core domain and how invari-
ant catalytic residues support NAD� binding and facilitate
catalysis. The authors include a comprehensive table of sirtuin
structures and their importance in understanding our current

structure-based knowledge. Yuan and Marmorstein highlight
how the variability in the peptide/protein-binding pocket dic-
tates substrate selection, particularly how succinylated sub-
strates bind preferentially to SIRT5. Structural evidence sup-
porting proposed catalytic mechanisms is discussed. In
addition, the authors discuss the structural basis for inhibition
and suggest how nicotinamide, ADP-ribose, and suramin
inhibitors could be exploited for future development of more
selective inhibitors.
Newman et al. summarize the role of sirtuins in regulation of

intermediary metabolism in the minireview entitled “Mito-
chondrial Protein Acylation and Intermediary Metabolism:
Regulation by Sirtuins and Implications forMetabolic Disease.”
The authors focus primarily on the latest developments with
the mitochondrial SIRT3, which plays a key role in nitrogen
metabolism, fatty acid oxidation, and mitigating reactive oxy-
gen species damage. Specific enzyme targets are cited in sup-
port of SIRT3-dependent regulation in these mitochondrial
processes. The authors describe recent data that support a role
for SIRT3 in opposing several aspects of metabolic syndrome.
Included is a detailed discussion of metabolic processes that
give rise to acetyl-CoA, succinyl-CoA, and malonyl-CoA and
the possible connections between the metabolic fluctuations
of these metabolites and how protein acylation levels might
be controlled by the resident mitochondrial sirtuins,
SIRT3–SIRT5.
In theminireview “From Sirtuin Biology to HumanDiseases:

An Update,” Sebastián et al. explore the role of sirtuins in the
maintenance of organismal metabolic homeostasis and age-re-
lated afflictions that include cancer, neurodegeneration, and
cardiovascular disease. They highlight studies that support a
counteracting role for sirtuins in age-related phenomenon:
SIRT3 prevents age-related hearing loss in mice fed a calorie-
restricted diet, and SIRT6 overexpression extends the life span
of male mice. The role of SIRT1, SIRT3, and SIRT6 in promot-
ing fatty acid breakdown is discussed in detailed, although the
observations of SIRT1 function in fat metabolism appear com-
plex and contradictory in several cases andmight reflect tissue-
and time-specific effects. Similarly, in relation to cancer, the
ability of SIRT1 to suppress or promote tumorigenesis depends
on tissue type and the signaling networked involved. Sebastián
et al. elaborate on the roles of SIRT3 and SIRT6 in cancer
metabolism, where sirtuins seem to oppose theWarburg effect.
The authors discuss the anti-inflammatory functions reported
for sirtuins and several studies that implicate SIRT1, SIRT3,
SIRT6, and SIRT7 as regulators of cardiac hypertrophy.
Although generally a protective role is ascribed to several sir-1 To whom correspondence should be addressed. E-mail: jmdenu@wisc.edu.
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tuins, there are conflicting reports on the benefits versus harm-
ful actions of SIRT1 in cardiac function. Last, the authors briefly
describe how SIRT1 in the brain is linked to improvedmemory
and decreased neuropathology related to models of Alzheimer,
Parkinson, and Huntington diseases.
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Sirtuins are a family of NAD�-dependent protein deacety-
lases/deacylases that dynamically regulate transcription,
metabolism, and cellular stress response. Their general positive
link with improved health span in mammals, potential regula-
tion of pathways mediated by caloric restriction, and growing
links to human disease have spurred interest in therapeutics
that target their functions. Here, we review the current
understanding of the chemistry of catalysis, biological tar-
gets, and endogenous regulation of sirtuin activity. We dis-
cuss recent efforts to generate small-molecule regulators of
sirtuin activity.

Accumulating data indicate that lysine acetylation is a prev-
alent regulatory mechanism of protein function, with thou-
sands of acetylated proteins identified by mass spectrometry
(1–3). Sir2 (silent information regulator 2 or sirtuin) protein
deacetylases are a class of evolutionarily conserved enzymes
that function in critical cellular processes such as transcription,
DNA repair, metabolism, and stress resistance (4). Among the
major classes of lysine deacetylases, the sirtuins utilize a unique
catalytic mechanism that consumes NAD�, providing a direct
connection between protein deacetylation and central meta-
bolic pathways. There are seven human sirtuins (SIRT1–7),
each with diverse subcellular localization and protein sub-
strates (5). SIRT1–3 display robust deacetylation activity,
whereas recent reports implicate SIRT5 as a protein desucciny-
lase and demalonylase (6). Thus, sirtuins can be considered
deacylases. The activities of several other human sirtuins are
unsettled. SIRT6 and SIRT7 displayweak deacetylase activity in
vitro, and SIRT4 was reported to harbor ADP-ribosyltrans-
ferase activity (7, 8). Structural analysis of the sirtuin family
members reveals a conserved catalytic core composed of two
subdomains, a Rossmann fold domain at one end and a smaller,
more variable zinc-binding domain at the opposite end (Fig. 1).
The two domains are connected by several loops that form a
binding cleft for the nicotinamide and ribosemoieties ofNAD�

and the acyllysine substrate. Several invariant amino acids are
located in the cleft and are responsible for substrate binding
and catalysis. The varying hydrophobicity and charge distribu-

tion of the acyl-substrate binding cleft allow for varied substrate
selectivity among the different human sirtuins (6, 9). Given
their regulatory role in transcription, metabolism, and genome
maintenance, sirtuins are desirable targets for therapeutic
development. In this minireview, we highlight the current
molecular understanding of the chemical mechanism, regula-
tion, and substrate selectivity of sirtuins.

Unique Chemistry

Sirtuins catalyzeNAD�-dependent deacetylation of acetyl-
lysine, resulting in the production of deacetylated lysine, nic-
otinamide, and 2�-O-acetyl-ADP-ribose (OAADPr)3 (Fig. 2)
(10). Kinetic and biochemical studies revealed that the enzyme
binds the acetyllysine substrate prior to NAD�. Nicotinamide
is cleaved from NAD� and is the first product released, fol-
lowed by deacetylated lysine and OAADPr (11). In aqueous
solution, non-enzymatic intramolecular transesterification
yields the predominant mixture of 2�-OAADPr and 3�-
OAADPr. The use of NAD� as a co-substrate distinguishes
sirtuins from other classes of protein deacetylases. Curiously,
SIRT6 is the only human sirtuin capable of tightly binding
NAD� in the absence of an acetylated substrate, suggesting that
SIRT6 might also function as an NAD� sensor, possibly with-
out active deacylation (8). Great interest lies in understanding
the coupling of NAD� consumption to the production of
OAADPr, ametabolite that exhibits signaling functions but has
been less studied (12). OAADPr was linked with decreased
reactive oxygen species levels, gene silencing, and ion channel
activation and was shown to block starfish oocyte maturation
(reviewed in Ref. 12). Several OAADPr-metabolizing enzymes
have been reported, including the NUDIX (nucleoside diphos-
phate linked to moiety x) hydrolases, ARH3 (ADP-ribosylhy-
drolase 3), andmacrodomain proteins (12). NUDIX hydrolases
cleave the pyrophosphate bond ofOAADPr, forming AMP and
2- and 3-O-acetyl 5-phosphate (Fig. 2). Human macrodomain
proteins are capable of hydrolyzing OAADPr, affording free
acetate and ADP-ribose (13). In lower organisms, some sir-
tuins and macrodomain proteins are genetically coupled
within the same operon or physically connected as fusion
proteins, providing evidence for an as-yet-unknown path-
way that involves sirtuins, macrodomain enzymes, and
OAADPr (13).
The initial chemical step of the sirtuin reaction involves

nucleophilic addition of the acetyl oxygen to C1� of the nicotin-
amide ribose, forming aC1�-O-alkylamidate intermediate (sup-
plemental Fig. 1). The mechanism of nucleophilic attack has
been subject to discussion, with SN1, concerted SN2, and disso-
ciative SN2-like mechanisms proposed (reviewed in Ref. 14). A
detailed study using kinetic isotope effects and computational
approaches suggested that the first step of the reaction pro-
ceeds via a concerted yet highly asynchronous substitution
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mechanism (15). Several biochemical studies support the for-
mation of the alkylamidate intermediate. These include nico-
tinamide base-exchange reactions (16) and 18O labeling studies
that provide evidence for the direct transfer of the acetyl oxygen
to the 1�-hydroxyl of OAADPr (17, 18). Utilization of acetylly-
sine analogs further demonstrated the existence of the alkyl-
amidate intermediate. Thioacetyllysine- and acetylazalysine-
containing peptides form stalled alkylamidate intermediates
when used as sirtuin substrates (19, 20). Upon formation of the
alkylamidate intermediate, the 2�-hydroxyl group of the NAD�

ribose is activated by a conserved active-site histidine (supple-
mental Fig. 1). The activated hydroxyl attacks the O-alkylami-
date carbon to afford a 1�,2�-cyclic intermediate (20). Recently,
the bicyclic intermediate was trapped and structurally
resolved by incubating co-crystals of SIRT5 and an H3K9
thiosuccinyl-peptide with NAD�, providing direct evidence
for the proposed catalytic mechanism (21). A base-activated
water molecule then attacks the cyclic intermediate, afford-
ing deacetylated lysine and OAADPr (supplemental Fig. 1)
(10, 17).

Although deacylation is thought to be the primary function
of human sirtuins, yeast Sir2 was first implicated as having the
capability to transfer ADP-ribose from NAD� to nucleophilic
amino acids on protein substrates (22). SIRT4 and SIRT6 have
also been reported to catalyze ADP-ribosyl transfer to gluta-
mate dehydrogenase and poly(ADP-ribose) polymerase 1,
respectively (7, 23). This activity is not robust and has been
subject to debate. Detailed kinetic characterization of the ADP-
ribosyltransferase activity of a yeast and bacterial sirtuin indi-
cated that ADP-ribosylation may be a low efficiency side reac-
tion (�0.1% of the deacetylation reaction) of sirtuins due to the
susceptibility of active site-bound ADP-ribose to nucleophilic
attack (24). Understanding the mechanistic details of sirtuin-
catalyzed reactions is an important step toward a complete
understanding of sirtuin function and in the development of
chemical tools to probe their biology.

Substrate Recognition and Acyl Group Specificity

A number of proteomics studies have greatly enhanced our
understanding of lysine acetylation as a global post-transla-

FIGURE 1. Representative structure of a human sirtuin (Protein Data Bank code 3GLR) bound to acetylated peptide and NAD�. Key locations for sirtuin
modulation are highlighted. Positive regulators of sirtuin activity are indicated in green, negative regulators are indicated in red, and regulators that can
activate or inhibit depending on the sirtuin are in yellow. Proposed activators include NAD� synthesis, Sirtris compound 11 (90) and other reported activators,
and phosphorylation of SIRT1. Inhibitors include cysteine nitrosylation, DBC1 binding SIRT1, pseudopeptidic inhibitors (95) and other small molecules,
nicotinamide, and sumoylation of SIRT1.

FIGURE 2. Substrates and products of the sirtuin-catalyzed reaction and potential fate of the product OAADPr. The unique use of NAD� as a co-substrate
distinguishes sirtuins from other deacetylase classes and provides a direct link to energy metabolism.
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tional modification regulating diverse cellular processes (2, 3,
25). The number of reported sirtuin targets is continually
increasing (Fig. 3). SIRT1 deacetylates a number of histone and
non-histone proteins, including, but not limited to, histonesH3
and H4 (26), p53 (27), NF-�B (28), phosphoglycerate mutase 1
(29), and peroxisome proliferator-activated receptor-� coacti-
vator 1� (PGC-1�) (30). SIRT3 is reported to deacetylate and
modulate the activity of several metabolic enzymes, including
ornithine transcarbamylase (31), long chain acyl-CoAdehydro-
genase (32), manganese superoxide dismutase (33), acetyl-
CoA synthetase 2 (34), and isocitrate dehydrogenase 2 (35,
36). With the recent expansion of the acetylome comes the
challenge of identifying the physiologically relevant sites and
the enzymes responsible for the addition and removal of
these modifications.
Protein Recognition—Although a full understanding of pro-

tein substrate selection is lacking, a number of reports have
addressed the amino acid sequence specificity of sirtuins. Initial
structural studies suggested that acetyllysine-peptide binding is
largely dominated by peptide backbone hydrogen bonds, rather
than through side chain interactions (37). Consistent with this
idea, Blander et al. (38) used an acetyllysine-peptide library and
concluded that SIRT1displayed no substrate specificity in vitro.
Different conclusions were reached when the specificity of
SIRT1 was probed by a combinatorial, one-bead, one-peptide
acetyl-peptide library (39) and by a mass spectrometry-based
deacetylation assay of peptide substrates immobilized on self-
assembled monolayers on gold slides (40). These results sug-
gested that SIRT1 specificity is largely context-dependent, in
which preference for an amino acid at a given position depends
on the presence or absence of a specific amino acid at an adja-
cent position. Smith et al. (9) used SPOT-peptide array analysis
andmachine learning approaches to determine that SIRT3 dis-

plays a preference for aromatic and basic residues surrounding
the acetyllysine while disfavoring negatively charged residues.
Additional crystallographic studies of Thermotoga maritima
Sir2 suggested that the first residue N-terminal to the acetylly-
sine and the second residue C-terminal to the acetyllysine play
significant roles in substrate binding (41). Such unbiased library
methods will be important to determine the substrate specific-
ity for other sirtuins, including SIRT4–7, which have few
known targets and possess extremely low deacetylase activity
on commonly used substrates.
Sirtuin-catalyzed ProteinDeacylation—In addition to acetyl-

CoA, other abundant acyl-CoAsmight serve as acyl donormol-
ecules for the post-translationalmodification of lysine residues.
Recent studies identified a series of acyl groups (propionyl,
butyryl, succinyl, malonyl, and crotonyl) as post-translational
modifications of lysine residues (Fig. 4) in histone and non-
histone proteins (6, 42–46). Mass spectrometric and biochem-
ical analyses identified propionyllysine and butyryllysine resi-
dues within histone H4 and on lysine 23 of histone H3 (42, 47).
Several acetyltransferases, including human p300 and CBP
(CREB-binding protein), Saccharomyces cerevisiae EsaI, and
some bacterial acetyltransferases, can catalyze lysine propiony-
lation and butyrylation (42, 43, 48). SIRT1–3 can catalyze
depropionylation and debutyrylation, but with varying efficien-
cies compared with deacetylation (43, 49). Mass spectrometry-
based proteomics studies recently identified succinyllysine,
malonyllysine, and crotonyllysine as previously unidentified
modifications of histone proteins in several eukaryotic cell
types (46, 50). Crotonyllysine was shown by chromatin immu-
noprecipitation analysis to be associated with active promoters
or enhancers in human somatic and mouse germ cell genomes,
suggesting a possible role in transcriptional control (50).

FIGURE 3. Subcellular localization of mammalian sirtuins and reported enzymatic activities, substrates/targets, and cellular functions. PPAR�, perox-
isome proliferator-activated receptor-�; PCAF, p300/CBP-associated factor; OTC, ornithine transcarbamylase; LCAD, long chain acyl-CoA dehydrogenase; GDH,
glutamate dehydrogenase; SDH, succinate dehydrogenase; pol, polymerase; CtIP, CTBP-interacting protein; DNA-PK, DNA-dependent protein kinase.
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Althoughmany of these newly described modifications were
reported for histone proteins, post-translational succinylation
and malonylation were identified and verified in several meta-
bolic enzymes from mammalian cells (6, 45). Furthermore,
these studies found that mitochondrially localized SIRT5 could
catalyze desuccinylation and demalonylation in vitro (6, 45).
Utilizing an HPLC-based assay, Du et al. (6) reported that the
catalytic efficiency for demalonylation and desuccinylation for
three separate peptide sequences was 29- to �1000-fold higher
than that for deacetylation, suggesting that SIRT5 functions as
an NAD�-dependent desuccinylase and demalonylase rather
than as a deacetylase. Isolation of O-succinyl- and O-malonyl-
ADPr confirmed that deacylation proceeds by the known sir-
tuin deacetylation mechanism. Deletion of SIRT5 appeared to
increase the level of succinylation on CPS1 (carbamoyl phos-
phate synthase 1) (6), which was previously reported to be a
target of SIRT5 (51). A crystal structure of SIRT5 bound to a
succinylated peptide revealed the structural basis for this acyl
group preference. The carboxyl group of the succinyllysine
interacts via hydrogen bonds to Tyr-102 and Arg-105 in the
active site (6). These residues are conserved amongmanymem-
bers of the class III sirtuins, suggesting other class III sirtuins
might also function as desuccinylases and demalonylases.

Cellular Regulation of Sirtuin Activity

Depending on any one particular report, sirtuins can act as
either positive or negative regulators of pathways involved in
disease development. For example, among published studies,
SIRT1 and SIRT3 are implicated as tumor promoters or sup-
pressors (52, 53), although the vast majority of evidence sug-
gests that they improve health span in adult animals when their
expression is induced appropriately. Because sirtuins are
involved in a number of central physiological processes, endog-
enous signaling pathways likely control their activity in a tissue-
specific, signal-dependent, and temporally programmed man-
ner. The apparent duality of sirtuin function in disease might
simply stem from an incomplete understanding of sirtuin reg-
ulation and cellular context of function. Quite surprisingly,
there is relatively sparse detailed knowledge of endogenous reg-

ulatory mechanisms for sirtuins. A summary of the current
understanding is discussed below.
Transcriptional Regulation—The seven sirtuins are nuclear-

encoded and ubiquitously expressed in human tissues but dis-
play unique subcellular localization (5, 54). SIRT1, SIRT6, and
SIRT7 localize to the nucleus; SIRT3–5 localize to the mito-
chondria; and SIRT2 is found primarily in the cytoplasm (Fig. 3)
(5). Some evidence suggests the presence of full-length SIRT3
in the nucleus during cellular stress (55). Caloric restriction, the
only confirmed treatment to extend mammalian life span (56),
is known to enhance the transcription of SIRT1 and SIRT3, a
result that continues to spur exploration into the role of these
sirtuins in mediating the effects of caloric restriction (31, 57).
Two recent studies highlight the interplay between nutrient

availability and sirtuin transcription. In response to fasting,
SIRT1 expression is increased by cAMP response element-
binding protein, a known inducer of gluconeogenic genes.
Increased SIRT1 protein levels result in deacetylation and acti-
vation of PGC-1�, a known regulator of genes involved inmito-
chondrial biogenesis, thermogenesis, reactive oxygen detoxifi-
cation, and gluconeogenesis. Activation of PGC-1� by SIRT1
turns on the expression of a number of catabolic proteins in
metabolism. In response to refeeding, carbohydrate response
element-binding protein binds to the promoter of SIRT1 and
decreases its transcription, serving as a molecular switch to the
anabolic state (58). Other recent studies show that the tran-
scription of SIRT3 is induced by PGC-1� inmuscle cells, brown
adipose, and hepatocytes through binding to an estrogen-re-
lated receptor-binding element in the SIRT3 promoter region
(59, 60). The mitochondrial metabolic reprogramming activi-
ties of PGC-1� may bemediated through increased SIRT3 pro-
tein levels. A unique cross-talk among sirtuins is suggested, as
nutrient status leads to increased SIRT1 expression, which
deacetylates and activates PGC-1�, ultimately leading to the
induction of SIRT3 transcription.
Post-translational Modifications and Complex Formation—

The highly conserved catalytic core of human sirtuins is sur-
rounded by variable N- and C-terminal extensions, which
appear to act as regulatory regions that harbor sites for post-
translational modification and act as docking regions for pro-
tein complex formation.
Phosphorylation sites have been identified on all human sir-

tuins, but the functional impact has been investigated only for
SIRT1 and SIRT2. Independent studies report multiple phos-
phorylation sites located in the N- and C-terminal domains of
SIRT1 and implicate different kinases in regulating SIRT1
activity, including DYRK (dual specificity tyrosine phosphory-
lation-regulated kinase), JNK1 (c-Jun N-terminal kinase 1),
cyclin B/Cdk1 (cyclin-dependent kinase 1), and PKA (61–63).
These phosphorylation events are thought to activate SIRT1,
perhaps through inducing allosteric conformational changes;
however, the detailed mechanism is unknown. A recent study
identified a cAMP-dependent phosphorylation at Ser-434 of
SIRT1 that increased deacetylase activity (63). Phosphorylation
of Ser-434 is thought to reduce the Km for NAD�, resulting in
increased SIRT1 catalysis. SIRT2 is phosphorylated at Ser-331
and Ser-335 within the C-terminal region. Phosphorylation of
Ser-331 is catalyzed by cyclin-dependent kinase and inhibits

FIGURE 4. Structures of known acyl modifications found on lysine
residues.
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SIRT2 activity through an unknown mechanism, whereas the
kinase and function of phosphorylation of Ser-335 are not
known (64).
Additional post-translational modifications of SIRT1

include sumoylation, methylation, and transnitrosylation (65–
67). Through an NO-dependent reaction, nitrosylation occurs
at key cysteine residues in the zinc-binding domain of SIRT1
(Fig. 1). Similarly, oxidative stress and accumulation of the lipid
peroxidation product 4-hydroxynonenal result in the covalent
modification of SIRT3 by 4-hydroxynonenal at cysteine 280
within the zinc-binding domain (68). Proper zinc coordination
is necessary for sirtuin structural integrity and catalysis (69);
thus, nitrosylation and carbonylation limit zinc binding and
reduce activity.
In addition to post-translational modification, protein com-

plex formation may play an important role in regulation of sir-
tuin activity. Many histone-modifying proteins are commonly
found in complexes that regulate their function (70). Specifi-
cally, class I and II histone deacetylases exist almost exclusively
as components of large multiprotein complexes. Curiously, the
formation of such regulatory complexes among mammalian
sirtuins remains enigmatic. A few endogenous protein-binding
partners of SIRT1 are thought to regulate its function. AROS
(active regulator of SIRT1) was reported to bind to amino acids
114–217 in the N terminus of SIRT1 and stimulate deacetyla-
tion of p53 in vivo, potentially by inducing a conformational
change that places SIRT1 in a more favorable catalytic confor-
mation (71). Binding of the inhibitory protein DBC1 (deleted in
breast cancer 1) to the catalytic domain of SIRT1 results in
repressed deacetylation of p53 in vivo and in vitro (72, 73). The
leucine zipper motif of DBC1 binds to the catalytic core of
SIRT1, but not to other sirtuins, andmay block substrate access
to the active site. A number of other protein-binding partners
of SIRT1 and SIRT3 were identified in a study using affinity
purification of FLAG-tagged sirtuins followed by mass spectral
identification. Whether these proteins act as regulatory factors
or substrates has not been determined (74).
A recent proteomics and bioinformatics study revealed that

SIRT7 interacts with several nucleolar localized chromatin-
remodeling complexes, including RNA polymerase I and
upstream binding factor involved in ribosomal DNA transcrip-
tion (75). The results suggest that SIRT7-containing protein
complexes are critical during ribosomal transcription and
reveal an important role for this sirtuin, which lacks robust
deacetylation activity in vitro. Understanding the function of
interacting proteinsmight provide insight into the low deacety-
lase activity of some sirtuins such as SIRT4, SIRT6, and SIRT7,
which might require activation or targeting to function. The
development of molecular tools to capture active sirtuin com-
plexes in cells could enable the identification of proteins
involved in sirtuin regulation and activity (20, 76).
NAD� Levels—The levels of intracellular co-substrate

NAD� and product nicotinamide are thought to influence sir-
tuin activity. Nicotinamide is a product inhibitor of the
deacetylation reaction and is used often as a general sirtuin
inhibitor. At high concentrations, nicotinamide enters the
active site and reacts with the alkylamidate intermediate,
reforming NAD� and preventing the forward reaction (Fig. 2)

(16). The unique catalytic consumption ofNAD� indicates that
sirtuins might be sensitive to changes in intracellular NAD�

concentration. Increasing NAD� synthesis through the NAD�

salvage pathway might be a cellular mechanism to increase
sirtuinactivity. Indeed, enzymes thatgenerateNAD�affect sirtuin
activity (reviewed in Ref. 77). Nicotinamide phosphoribosyl-
transferase (NAMPT) catalyzes the addition of 5-phospho-
ribosylpyrophosphate to nicotinamide to form NMN (78).
NMN adenylyltransferase then converts NMN to NAD�.
There are three isoforms of NMN adenylyltransferase that
localize to the mitochondria, nucleus, and cytoplasm, suggest-
ing that there may be compartmentalized control of NAD�

synthesis and therefore subcellular control of sirtuin activity
(79). Inhibitors of NAMPT have been used to decrease SIRT2
activity in the treatment of acute myeloid leukemia, providing
evidence that modulating NAD� concentration might be an
effective means to regulate sirtuins (80). Furthermore, AMP-
activated kinase (AMPK) is known to activate NAD� synthesis
through stimulated transcription of NAMPT. AMPK is stimu-
lated by decreases in cellular energy status, nutrient and oxygen
deprivation, and increased energy expenditure (81).

Therapeutic Potential: Small-molecule Modulation of
Sirtuin Activity

Activators—Sirtuins are pharmaceutical targets due to pur-
ported roles in cell survival, fatty acid metabolism, glucose
homeostasis, genomic stability, and oxidative stress reduction.
Compounds that activate SIRT1 could have positive roles in
regulating metabolism and influencing health span. A number
of small-molecule compounds are reported to increase the
deacetylase activity of SIRT1, including the naturally occurring
polyphenol resveratrol, as well as a series of small-molecule
compounds developed by Sirtris Pharmaceuticals, Inc. (Fig. 1)
(82, 83). Although these reports have sparked great interest in
the promise of sirtuin activation, other in vitro and in vivo stud-
ies have disputed the direct link to SIRT1 activation (reviewed
in Ref. 84). Resveratrol is a known pleiotropic molecule, and
some laboratories have reported that resveratrol activates the
AMPKpathway, perhaps through direct inhibition of phospho-
diesterase 4, ultimately leading to stimulated SIRT1 activity by
increasing the cellular NAD� concentration (85, 86). A recent
study utilizing a tamoxifen-inducible SIRT1 knock-out in adult
mice found that resveratrol improved mitochondrial function
in skeletal muscle and induced a shift toward more oxidative
muscle fibers in wild-type mice, but not in adult SIRT1 knock-
out mice fed the same high fat diet (87). The results strengthen
the physiological link connecting the positive effects of resvera-
trol to a SIRT1-dependent process. However, the exact molec-
ular targets of resveratrol that influenceAMPK- and SIRT1-de-
pendent pathways remain unresolved.
The controversy surrounding resveratrol and SIRT1 origi-

nated from the observation that resveratrol could activate
SIRT1 only when a fluorescently tagged peptide substrate was
utilized in high throughput deacetylation assays (88, 89). More
recently, isothermal titration calorimetry and tryptophan fluo-
rescence analysis suggested that several small molecules devel-
oped by Sirtris do indeed bind directly to SIRT1with high affin-
ity (90). From in vitro biochemical studies, it appears that
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validated SIRT1 activators increase the binding affinity for
acetylated peptide and that the nature of the substrate, includ-
ing the amino acid sequence and/or the hydrophobic fluores-
cent tag, is an important factor for activation (84, 88, 90).
Inhibitors—A number of small-molecule and mechanism-

based sirtuin inhibitors have been developed. Several studies
have identified compounds specifically targeting either SIRT1
or SIRT2 (91–93). A structure-based approach for identifying
novel isoform-specific inhibitors utilized the peptide-binding
grove within the crystal structures of SIRT2, SIRT3, SIRT5, and
SIRT6 (92). Characterization of several hits identified two com-
pounds that selectively inhibited SIRT2 with low micromolar
IC50 values (92). Employing a different strategy, a number of
pseudopeptidic mechanistic-based inhibitors using thioacylly-
sine have been developed for SIRT1, SIRT2, and SIRT5 (Fig. 1)
(94–97). Biochemical, kinetic, and structural analyses suggest
that the thioacetyllysine act as a mechanistic inhibitor by stall-
ing at the catalytic intermediate after nicotinamide cleavage
(Fig. 2) (19, 98). Use of peptide-like inhibitorsmight offer added
specificity and affinity. A pseudopeptidic backbone might
increase bioavailability and decrease the potential for enzy-
matic degradation. Structure-based computational approaches
to identify pseudopeptidic inhibitors provide an exciting new
tool to design tight-binding bioavailable inhibitors that are iso-
form-specific. A detailed review of SIRT1 activators and inhib-
itors can be found in Ref. 99.

Concluding Remarks

Sirtuins function to regulate diverse cellular processes, and
their unique consumption of NAD� directly links sirtuin catal-
ysis to metabolism and energy homeostasis. The expansion of
the acetylome and the characterization of newly discovered
acyllysine modifications, including succinylation and malony-
lation, broaden the cellular acylation landscape that is targeted
by the sirtuins. Human sirtuins are implicated in numerous
age-related diseases and, as such, have become pharmaceutical
targets for small-molecule modulation. However, the molecu-
lar role of sirtuins in disease progression is not always clear. A
full understanding of sirtuin functionwill be possible onlywhen
we have determined the complete range of their biochemical
and enzymatic activities, which includes analysis of acyl group
and target protein specificity. Although there has been consid-
erable focus on developingmodulators of SIRT1 and SIRT2, the
importance of SIRT3 in metabolic reprogramming of mito-
chondria was revealed in a recent quantitative proteomics
study (100). This study provided evidence that SIRT3 plays a
prominent role in adaption to caloric restriction through coor-
dinate deacetylation of proteins involved in diverse pathways of
metabolism and mitochondrial maintenance. These results
suggest that small-molecule modulators that promote SIRT3-
dependent functions could mimic some of the positive effects
on health span induced by caloric restriction (35). A deeper
understanding of sirtuin catalysis and regulation will be essen-
tial to rationally design the next generation of isoform-specific
therapeutics for the treatment of metabolic and age-related
diseases.
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Sir2 proteins, or sirtuins, are a family of enzymes that catalyze
NAD�-dependent deacetylation reactions and can also process
ribosyltransferase, demalonylase, and desuccinylase activities.
More than 40 crystal structures of sirtuins have been deter-
mined, alone or in various liganded forms. These high-resolu-
tion architectural details lay the foundation for understanding
the molecular mechanisms of catalysis, regulation, substrate
specificity, and inhibition of sirtuins. In this minireview, we
summarize these structural features and discuss their implica-
tions for understanding sirtuin function.

Sirtuins, also known as Sir2 (silent information regulator 2)
proteins, are NAD�-dependent deacetylases but may have
other related activities and are broadly conserved in all three
kingdoms of life. Bacteria and archaea typically contain one or
two sirtuin proteins that target DNA regulatory proteins and
metabolic enzymes such as the chromatin protein Alba (1) and
acetyl-CoA synthetase (2), whereas eukaryotes typically con-
tain multiple sirtuins with more diverse protein targets (3).
Yeast has five sirtuins, including the Sir2p founding member
andHst1–4.Mammals have seven sirtuins (SIRT1–7), of which
SIRT1 is the most extensively studied. SIRT1 targets a broad
range of substrates, including p53, FOXO, PGC1a, UCP2, liver
X receptor, and others, and therefore is implicated in a variety
of biological functions such as cell survival, apoptosis, and
stress resistance (reviewed in Refs. 4 and 5).
Sirtuins employ a conserved catalytic core domain to cata-

lyze deacetylation by transferring the acetyl group from the
acetyllysine N� of proteins to NAD� (6, 7), forming 2�-O-
acetyl-ADP-ribose and free nicotinamide products (8, 9). The
nicotinamide product is also a noncompetitive inhibitor of sir-
tuins (10) and inhibits the enzyme through a base-exchange
process by reacting with a catalytic intermediate to reform
�-NAD� at the expense of deacetylation (11, 12).
Several sirtuins can also accommodate a thioacetyllysine

peptide as substrate and form a stalled S-alkylamidate interme-
diate, a covalent conjugate of both substrates. Based on this
observation, peptide inhibitors containing thioacetyllysine
have been developed and show IC50 values in themicromolar to
submicromolar range (reviewed in Ref. 13). Besides these
mechanism-based inhibitors, many other sirtuin inhibitors

such as sirtinol, Ro-318220, suramin, and EX-527 have been
developed (reviewed in Ref. 14). Putative sirtuin activators have
also been reported in the literature (15–17), although the
effects of these activators have been shown to be substrate-
and/or assay-dependent in vitro (18–21).
It appears that not all sirtuins carry out deacetylation as their

primary activity. For example, several mammalian sirtuins,
including SIRT4, SIRT5, and SIRT7, have very weak or no
detectable deacetylase activity (22), SIRT6 has both ADP-ribo-
syltransferase and deacetylase activities (23), and SIRT5 has
been shown to be a more active demalonylase and desucciny-
lase than deacetylase (24, 25). Thermotoga maritima Sir2
exhibits deacetylase activity but also harbors depropionylation
activity at a slightly reduced rate (26).
Despite themany known sirtuin substrates (3), no consensus

sequences or substrate determinants have been identified. Hst2
deacetylates acetyllysine within unstructured regions of pro-
teins, displaying conformational rather than sequence specific-
ity (27). In addition, more detailed enzymatic studies of yeast
Sir2 and Hst2 and human SIRT2 and SIRT1 show certain pep-
tide substrate preferences but also suggest that sirtuins discrim-
inate their substrates in a local context-based fashion with no
sequence consensus (19, 28). Notably, many sirtuins, especially
those from mammals, contain variable N- and C-terminal
regions that flank the conserved catalytic core, and these
regions may perform protein-specific functions and possibly
also confer substrate specificity (29).
To help understand the molecular basis for catalysis, sub-

strate binding specificity, and inhibition of sirtuins, several sir-
tuin structures have been determined alone and in several
liganded forms (Table 1). These include sirtuins from the
archaeon Archaeoglobus fulgidus (Sir2Af1 and Sir2Af2) (30–
34), the bacterium T. maritima (Sir2Tm) (26, 34–37), and
Escherichia coli (CobB) (38); Hst2 from the yeast Saccharomy-
ces cerevisiae (39–42); and several human sirtuins (SIRT2 (43),
SIRT3 (44), SIRT5 (24, 45), and SIRT6 (46)). Most of these
structures are in complex with different ligands, including sub-
strates, reaction intermediates and their analogs, and inhibitors
(nicotinamide and suramin). These structures, together with
complementary biochemical data, have provided valuable
insights into overall sirtuin structure, catalytic mechanism,
substrate specificity, and inhibition.

Overall Structure

Primary sequence alignment of sirtuins shows that they share
a highly conserved catalytic core and N- and C-terminal seg-
ments with divergent lengths and sequences. X-ray crystal
structures of nine sirtuin members have been determined, and
all of these structures contain only the core domain, except for
anHst2 structure, which contains the full-length protein (Table
1). The overall structures of these core domains are highly sim-
ilar, displaying a conserved large Rossmann fold domain for
NAD� binding and a more variant small domain that contains
a zinc-binding ribbon module and a helical module with three
or four helices (Fig. 1a). The two modules are tethered to the

* This is the second article in the Thematic Minireview Series on Sirtuins: From
Biochemistry to Health and Disease.
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Rossmann fold through four linking loops, two for each mod-
ule. The four linking loops form a cleft between the small and
large domains, within which most of the residues are highly
conserved. The acetyllysine and NAD� insert from opposite
sides into a hydrophobic tunnel within the cleft, where catalysis
occurs (Fig. 1b).
The zinc ion does not directly participate in deacetylation

because it is too remote from the active site. Instead, it plays an
essential structural role for integrity of the catalytic core
domain. Generally, four cysteine residues coordinate the zinc
ion in a tetrahedral geometry, and the zinc plays a role in main-
taining the stability of the structure by holding the three
�-strands together (Fig. 1a). Removal of the zinc throughmuta-
tion of the coordinating cysteine or using chelating reagent
abolishes the deacetylase activity due to partial collapse of the
structure, and subsequent supplementation of zinc restores
activity (47).
The large domain is a classical Rossmann fold for NAD� to

bind. It consists of a central �-sheet with six parallel �-strands
sandwiched by several �-helices on each side (30). The small
domain packs against one-half of the Rossmann fold and forms
a cleft in between that is perpendicular to the Rossmann fold
�-sheet. As oriented in Fig. 1, the four linking loops participate
to form the side wall of the cleft, with the small domain for the
ceiling and the large domain for the floor (Fig. 1a). The elon-
gated NAD� molecule inserts its nicotinamide ribose moiety
into the cleft, lays the pyrophosphate group along the edge of

TABLE 1
Summary of sirtuin structures

* ADPR, ADP-ribose.

FIGURE 1. Overall sirtuin structure represented by Hst2. a, schematic of the
overall structure of the protein bound to acetyllysine and carba-NAD� sub-
strates represented in stick model (Protein Data Bank code 1SZC). The small
domain shown in green, the large domain in blue, and the four linking loops in
purple. b, the substrate-binding cleft is shown in surface representation and is
colored red for negative charge and blue for positive charge. The NAD�-bind-
ing region is divided into sites A–D.
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the �-sheet in a positively charged groove, and places the ade-
nine base in a pocket remote from the cleft (Fig. 1b). The ori-
entation of NAD� here is inverted compared with most Ross-
mann fold-containing enzymes, where the adenine base of
NAD� binds to the C-terminal half, and the nicotinamide
group ofNAD� binds to theN-terminal half of the�-sheet (48).

Binding of Substrates

NAD�—The NAD�-binding region is divided into three
sites: site A for adenine binding, site B for nicotinamide ribose

binding, and site C for nicotinamidemoiety binding (Fig. 1b). In
site A, the adenine base sits in a partially hydrophobic pocket. A
highly conserved Asn-248 (Hst2 numbering unless indicated
otherwise) makes hydrogen bond interactions with the 3�-OH
and/or 2�-OH group of the adenine ribose (Fig. 2a). The �7-�9
loop within the Rossmann fold interacts with the pyrophos-
phate group through several hydrogen bonds from Gly-223,
Thr-224, and Ser-225 (Fig. 2a). The nicotinamide ribose binds
to the enzyme at site B, proximal to the acetyllysine substrate-
binding tunnel (Fig. 1b). The conformation of the nicotinamide

FIGURE 2. Binding of sirtuin substrates. a–d, binding of NAD�. a, site A. Residues represented in blue stick form hydrogen bonds (dashed lines) with NAD�. The
adenine base sits in a hydrophobic pocket shown in surface representation. yHst2, yeast Hst2; PDB, Protein Data Bank. b, sites B and C. NAD� forms hydrogen
bonds with Ile-117, Asp-118, and acetyllysine. Gly-32, Ala-33, Gly-34, Ile-41, and Phe-44 make van der Waals interactions with NAD�. Asn-116 forms a hydrogen
bond with an ordered water molecule (w; blue sphere). c, sites B and C represented in the Sir2Tm-NAD�-acetyllysine complex. The nicotinamide ribose is rotated
�90 °C compared with b. d, different conformations of the cofactor-binding loop. Hst2 bound to carba-NAD� (purple) is superimposed on Hst2 bound to ADPR
(blue), showing the different positions of Phe-44. e and f, binding of acetyllysine-containing p53 peptide bound to Sir2Tm. e, the acetyllysine peptide (light
green) forms a �-staple with sirtuin residues (dark green). Only the backbone of the residues is shown except for where side chain interactions are made: Lys-381
(�1 position) forms hydrogen bonds with Asn-165 and Gly-163, and Met-384 (�2 position) makes van der Waals interactions with Phe-162 and Val-193. f, the
acetyllysine side chain is buried in a hydrophobic tunnel and makes van der Waals interactions with sirtuin residues (blue stick). Val-160 also forms a hydrogen
bond with the N� of acetyllysine. g, succinyllysine (green) forms hydrogen bonds with SIRT5 residues (blue stick) and NAD�.
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ribose varies among structures and even varies among different
protomers within the same crystal lattice (33, 34). In one con-
formation, the nicotinamide moiety binds to site C (Fig. 1b).
allowing both the nicotinamide ribose and nicotinamide moi-
ety to interact with invariant key residues (Fig. 2b). This con-
formation has been referred to as a “productive binding” mode
in the literature, as it is thought to represent the binding con-
formation ofNAD� thatwould allownucleophilic attack on the
nicotinamide ribose for catalysis (33). As no products actually
form in this conformation, we will refer to this conformation as
the “active conformation” instead. In this conformation, the
nicotinamide moiety binds to the C pocket and makes van der
Waals interactionswith aGly-Ala-Glymotif and Ile-41, Phe-44,
and Asn-116. The carboxamide makes hydrogen bond interac-
tions with the backbone nitrogen of Ile-117 and the side chain
of Asp-118. These interactions constrainNAD� in a conforma-
tion destabilized from its ground state such that the coplanarity
of the nicotinamide moiety with the glycosidic bond is strained
by �90 ° and the positive charge is buried in a hydrophobic
environment.
The nicotinamide ribose ring in site B is observed to adopt

slightly different conformations in two representative struc-
tures. In the ternary structure of Hst2 bound to a non-hydro-
lyzable NAD� analog, carba-NAD�, and an acetyllysine-con-
taining H4 peptide, the nicotinamide ribose ring (cyclopentane
ring in this case) is coplanar with the acetyl group of acetylly-
sine. The 2�- and 3�-hydroxyls of carba-NAD� also formhydro-
gen bonds with the acetyllysine carbonyl oxygen, and the C1�
atom of the ribose ring is located 4.8 Å away from acetyllysine
(Fig. 2b) (41). In this conformation, acetyllysine is not able to
mount a nucleophilic attack at the C1� atom. Instead, a nearby
residue, Asn-116, is proposed to mount a nucleophilic attack
mediated by an ordered water molecule to break the glycosidic
bond. In contrast, in the structure of Sir2Tm bound to an
acetyllysine-containing peptide and NAD� (36) or of Sir2Af2
bound to a PEG ion and NAD� (34), the nicotinamide ribose
ring is rotated by �30 ° around the glycosidic bond relative to
its conformation in the Hst2 ternary complex (Fig. 2c). This
conformation orients the �-face of NAD� toward the acetylly-
sine, thereby exposing the C1� atom of the ribose ring for direct
nucleophilic attack from the carbonyl oxygen of acetyllysine.
The two putative active conformations of the nicotinamide
ribose ring in site B clearly have different implications in the
mode of catalysis because the former and latter would argue for
an SN1 or SN2 type of mechanism, respectively.Whether one of
both mechanisms might be relevant is still an open question.
Most of the enzyme does not undergo significant conforma-

tional change upon NAD� binding, except for the cofactor-
binding loop (Fig. 1a). The cofactor-binding loop (Gly-32–
Thr-49 in Hst2), also referred as the flexible loop, is one of the
four linking loops. This loop is disordered in unliganded sirtuin
structures, as reflected by having high B factors or no definable
electron density. Upon ligand binding, this loop becomes
ordered and adopts multiple conformations dependent on the
identity of the bound ligand. Several residues (Ala-33, Gly-34,
Asp-43, and Phe-44) of the loop participate to form the C
pocket and make extensive interactions with NAD�. The dif-
ferent conformations of the cofactor-binding loop appear to be

defined by its proximity to solvent and the location of Phe-44 in
the loop (Fig. 2, b–d).When the enzyme is bound toNAD�, the
benzene ring of Phe-44 (Phe-33 in Sir2Tm and Phe-35 in
Sir2Af2) is located�4Å from the nicotinamidemoiety,making
a �-stacking interaction (Fig. 2, b and c). When the C pocket is
not occupied by the nicotinamide moiety, Phe-44 occupies the
C pocket and thereby precludes NAD� binding in the active
conformation. In this new position, the benzene ring of Phe-44
makes a stacking interaction with the nicotinamide ribose ring.
There are two exceptions to this observation, one with Hst2
bound to ADP-(hydroxymethyl)pyrrolidinediol (HPD)2 (42), a
molecule that is designed to mimic a proposed oxocarbenium
intermediate after nicotinamide cleavage, and the other one
with Hst2 co-crystallized with ADP-ribose (ADPR; Protein
Data Bank code 1SZD) (41). In both of these cases, the C pocket
is filled with water molecules, and the cofactor-binding loop
adopts a conformation almost identical to that of Hst2 when
bound toNAD�. Taken together, the dynamics of the cofactor-
binding loop and the position of Phe-44 in particular appear to
play a role in catalysis, specifically in protecting the reaction
intermediate from hydrolysis and/or facilitating the release of
nicotinamide product.
Acetyllysine—Several sirtuin structures have acetyllysine-

containing peptides bound, with some of these structures also
containing NAD� or its analogs. The peptide substrate forms a
�-strand-like interaction with two adjacent loops, the �8-�9
loop within the Rossmann fold and the �6-�8 loop, which links
the two domains (Fig. 2e, left). The peptide binding to the link-
ing loop induces a shift in the loop toward the large domain and
consequently a rigid body rotation of the small domain relative
to the large domain (31, 41). The amino acids of the peptide
flanking the acetyllysine make mainly backbone interactions
with the enzyme (Fig. 2e, right). Exceptions to this observation
are the amino acid immediately N-terminal (�1 position) and
the second amino acid C-terminal (�2 position) to the cognate
acetyllysine that also make side chain interactions, which
include hydrogen bonds with Asn-165 and Gly-163, as well as
van der Waals interaction with Phe-162 and Val-193 (Sir2Tm
numbering), respectively. Varying the side chain interactions
by mutating the residue at the �1 position of the peptide and
the non-conserved Asn-165 of the enzyme has a significant
effect on the substrate binding affinity, suggesting a role for
substrate discrimination by these residues (35). The target
acetyllysine side chain inserts into a tunnel that is formed by
hydrophobic residues (160VFFG163 in Sir2Tm) from the
�6-�8 loop (Fig. 2f). The amide nitrogen of the acetyllysine
makes hydrogen bond interactions with the backbone of Val-
160. In the ternary structure, the acetyllysine also interacts
with the proposed active conformations of NAD� as
described above.
The cleft that harbors both NAD� and acetyllysine sub-

strates has the highest sequence conservation, except for resi-
dues from the helical module of the small domain that shows

2 The abbreviations used are: HPD, (hydroxymethyl)pyrrolidinediol; ADPR,
ADP-ribose; DADMe, 5�-O-[(R)-{[(R)-{[(3R,4R)-1-(3-carbamoylbenzyl)-4-hy-
droxypyrrolidin-3-yl]methoxy}(hydroxy)phosphoryl]methyl}(hydroxy)phos-
phoryl]adenosine.
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greater variability, especially among eukaryotic sirtuins. These
variations may confer different activities that are observed for
some sirtuin proteins such as SIRT5, which has been shown to
be a weak deacetylase but an effective lysine desuccinylase and
demalonylase (24, 25). In the ternary structure of SIRT5 with
NAD� and a succinyllysine-containing peptide, the aliphatic
chain of the succinyllysine makes similar contacts with the sur-
rounding conserved residues. The carboxylate group of succi-
nyllysine forms three hydrogen bonds with the side chains of
Arg-105 and Tyr-102, two non-conserved residues located at
the back of the cleft on a helix from the small domain (Fig. 2g).
Mutation of these two resides separately abolishes the desucci-
nylation activity, supporting their key roles in substrate binding
(24). Although other sirtuins lack these two residues, Sir2Af1
and CobB do harbor the corresponding residues at the same
locations and would therefore be predicted to accommodate
succinyllysine binding. Thus, it is possible that Sir2Af1 and
CobB could also process desuccinylation activity like SIRT5,
although both of these enzymes appear to have robust deacety-
lase activity (7, 30, 49).

Binding of Inhibitors

Nicotinamide—Sirtuin deacetylases couple the deacetylation
reaction with the cleavage of NAD�, which generates free nic-
otinamide. On the other hand, nicotinamide is also a noncom-
petitive inhibitor of sirtuins and inhibits deacetylation through
a base-exchange mechanism by reacting with a reaction inter-
mediate to reform NAD� (9, 11). A binding site for inhibitory
nicotinamide is of interest because compounds targeting this
site could be designed to occlude free nicotinamide binding and
therefore serve as sirtuin activators. In efforts to uncover this
binding site, several sirtuins have been co-crystallized with nic-
otinamide. In the structures of Sir2Af2-NAD�-nicotinamide
and Sir2Tm-acetylated peptide-nicotinamide (34), nicotina-
mide is observed to bind to the conserved C pocket, which is
alsowhere the nicotinamidemoiety ofNAD�would bind in the
active conformation (Fig. 1b) (34). In this conformation, the
carboxamide group of nicotinamide is anchored to the C
pocket, whereas its pyrimidine ring adopts slightly different
conformations, each forming a �-stacking interaction with
Phe-35 of the cofactor-binding loop and the nicotinamide
ribose ring in Sir2Af2 (Fig. 3a), thus taking on a similar confor-
mation as the nicotinamide moiety of NAD� in an active con-
formation. Consistent with the mutually exclusive binding of
nicotinamide and NAD�, only inactive NAD� or ADPR bind-
ing conformations are observed in the presence of nicotina-
mide in Sir2Af2 structures. The carboxamide group is
anchored by two hydrogen bonds with the side chain of a con-
served aspartic acid (Asp-103, Sir2Af2 numbering) and the
backbone amino group of a conserved isoleucine (Ile-102). The
carboxamide also makes van der Waals interactions with
the side chains of Asn-101 and Ile-102. These interactions are
very similar to thosemade by the nicotinamide group of NAD�

bound in the active conformation. It appears that the free nic-
otinamide adopts a favorable conformation inwhich the pyrim-
idine ring is planar with the carboxamide, whereas the nicotin-
amide group of bound NAD� is in a strained conformation.

The structure of Hst2 bound to a reaction intermediate,
ADPR, shows that the O1 group of the ribose points to another
highly conserved pocket, termed site D, just adjacent to site C
but not overlapping the nicotinamide-binding site of NAD�

(Fig. 1b) (41). In this conformation, it is possible that free nico-
tinamide could bind to site D and react with the intermediate to
reform NAD�, which would satisfy the noncompetitive nature
of inhibition (41). Consistent with this hypothesis, nicotina-
mide inhibition is sensitive to mutation of Ile-117, which is
located in siteD (42). Structural data of nicotinamide binding to
site D have been reported (42); however, a subsequent study
raised valid concerns regarding the crystallographic evidence
for nicotinamide binding to site D (50).
Suramin—Suramin is a sirtuin inhibitor that competes with

both NAD� and acetyllysine substrates. In the binary structure
of SIRT5 and suramin, the symmetric inhibitor links two SIRT5
molecules to form a dimer, which is also observed in solution
(Fig. 3b) (45). The trisulfonylnaphthyl group of suramin binds
to the NAD�-binding sites B and C, and several of the benzene
rings bind in the peptide-binding site but not to the acetyllysine
tunnel. These binding sites explain how suramin competeswith
both NAD� and acetyllysine substrates to inhibit catalysis by
SIRT5. Suramin is a large, chemically multifunctional com-
pound with poor sirtuin selectivity for inhibition. Nonetheless,
the SIRT5-suramin structure provides important molecular

FIGURE 3. Inhibitor binding to sirtuins and NAD� analog structures.
a, nicotinamide (NAM) bound to the C pocket. Nicotinamide forms hydrogen
bonds with Ile-102 and Asp-103 (blue stick; Sir2Af2) and �-stacking interac-
tions with Phe-35 (purple). b, suramin (yellow sticks) bound to SIRT5. A dimer of
SIRT5 binds to the symmetric suramin, and only one SIRT5 is shown for clarity.
The succinyllysine-containing peptide and NAD� (aqua lines; Protein Data
Bank code 3RIY) are superimposed to show that suramin competes with both
substrates for sirtuin binding. c, structures of NAD� and its analogs in Corey-
Pauling-Koltun colors. Yellow, carbon; dark yellow, sulfur; red, oxygen; blue,
nitrogen; orange, phosphate. The AMP moiety is identical among the mole-
cules and is not shown. The replacements from authentic molecules are indi-
cated by red arrows.

MINIREVIEW: Structure of Sirtuins

42432 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 51 • DECEMBER 14, 2012



insights that may be useful in designing more selective sirtuin
inhibitors.

Implications for Catalysis

Catalysis by sirtuins involves the binding of NAD� and
acetyllysine substrates; cleavage of the glycosidic bond; acetyl
transfer; and formation of O-acetyl-ADPR, nicotinamide, and
deacetylated lysine products. Sirtuin structures determined in
complex with various substrates, reaction intermediates/tran-
sition state mimics, and products together provide important
molecular information underlying catalysis. The initial reaction
of NAD� glycosidic bond cleavage has been proposed to pro-
ceed through either an SN1-like mechanism, as supported by
the structure ofHst2 bound to carba-NAD� (Fig. 2b) (41), or an
SN2-like mechanism, as supported by the structure of Sir2Tm
bound to NAD� and an acetyllysine-containing peptide (Fig.
2c) (36). The dissociative SN1-likemechanism is also supported
by two intermediate structures, one bound to DADMe-NAD�

(37), a molecule that mimics the dissociative transition state of
glycosidic bond cleavage, and another bound to ADP-HPD
(42), a positively charged oxocarbenium ion intermediate-like
molecule (Fig. 3c).
Following nicotinamide cleavage, acetyl transfer leads to the

formation of an O-alkylamidate intermediate, a covalent con-
jugate of both substrates. All of the sirtuin structures are in
agreement that a conserved histidine (His-135 inHst2) acts as a
general base to deprotonate one of the ribose oxygens to facil-
itate the formation of this intermediate (Fig. 2, b and c). The
structure of Sir2Tm with S-alkylamidate, a long-lived interme-
diate mimicking the O-alkylamidate, reveals that His-116 is in
position to directly deprotonate the 2�-hydroxyl to form the
proposed 1�,2�-bicyclic intermediate (37).
When both substrates were mixed with Hst2 or Sir2Af1, one

of the reaction products, 2�-O-acetyl-ADPR was captured in
the crystal structure, thus providing direct evidence for the
product of sirtuin deacetylation (32, 40), which was also inde-
pendently confirmed bymass spectrometry andNMR (8, 9, 51).
Comparison of the conformations of the NAD� substrates,
intermediates, and products shows that most of the NAD�

molecule remains relatively stationary throughout catalysis.
One exception to this is the flip of the nicotinamide ribose ring
upon nicotinamide cleavage, as demonstrated by comparing
the structures of Hst2 bound to carba-NAD� and ADPR (40,
41).
Although the conclusions drawn about the mechanism of

catalysis that are derived from the structures described above
are likely to be largely correct, it should be noted that the ana-
logs employed are not authentic reaction substrates or interme-
diates but instead are the best available mimics (Fig. 3c). For
example, carba-NAD� has a non-reactive cyclopentane ring
replacing the nicotinamide ribose ring, which may affect its
orientation when bound to sirtuins (41); DADMe-NAD� con-
tains an extra carbon between the ribose ring and nicotinamide
moiety, which may push the ribose closer to acetyllysine (37);
the S-alkylamidate analog has a longer C–S bond than C–O
bond, which makes 2�-hydroxyl attack less efficient and may
explain the longer half-life of the S-alkylamidate (37); andADP-
HPD has shown weaker binding compared with NAD�, imply-

ing that it may not be a perfect mimic of the reaction interme-
diate (42). Therefore, some of the molecular details associated
with catalysismay have to be revised in the future. Nonetheless,
the complex structures with these analogs have provided
important insights into the catalytic mechanism. A more
detailed discussion of the sirtuin catalytic mechanism is pro-
vided by Denu and co-workers (53) in one of the accompanying
minireviews in this series.

Conclusions and Future Prospects

The sirtuin catalytic core domain structures all contain a
large Rossmann fold domain, a small zinc-binding domain, and
a cleft between the domains that form the binding sites for both
substrates for catalysis. Sirtuin structures with various sub-
strates, intermediates/transition state mimics, and products
have provided important information on NAD� and acetylly-
sine substrate binding and catalysis, as well as information on
how sirtuin dynamics facilitates each of these processes. None-
theless, many details of the reaction mechanism are still not
clear.
Emerging data have revealed that several sirtuins employ

their divergent N- and C-terminal regions that flank the cata-
lytic core for autoregulation. The full-length Hst2 structure
reveals a homotrimer, which also occurs in solution and is
mediated by the N- and C-terminal segments (39). In this
homotrimer, the N-terminal segment from one Hst2 subunit
occupies the acetyllysine substrate-binding site of another sub-
unit, and a C-terminal helix partially overlaps with the NAD�-
binding site of still another subunit, thereby locking Hst2 in an
inactive homotrimeric conformation. A more recent biochem-
ical study of SIRT1 reveals that theN- andC-terminal segments
promote catalysis, although the molecular basis for this is
unknown (52). Structures of other sirtuins that contain flanking
N- and C-terminal segments may reveal other autoregulatory
functions, particularly in the mammalian sirtuins that have the
most divergent N- and C-terminal regions.
SIRT5 contains weak deacetylase activity but more potent

demalonylase and desuccinylase activities, which was first pre-
dicted from the structure of SIRT5 bound to a thioacetyllysine-
containing peptide that suggested that the larger substrates
might be accommodated. This hypothesis was later confirmed
in solution and by an x-ray crystal structure of SIRT5 bound to
a succinyllysine-containing peptide (24). SIRT4–7 also have
very weak deacetylase activity, suggesting that their true acetyl-
lysine substrates have not yet been identified or that they may
also preferentially process different modifications. As with
SIRT5, structures of these other sirtuin enzymesmight provide
important insights into their biologically relevant substrates.
The SIRT5-suramin complex structure is the only sirtuin

structure bound to a synthetic sirtuin inhibitor (45). This struc-
tural information is very important but also very limiting, con-
sidering that many other sirtuin inhibitors (and putative acti-
vators) have been identified,many of which have greater sirtuin
selectivity (14). Structures of other sirtuin-effector complexes
will clearly be of significant value, given their potential thera-
peutic applications.

MINIREVIEW: Structure of Sirtuins

DECEMBER 14, 2012 • VOLUME 287 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 42433



REFERENCES
1. Bell, S. D., Botting, C. H., Wardleworth, B. N., Jackson, S. P., and White,

M. F. (2002) The interaction of Alba, a conserved archaeal chromatin
protein, with Sir2 and its regulation by acetylation. Science 296, 148–151

2. Starai, V. J., Celic, I., Cole, R. N., Boeke, J. D., and Escalante-Semerena, J. C.
(2002) Sir2-dependent activation of acetyl-CoA synthetase by deacetyla-
tion of active lysine. Science 298, 2390–2392

3. Imai, S., andGuarente, L. (2010)Ten years ofNAD-dependent SIR2 family
deacetylases: implications for metabolic diseases. Trends Pharmacol. Sci.
31, 212–220

4. Kim, E. J., and Um, S. J. (2008) SIRT1: roles in aging and cancer. BMB Rep.
41, 751–756

5. Guarente, L. (2007) Sirtuins in aging and disease.Cold Spring Harb. Symp.
Quant. Biol. 72, 483–488

6. Imai, S., Armstrong, C. M., Kaeberlein, M., and Guarente, L. (2000) Tran-
scriptional silencing and longevity protein Sir2 is an NAD-dependent hi-
stone deacetylase. Nature 403, 795–800

7. Landry, J., Sutton, A., Tafrov, S. T., Heller, R. C., Stebbins, J., Pillus, L., and
Sternglanz, R. (2000) The silencing protein SIR2 and its homologs are
NAD-dependent protein deacetylases. Proc. Natl. Acad. Sci. U.S.A. 97,
5807–5811

8. Jackson, M. D., and Denu, J. M. (2002) Structural identification of 2�- and
3�-O-acetyl-ADP-ribose as novel metabolites derived from the Sir2 family
of �-NAD�-dependent histone/protein deacetylases. J. Biol. Chem. 277,
18535–18544

9. Sauve, A. A., Celic, I., Avalos, J., Deng, H., Boeke, J. D., and Schramm, V. L.
(2001) Chemistry of gene silencing: the mechanism of NAD�-dependent
deacetylation reactions. Biochemistry 40, 15456–15463

10. Bitterman, K. J., Anderson, R. M., Cohen, H. Y., Latorre-Esteves, M., and
Sinclair, D. A. (2002) Inhibition of silencing and accelerated aging by nic-
otinamide, a putative negative regulator of yeast Sir2 and human SIRT1.
J. Biol. Chem. 277, 45099–45107

11. Jackson,M.D., Schmidt,M.T., Oppenheimer,N. J., andDenu, J.M. (2003)
Mechanism of nicotinamide inhibition and transglycosidation by Sir2 hi-
stone/protein deacetylases. J. Biol. Chem. 278, 50985–50998

12. Sauve, A. A., and Schramm, V. L. (2003) Sir2 regulation by nicotinamide
results from switching between base exchange and deacetylation chemis-
try. Biochemistry 42, 9249–9256

13. Hirsch, B. M., and Zheng, W. (2011) Sirtuin mechanism and inhibition:
explored with N�-acetyl-lysine analogs.Mol. BioSyst. 7, 16–28

14. Mahajan, S. S., Leko, V., Simon, J. A., and Bedalov, A. (2011) in Histone
Deacetylases: The Biology andClinical Implication (Yao, T.-P., and Seto, E.
eds) pp. 241–255, Springer, Berlin

15. Milne, J. C., Lambert, P. D., Schenk, S., Carney, D. P., Smith, J. J., Gagne,
D. J., Jin, L., Boss, O., Perni, R. B., Vu, C. B., Bemis, J. E., Xie, R., Disch, J. S.,
Ng, P. Y., Nunes, J. J., Lynch, A. V., Yang, H., Galonek, H., Israelian, K.,
Choy,W., Iffland, A., Lavu, S., Medvedik, O., Sinclair, D. A., Olefsky, J. M.,
Jirousek, M. R., Elliott, P. J., and Westphal, C. H. (2007) Small molecule
activators of SIRT1 as therapeutics for the treatment of type 2 diabetes.
Nature 450, 712–716

16. Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. W., Lavu, S.,
Wood, J. G., Zipkin, R. E., Chung, P., Kisielewski, A., Zhang, L. L., Scherer,
B., and Sinclair, D. A. (2003) Small molecule activators of sirtuins extend
Saccharomyces cerevisiae lifespan. Nature 425, 191–196

17. Dai, H., Kustigian, L., Carney, D., Case, A., Considine, T., Hubbard, B. P.,
Perni, R. B., Riera, T. V., Szczepankiewicz, B., Vlasuk, G. P., and Stein, R. L.
(2010) SIRT1 activation by small molecules: kinetic and biophysical evi-
dence for direct interaction of enzyme and activator. J. Biol. Chem. 285,
32695–32703

18. Kaeberlein, M., McDonagh, T., Heltweg, B., Hixon, J., Westman, E. A.,
Caldwell, S. D., Napper, A., Curtis, R., DiStefano, P. S., Fields, S., Bedalov,
A., and Kennedy, B. K. (2005) Substrate-specific activation of sirtuins by
resveratrol. J. Biol. Chem. 280, 17038–17045

19. Borra, M. T., Langer, M. R., Slama, J. T., and Denu, J. M. (2004) Substrate
specificity and kinetic mechanism of the Sir2 family of NAD�-dependent
histone/protein deacetylases. Biochemistry 43, 9877–9887

20. Beher, D.,Wu, J., Cumine, S., Kim, K.W., Lu, S. C., Atangan, L., andWang,

M. (2009) Resveratrol is not a direct activator of SIRT1 enzyme activity.
Chem. Biol. Drug Des. 74, 619–624

21. Pacholec, M., Bleasdale, J. E., Chrunyk, B., Cunningham, D., Flynn, D.,
Garofalo, R. S., Griffith, D., Griffor, M., Loulakis, P., Pabst, B., Qiu, X.,
Stockman, B., Thanabal, V., Varghese, A.,Ward, J.,Withka, J., and Ahn, K.
(2010) SRT1720, SRT2183, SRT1460, and resveratrol are not direct acti-
vators of SIRT1. J. Biol. Chem. 285, 8340–8351

22. Michishita, E., Park, J. Y., Burneskis, J. M., Barrett, J. C., and Horikawa,
I. (2005) Evolutionarily conserved and nonconserved cellular localiza-
tions and functions of human SIRT proteins. Mol. Biol. Cell 16,
4623–4635

23. Liszt, G. (2005)Mouse Sir2 homolog SIRT6 is a nuclearADP-ribosyltrans-
ferase. J. Biol. Chem. 280, 21313–21320

24. Du, J., Zhou, Y., Su, X., Yu, J. J., Khan, S., Jiang, H., Kim, J., Woo, J., Kim,
J. H., Choi, B. H., He, B., Chen, W., Zhang, S., Cerione, R. A., Auwerx, J.,
Hao, Q., and Lin, H. (2011) Sirt5 is a NAD-dependent protein lysine de-
malonylase and desuccinylase. Science 334, 806–809

25. Peng, C., Lu, Z., Xie, Z., Cheng, Z., Chen, Y., Tan, M., Luo, H., Zhang, Y.,
He,W., Yang, K., Zwaans, B. M.M., Tishkoff, D., Ho, L., Lombard, D., He,
T.-C., Dai, J., Verdin, E., Ye, Y., and Zhao, Y. (2011) The first identification
of lysine malonylation substrates and its regulatory enzyme. Mol. Cell.
Proteomics 10,M111.012658

26. Bheda, P.,Wang, J. T., Escalante-Semerena, J. C., andWolberger, C. (2011)
Structure of Sir2Tm bound to a propionylated peptide. Protein Sci. 20,
131–139

27. Khan, A. N., and Lewis, P. N. (2005) Unstructured conformations are a
substrate requirement for the Sir2 family of NAD-dependent protein
deacetylases. J. Biol. Chem. 280, 36073–36078

28. Garske, A. L., and Denu, J. M. (2006) SIRT1 top 40 hits: use of one-bead,
one-compound acetyl-peptide libraries and quantum dots to probe
deacetylase specificity. Biochemistry 45, 94–101

29. Sanders, B. D., Jackson, B., andMarmorstein, R. (2010) Structural basis for
sirtuin function: what we know andwhat we don’t. Biochim. Biophys. Acta
1804, 1604–1616

30. Min, J., Landry, J., Sternglanz, R., and Xu, R.M. (2001) Crystal structure of
a SIR2 homolog-NAD complex. Cell 105, 269–279

31. Avalos, J. L., Celic, I., Muhammad, S., Cosgrove, M. S., Boeke, J. D., and
Wolberger, C. (2002) Structure of a Sir2 enzyme bound to an acetylated
p53 peptide.Mol. Cell 10, 523–535

32. Chang, J. H., Kim, H. C., Hwang, K. Y., Lee, J. W., Jackson, S. P., Bell, S. D.,
and Cho, Y. (2002) Structural basis for the NAD-dependent deacetylase
mechanism of Sir2. J. Biol. Chem. 277, 34489–34498

33. Avalos, J. L., Boeke, J. D., andWolberger, C. (2004) Structural basis for the
mechanism and regulation of Sir2 enzymes.Mol. Cell 13, 639–648

34. Avalos, J. L., Bever, K. M., andWolberger, C. (2005)Mechanism of sirtuin
inhibition by nicotinamide: altering the NAD� cosubstrate specificity of a
Sir2 enzyme.Mol. Cell 17, 855–868

35. Cosgrove, M. S., Bever, K., Avalos, J. L., Muhammad, S., Zhang, X., and
Wolberger, C. (2006) The structural basis of sirtuin substrate affinity.
Biochemistry 45, 7511–7521

36. Hoff, K. G., Avalos, J. L., Sens, K., and Wolberger, C. (2006) Insights into
the sirtuin mechanism from ternary complexes containing NAD� and
acetylated peptide. Structure 14, 1231–1240

37. Hawse, W. F., Hoff, K. G., Fatkins, D. G., Daines, A., Zubkova, O. V.,
Schramm, V. L., Zheng, W., and Wolberger, C. (2008) Structural insights
into intermediate steps in the Sir2 deacetylation reaction. Structure 16,
1368–1377

38. Zhao, K., Chai, X., and Marmorstein, R. (2004) Structure and substrate
binding properties of CobB, a Sir2 homolog protein deacetylase from
Escherichia coli. J. Mol. Biol. 337, 731–741

39. Zhao, K., Chai, X., Clements, A., and Marmorstein, R. (2003) Structure
and autoregulation of the yeast Hst2 homolog of Sir2.Nat. Struct. Biol. 10,
864–871

40. Zhao, K., Chai, X., andMarmorstein, R. (2003) Structure of the yeast Hst2
protein deacetylase in ternary complex with 2�-O-acetyl-ADP-ribose and
histone peptide. Structure 11, 1403–1411

41. Zhao, K., Harshaw, R., Chai, X., and Marmorstein, R. (2004) Structural
basis for nicotinamide cleavage and ADP-ribose transfer by NAD�-de-

MINIREVIEW: Structure of Sirtuins

42434 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 51 • DECEMBER 14, 2012



pendent Sir2 histone/protein deacetylases. Proc. Natl. Acad. Sci. U.S.A.
101, 8563–8568

42. Sanders, B. D., Zhao, K., Slama, J. T., and Marmorstein, R. (2007) Struc-
tural basis for nicotinamide inhibition and base exchange in Sir2 enzymes.
Mol. Cell 25, 463–472

43. Finnin, M. S., Donigian, J. R., and Pavletich, N. P. (2001) Structure of the
histone deacetylase SIRT2. Nat. Struct. Biol. 8, 621–625

44. Jin, L., Wei, W., Jiang, Y., Peng, H., Cai, J., Mao, C., Dai, H., Choy, W.,
Bemis, J. E., Jirousek, M. R., Milne, J. C., Westphal, C. H., and Perni, R. B.
(2009) Crystal structures of human SIRT3 displaying substrate-induced
conformational changes. J. Biol. Chem. 284, 24394–24405

45. Schuetz, A.,Min, J., Antoshenko, T.,Wang, C. L., Allali-Hassani, A., Dong,
A., Loppnau, P., Vedadi, M., Bochkarev, A., Sternglanz, R., and Plotnikov,
A.N. (2007) Structural basis of inhibition of the humanNAD�-dependent
deacetylase SIRT5 by suramin. Structure 15, 377–389

46. Pan, P. W., Feldman, J. L., Devries, M. K., Dong, A., Edwards, A. M., and
Denu, J. M. (2011) Structure and biochemical functions of SIRT6. J. Biol.
Chem. 286, 14575–14587

47. Chakrabarty, S. P., and Balaram, H. (2010) Reversible binding of zinc in
Plasmodium falciparum Sir2: structure and activity of the apoenzyme.

Biochim. Biophys. Acta 1804, 1743–1750
48. Prasad,G. S., Sridhar, V., Yamaguchi,M.,Hatefi, Y., and Stout, C.D. (1999)

Crystal structure of transhydrogenase domain III at 1.2 Å resolution.Nat.
Struct. Biol. 6, 1126–1131

49. Smith, J. S., Brachmann, C. B., Celic, I., Kenna, M. A., Muhammad, S.,
Starai, V. J., Avalos, J. L., Escalante-Semerena, J. C., Grubmeyer, C., Wol-
berger, C., and Boeke, J. D. (2000) A phylogenetically conserved NAD�-
dependent protein deacetylase activity in the Sir2 protein family. Proc.
Natl. Acad. Sci. U.S.A. 97, 6658–6663

50. Wolberger, C. (2007) Identification of a new nicotinamide binding site in
a sirtuin: a reassessment.Mol. Cell 28, 1102–1103

51. Tanner, K. G., Landry, J., Sternglanz, R., and Denu, J. M. (2000) Silent
information regulator 2 family of NAD-dependent histone/protein
deacetylases generates a unique product, 1-O-acetyl-ADP-ribose. Proc.
Natl. Acad. Sci. U.S.A. 97, 14178–14182

52. Pan, M., Yuan, H., Brent, M., Ding, E. C., and Marmorstein, R. (2012)
SIRT1 contains N- and C-terminal regions that potentiate deacetylase
activity. J. Biol. Chem. 287, 2468–2476

53. Feldman, J. L., Dittenhafer-Reed, K. E., and Denu, J. M. (2012) Sirtuin
catalysis and regulation. J. Biol. Chem. 287, 42419–42427

MINIREVIEW: Structure of Sirtuins

DECEMBER 14, 2012 • VOLUME 287 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 42435



Mitochondrial Protein Acylation
and Intermediary Metabolism:
Regulation by Sirtuins and
Implications for Metabolic
Disease*
Published, JBC Papers in Press, October 18, 2012, DOI 10.1074/jbc.R112.404863

John C. Newman‡§, Wenjuan He‡, and Eric Verdin‡¶1

From the ‡Gladstone Institute of Virology and Immunology, San Francisco,
California 94158 and the §Division of Geriatrics and ¶Department of
Medicine, University of California, San Francisco, California 94143

The sirtuins are a family of NAD�-dependent protein
deacetylases that regulate cell survival, metabolism, and longev-
ity. Three sirtuins, SIRT3–5, localize to mitochondria. Expres-
sion of SIRT3 is selectively activated during fasting and calorie
restriction. SIRT3 regulates the acetylation level and enzymatic
activity of key metabolic enzymes, such as acetyl-CoA synthe-
tase, long-chain acyl-CoA dehydrogenase, and 3-hydroxy-3-
methylglutaryl-CoA synthase 2, and enhances fat metabolism
during fasting. SIRT5 exhibits demalonylase/desuccinylase
activity, and lysine succinylation and malonylation are abun-
dantmitochondrial proteinmodifications. No convincing enzy-
matic activity has been reported for SIRT4. Here, we review the
emerging role of mitochondrial sirtuins as metabolic sensors
that respond to changes in the energy status of the cell andmod-
ulate the activities of key metabolic enzymes via protein
deacylation.

Proper mitochondrial function is required for metabolic
homeostasis and involves careful regulation of the activity of
multiple metabolic enzymes. Changes in mitochondrial num-
ber and activity are implicated in aging, cancer, and the patho-
genesis of themetabolic syndrome, a group ofmetabolic abnor-
malities characterized by central obesity, dyslipidemia, high
blood pressure, and increased fasting glucose levels (1).
Protein acetylation is increasingly recognized as an impor-

tant post-translational modification for a number of key meta-
bolic pathways (2, 3). Lysine malonylation and succinylation
were recently identified in several mitochondrial proteins, and
the mitochondrial sirtuin SIRT5 was found to have demalony-
lase/desuccinylase activity. Here, we review the emerging role
of protein acylation and its regulation by sirtuins in mitochon-
drial biology and metabolic regulation.

Three Mitochondrial Sirtuins

Mammals contain seven sirtuins (SIRT1–7) that are charac-
terized by an evolutionarily conserved sirtuin core domain
homologous to Sir2, a yeast protein that increases life span (4,
5). SIRT1–7 are localized in distinct subcellular compartments.
SIRT1, SIRT6, and SIRT7 are found in the nucleus; SIRT2 is
primarily cytosolic; and SIRT3–5 are found in mitochondria.
Sirtuins have different levels of NAD�-dependent protein
deacetylase activity. This reaction couples lysine deacetylation
toNAD� hydrolysis to yieldO-acetyl-ADP-ribose, the deacety-
lated substrate, and nicotinamide (reviewed in Refs. 6 and 7).
SIRT1–3 exhibit robust protein deacetylase activity, whereas
the others have only weak and highly selective (SIRT5–7) or
undetectable (SIRT4) protein deacetylase activity. So far, only
weak ADP-ribosyltransferase activity has been described for
SIRT4 (8, 9). The dependence of sirtuins on NAD� suggests
that their enzymatic activity is directly linked to the energy
status of the cell via the cellular NAD�:NADH ratio; the abso-
lute levels of NAD�, NADH, or nicotinamide; or a combination
of these variables (10–14).

Mitochondrial Protein Acetylation

Reversible protein acetylation occurs primarily at the �-a-
mino group of lysine residues (for a recent review of mechanis-
tically distinct N-terminal acetylation, see Ref. 15). Like other
post-translational modifications, lysine acetylation regulates
diverse protein properties, including DNA-protein interac-
tions, subcellular localization, protein stability, protein-protein
interaction, and enzymatic activity (16).
Mitochondrial proteins are subject to extensive lysine acety-

lation (17, 18). Acetylatedmitochondrial proteins include those
involved in energy metabolism, such as in the TCA cycle, oxi-
dative phosphorylation, �-oxidation of lipids, amino acid
metabolism, carbohydrate metabolism, nucleotide metabo-
lism, and the urea cycle (2, 3). Interestingly, 44% of mitochon-
drial dehydrogenases are acetylated. Among them, 14 use
NAD� as the electron acceptor to catalyze biochemical reac-
tions in oxidative catabolic routes. The importance of acetyla-
tion is further supported by the high degree of conservation of
many sites from Drosophila to humans (19).

SIRT3 Is the Major Mitochondrial Protein Deacetylase

Endogenous SIRT3 is a soluble protein in the mitochondrial
matrix (20, 21). Interestingly, SIRT3 is translated in the cyto-
plasm as a longer, enzymatically inactive precursor and
imported into the mitochondrion. After import, the first 100
amino acids of SIRT3 are proteolytically cleaved, leading to a
final enzymatically active SIRT3 of 28 kDa. A small fraction of
SIRT3 resides in the nucleus aswell (22). The initial controversy
regarding the mitochondrial localization of mouse SIRT3 was
resolved by cloning of additional mouse SIRT3 cDNAs that
encode a protein that is imported to the mitochondrial matrix,
like human SIRT3 (23, 24).
SIRT3 appears to be the major mitochondrial deacetylase

because mice lacking SIRT3, but not mice lacking SIRT4 or
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SIRT5, show a striking hyperacetylation of mitochondrial pro-
teins (25). SIRT3 expression is highest in themostmetabolically
active tissues, including liver, kidney, and heart (26, 27), and is
increased in glucose-poor fasting states, including calorie
restriction in liver and kidney (28–32). Expression in skeletal
muscle also increases under calorie restriction (31, 33) but has
been reported to both increase and decrease with fasting (26,
29, 33). Interestingly, SIRT3 expression initially increases on a
high-fat diet (HFD)2 in liver and skeletal muscle, but chronic
high-fat feeding leads to decreased SIRT3 expression (26, 31,
33–35). SIRT3 expression also decreases in mouse models of
type 2 diabetes mellitus (26, 33).

SIRT3 Regulates Intermediary Metabolism

SIRT3 targets many enzymes that together help mediate the
switch to fasting metabolism, as tissues move away from glu-
cose as a source of energy and metabolic intermediates to
instead utilize lipids and amino acids.
Lipid Metabolism—SIRT3 promotes the efficient utilization

of lipids as a primary source of acetyl-CoA during fasting by
deacetylating and activating long-chain acyl-CoA dehydrogen-
ase, a key enzyme in the �-oxidation of fatty acids (28). Mice
lacking SIRT3 accumulate �-oxidation precursors and inter-
mediates, including triglycerides and long-chain fatty acids.
These mice also share other characteristics of human disorders
of fatty acid oxidation, including cold intolerance and reduced
basalATP levels (28). SIRT3 also regulates ketone body produc-
tion by deacetylating and activating 3-hydroxy-3-methylglu-
taryl-CoA synthase 2, the rate-limiting enzyme in ketone body
biosynthesis. Accordingly, mice lacking SIRT3 show reduced
fasting serum levels of ketone bodies (36). SIRT3 also deacety-
lates and activates acetyl-CoA synthetase 2, an enzyme in extra-
hepatic tissues that activates acetate into acetyl-CoA (21, 37).
Acetate itself is produced in the liver from acetyl-CoA and can
be distributed to extrahepatic tissues as a form of energy (36).
SIRT3 therefore facilitates the catabolism of fatty acids in the
liver and the peripheral use of lipid-derived acetate and ketone
bodies during fasting.
Nitrogen Metabolism—Oxidation of acetyl-CoA to CO2 by

the TCA cycle is a central pathway in energymetabolism.How-
ever, the TCA cycle also functions in biosynthetic pathways in
which intermediates leave the cycle to be converted primarily
to glucose, fatty acids, or nonessential amino acids. Equilibrium
of the substrates of the TCA cycle is maintained by two pro-
cesses called anaplerosis and cataplerosis. Anaplerosis refers to
the replenishment of critical anions. Pyruvate carboxylase,
which generates oxalacetate directly in themitochondria, is the
major anaplerotic enzyme. Conversely, 4- and 5-carbon inter-
mediates that enter the TCA cycle during the catabolism of
amino acids cannot be fully oxidized and therefore must be
removed by cataplerosis. Cataplerosis may in turn be linked to
biosynthetic processes, such as hepatic gluconeogenesis, fatty
acid synthesis in the liver, and glyceroneogenesis in adipose

tissue. SIRT3 accelerates amino acid catabolism and nitrogen
waste disposal by deacetylating and activating GLUD1 (gluta-
mate dehydrogenase 1), a major cataplerotic enzyme (38).
Catabolism of most amino acids requires transfer of the �-a-
mino moiety to �-ketoglutarate by an aminotransferase, form-
ing glutamate. GLUD1 regenerates �-ketoglutarate from gluta-
mate and releases nitrogen to the urea cycle as ammonia (39).
SIRT3 accelerates the urea cycle by deacetylating and activating
ornithine transcarbamylase, the key mitochondrial enzyme in
the urea cycle. Mice lacking SIRT3 exhibit a metabolic profile
similar to that in human disorders of the urea cycle, including
increased serum ornithine and reduced citrulline levels (the
substrate and product, respectively, of ornithine transcarbam-
oylase) (30).
Carbohydrate Metabolism—By promoting fat oxidation,

SIRT3 indirectly suppresses carbohydrate utilization. In con-
trast, cancer cells favor glucose as a source of energy, a process
referred to as the Warburg effect (40). SIRT3 down-regulation
is frequently observed in tumors and enhances glucose utiliza-
tion by allowing an increase in reactive oxygen species (ROS)
that stimulate hypoxia-inducible factor 1�, a transcription fac-
tor that drives the expression of glycolytic genes (41–43).
SIRT3 also regulates the acetylation of the peptidyl-prolyl
isomerase cyclophilin D. In the absence of SIRT3, this leads to
activation of hexokinase II on the outer mitochondrial mem-
brane, facilitating the rapid production of glucose 6-phosphate
(41, 44).
Reactive Oxygen Species—SIRT3 also regulates the produc-

tion of ROS generated as a by-product of oxidative phosphory-
lation. First, SIRT3 deacetylates and activates isocitrate dehy-
drogenase 2, an enzyme in theTCAcycle that helps to replenish
the mitochondrial pool of NADPH (45). NADPH is used by
glutathione reductase to maintain glutathione in its reduced
antioxidant form. Second, SIRT3 deacetylates and activates the
ROS-scavenging enzyme manganese superoxide dismutase,
thereby reducing oxidative damage in the liver (46–48). Mice
lacking SIRT3 therefore show increased oxidative stress (46),
particularly on aHFD (34), and lose the reduction of ROS levels
normally observed under calorie restriction (45).
Oxidative Phosphorylation—Mice lacking SIRT3 consume

10% less O2 and produce up to 50% less ATP than wild-type
mice, suggesting that SIRT3 regulates the activity of the respi-
ratory chain (27, 33). SIRT3 deacetylates and activates mito-
chondrial respiratory chain complexes, including NDUFA9
(complex I) (27) and SDHA (complex II) (43, 49). Accordingly,
mice lacking SIRT3 have lower complex I and II activities than
wild-type mice (43, 49). SIRT3 also regulates ATP synthase
(35).

Accelerated Metabolic Syndrome in the Absence
of SIRT3

Themetabolic syndrome is defined by central obesity, insulin
resistance, hyperlipidemia, hyperglycemia, and hypertension
(50). Physical inactivity, diet, and several genes and their prod-
ucts (including leptin, �3-adrenergic receptor, hormone-sensi-
tive lipase, lipoprotein lipase, insulin receptor substrate 1, PC-1,
and skeletal muscle glycogen synthase) are implicated in the
pathogenesis of the metabolic syndrome (51–54). Other meta-

2 The abbreviations used are: HFD, high-fat diet; ROS, reactive oxygen species;
PGC-1�, peroxisome proliferator-activated receptor-� coactivator 1�;
CrAT, carnitine acetyltransferase; ACC, acetyl-CoA carboxylase; MCD, mal-
onyl-CoA decarboxylase.
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bolic abnormalities, such as aberrant lipogenesis (55, 56),
increased inflammation (57, 58), reduced fatty acid oxidation
(59, 60), and increased oxidative stress, have also been impli-
cated. Sustained weight loss and exercise are protective, as
might be increased activation of fatty acid oxidation (61).
Lack of SIRT3 and the resulting mitochondrial protein

hyperacetylation are associated with accelerated development
of the metabolic syndrome (34). Wild-type mice fed a HFD
develop obesity, hyperlipidemia, type 2 diabetes mellitus, insu-
lin resistance, and non-alcoholic steatohepatitis (62–65). We
reported that the development of each of these consequences of
HFD feeding is significantly accelerated in mice lacking SIRT3
(34). In addition, mice lacking SIRT3 show dramatically
enhanced levels of proinflammatory cytokines, including IL-6
and TNF-�, another frequent manifestation of the metabolic
syndrome. Finally, we found that �90% of SIRT3 knock-out
mice develop hepatocellular carcinoma, a cancer associated
with themetabolic syndrome in humans (66), when placed on a
HFD.3
Interestingly, prolonged exposure (�13 weeks) to HFD feed-

ing in wild-type mice results in a reduction of hepatic SIRT3
expression (34, 35), whereas acute HFD feeding leads to a tem-
porary increase in SIRT3 protein expression (34). A HFD sup-
presses SIRT3 expression via suppression of peroxisome prolif-
erator-activated receptor-� coactivator 1� (PGC-1�) (67, 68), a
major regulator of SIRT3 expression (69).4 Reintroducing exog-
enous PGC-1� rescues the loss of SIRT3 in HFD-fed mice (34).
Preliminary evidence also supports a role of SIRT3 in the

pathogenesis of the metabolic syndrome in humans. In a pop-

ulation characterized by fatty liver disease (The NASH Clinical
Research Network), patients meeting the criteria for metabolic
syndrome were more likely to carry the SIRT3 rs11246020 “A”
minor allele. In a follow-up study of �8000 Finnish men focus-
ing specifically on rs11246020, the frequency of this allele and a
metabolic syndrome diagnosis were significantly correlated
(34). However, this association was relatively weak (odds ratio
of 1.3) and was not observed with all definitions of the meta-
bolic syndrome. Remarkably, the SIRT3 rs11246020 polymor-
phism induces amutationwithin the catalytic domain of SIRT3
(V208I). Mutation of Val-208 to isoleucine reduces SIRT3
enzyme efficiency by increasing theKm forNAD� and reducing
the Vmax, consistent with the model that reduction of SIRT3
enzymatic activity increases susceptibility to the metabolic
syndrome.

SIRT3, Acetylation, and Metabolic Inflexibility

We hypothesize that high mitochondrial acetyl-CoA levels
and mitochondrial protein hyperacetylation cause metabolic
inflexibility. Acetyl-CoA, malonyl-CoA, and succinyl-CoA are
important intracellular metabolites. They are present in mito-
chondria and the cytosol and are variously derived from the
catabolism of carbohydrates, fatty acids, or proteins (Fig. 1).
Intramitochondrial concentrations of acetyl-CoA and succi-
nyl-CoA are in themillimolar range (70), a level that can initiate
non-enzymatic acetylation reactions (71). Importantly, global
protein acetylation in mitochondria correlates with elevated
production of acetyl-CoA in such varied states as fasting, calo-
rie restriction, HFD, and ethanol intoxication (28, 34, 72–74).
Acetyl-CoA is produced during the aerobic catabolism of

carbohydrates frompyruvate, during�-oxidation of long-chain
fatty acids, and from the catabolism of some amino acids or

3 M. D. Hirschey and E. Verdin, unpublished data.
4 J. Y. Huang and E. Verdin, unpublished data.

FIGURE 1. Mitochondrial acetyl-CoA, malonyl-CoA, and succinyl-CoA metabolism. Metabolic pathways resulting from the oxidation of glucose, fatty acids,
and amino acids and leading to the synthesis of acetyl-CoA, malonyl-CoA, and succinyl-CoA are shown. Also shown are the two mechanisms leading to export
of acetyl-CoA from mitochondria: ATP citrate lyase (CrAT) and carnitine/acylcarnitine translocase (CACT). BCAA, branched-chain amino acid; PK, pyruvate
kinase; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PCC, propionyl-CoA
carboxylase; LCAD, long-chain acyl-CoA dehydrogenase; BCAT, branched-chain aminotransferase; BCKD, branched-chain �-keto acid dehydrogenase; MCM,
methylmalonyl-CoA mutase; CPT, carnitine palmitoyltransferase.
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decarboxylation of malonyl-CoA (Fig. 1) (39). There is growing
evidence that levels of acetyl-CoA regulate fuel utilization and
that dysregulated acetyl-CoA levels have a role in the pathogen-
esis of insulin resistance and the metabolic syndrome. During
fasting, acetyl-CoA can either feed into the TCA cycle for
energy production or be used for ketogenesis or acetate produc-
tion (primarily in the liver) (39). During feeding, acetyl-CoA is
exported from themitochondria to the cytoplasm via citrate by
the activity of ATP citrate lyase. Excess acetyl-CoA can also be
exported from the mitochondria via the activity of the enzyme
carnitine acetyltransferase (CrAT) (75). This enzyme is present
in the mitochondrial matrix and combines acetyl-CoA and
carnitine into acetylcarnitine (76), which can be directly
exchanged across the mitochondrial membrane by carnitine/
acylcarnitine translocase (Fig. 1).
Increased mitochondrial levels of acetyl-CoA induced by

fatty acid oxidation allosterically inhibit the activity of pyruvate
dehydrogenase, amitochondrial enzyme complex that converts
pyruvate into acetyl-CoA and thereby couples glycolysis and
glucose oxidation. This acetyl-CoA-mediated inhibition repre-
sents part of the glucose-fatty acid cycle originally proposed by
Randle to explain the lipid-induced suppression of muscle glu-
cose disposal, a hallmark of obesity-associated insulin resist-
ance (77). A pivotal role of intramitochondrial acetyl-CoA con-
centrations in metabolic control is further supported by recent
studies of CrAT (75). Mice with a muscle-specific deletion of
CrAT exhibit compromised glucose tolerance and decreased
metabolic flexibility. This latter phenomenon was recently
identified in obese humans as an inability to switch from fatty
acid to glucose oxidation during the transition from fasting to
feeding and may be a key manifestation of the metabolic syn-
drome (78). Muoio et al. (75) proposed that CrAT promotes
metabolic flexibility and increases insulin action by enhancing
mitochondrial export of excess acetyl residues. On the basis of
our observations of conditions associatedwith high acetyl-CoA
levels, we predict that CrAT deletion leads to mitochondrial
protein hyperacetylation and that dysregulated mitochondrial
protein acetylation might represent the molecular mechanism
of metabolic inflexibility. In this context, the ability of SIRT3 to
remove excess mitochondrial protein acetylation could there-
fore lead to increasedmetabolic flexibility and increased insulin
sensitivity.

SIRT4, an Enzyme without a Substrate

Unlike the well defined role of SIRT3 in acetylation, the pre-
cise enzymatic function of SIRT4 is unclear. It may possess
weakADP-ribosyltransferase activity (8, 9); however, this activ-
ity is �1000-fold slower than that of a bacterial ADP-ribosyl-
transferase, raising doubt about its physiological significance
(79). SIRT4 regulates insulin secretion (8, 9). Intriguingly and
unlike SIRT3, SIRT4 expression is reduced during calorie
restriction and is increased in mouse models of diabetes (72,
80). SIRT4 negatively regulates fatty acid oxidation in liver and
muscle: knockdown of SIRT4 expression enhances fatty acid
oxidation and mitochondrial respiration (80). This may be
mediated by increased SIRT1, PGC-1�, and CPT1 expression
in the absence of SIRT4 (80). Nevertheless, it is not clear how
lack of SIRT4 in the mitochondrion affects gene transcription

in the nucleus. Identifying the true enzymatic activity of SIRT4
will undoubtedly shed light on its function.

SIRT5, a Protein Demalonylase and Desuccinylase

SIRT5 possesses unique potent demalonylase and desucciny-
lase activities (79, 81). Malonyllysine and succinyllysine modi-
fications occur in a variety of organisms from yeast to human
(81, 82). Malonylation and succinylation are detected in meta-
bolic enzymes, including isocitrate dehydrogenase 2, serine
hydroxymethyltransferase, glyceraldehyde-3-phosphate dehy-
drogenase, GLUD1, malate dehydrogenase 2, citrate synthase,
carbamoyl phosphate synthetase 1, 3-hydroxy-3-methylglu-
taryl-CoA synthase 2, thiosulfate sulfurtransferase, and aspar-
tate aminotransferase (79, 81, 82). Mice lacking SIRT5 show
global protein hypermalonylation and hypersuccinylation, sug-
gesting that it is the major protein demalonylase and desucci-
nylase (81). The biological significance of lysine malonylation
and succinylation and how lysine malonylation and succinyla-
tion regulate enzymatic activity are currently unknown. In
addition to these novel enzymatic activities, SIRT5 may also
function as a protein deacetylase on a restricted number of sub-
strates, such as the urea cycle enzyme carbamoyl phosphate
synthetase 1 (83).

Succinyl-CoA and Malonyl-CoA Are Critical Metabolic
Intermediates

As we discussed above, hyperacetylation of mitochondrial
proteins associatedwith loss of SIRT3 disrupts the normalmet-
abolic switch toward fatty acid utilization that occurs during
prolonged fasting (28, 34). Because many metabolic enzymes
are also malonylated or succinylated (81, 82), SIRT5-mediated
demalonylation or desuccinylation of metabolic enzymes may
modulate metabolic pathways in a similar fashion under condi-
tions of high malonyl-CoA or succinyl-CoA levels. SIRT5 is
therefore likely to emerge in the future as an important regula-
tor of intermediary metabolism.
Succinyl-CoA is an intermediate in the TCA cycle and also a

precursor for porphyrin synthesis (39). Catabolism of odd-
chain fatty acids and of some amino acids (e.g. branched-chain
amino acids, such as leucine, isoleucine, and valine) generates
propionyl-CoA, which is first carboxylated to methylmalonyl-
CoA and then converted to succinyl-CoA (Fig. 1) (39).
Branched-chain amino acids are the most abundant essential
amino acids (84). Muscle represents �40% of the total mass of
mammals and is therefore the largest metabolic organ. Muscle
acts as a critical fuel reserve site in starvation or other glucose-
poor states (85, 86) and accounts for�50%of the capacity of the
tissues to catabolize branched-chain amino acids (87). We
therefore expect that succinyl-CoA production will rise during
fasting. We do not know yet whether succinyl-CoA levels and
global protein succinylation correlate, as is observed between
acetyl-CoA levels and mitochondrial protein acetylation.
Malonyl-CoA pools in mitochondria and the cytosol are also

tightly regulated. Cytosolic malonyl-CoA is synthesized by the
carboxylation of acetyl-CoA by acetyl-CoA carboxylase (ACC),
and the decarboxylation of malonyl-CoA by malonyl-CoA
decarboxylase (MCD) regenerates acetyl-CoA (88). However,
the mitochondrial pool of malonyl-CoA is generated by the
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activity of propionyl-CoA carboxylase on acetyl-CoA, with the
reverse reaction again catalyzed by MCD (88). ACC and MCD
are tightly regulated by a variety of factors, including levels of
glucose, insulin, and AMP-activated protein kinase (88).
Whole-cell malonyl-CoA levels decrease during fasting and
diabetic conditions and rapidly double after feeding (88). Mal-
onyl-CoA is the precursor for de novo fatty acid synthesis but is
also a critical inhibitor of fatty acid oxidation. It binds to and
inhibits CPT1 on the mitochondrial outer membrane, thereby
inhibiting the transport of fatty acids into mitochondria for
�-oxidation (88), a regulatory process referred to as the reverse
Randle cycle. Drug inhibition or genetic disruption of MCD
activity leads to increased intracellular malonyl-CoA levels,
decreased fatty acid oxidation, and increased glucose oxidation
(89, 90). Mammals encode two isoforms of ACC: ACC1 is
enriched in lipogenic tissues, where it produces cytosolic mal-
onyl-CoA as a precursor for lipogenesis, and ACC2 is preferen-
tially expressed in oxidative tissues, where it negatively regu-
lates fatty acid oxidation (91). ACC2 knock-out mice show
increased �-oxidation in both liver and muscle. They are lean,
hyperphagic, and resistant to obesity and diet-induced diabetes
(92, 93). Malonyl-CoA also regulates, directly or indirectly,
physiological or pathological conditions, such as muscle con-
traction, cardiac ischemia, �-cell secretion of insulin, and the
hypothalamic control of appetite (88). These findings illustrate
the emerging but still partial understanding of the role of mal-
onyl-CoA.The discovery of lysinemalonylation as a post-trans-
lational modification and its regulation by SIRT5 suggests the
intriguing possibility that protein malonylation represents one
of themechanisms bywhichmalonyl-CoA levels regulate inter-
mediary metabolism.

Putting It All Together: Protein Acylation and Regulation
of Intermediate Metabolism

The results discussed above support the idea that mitochon-
drial sirtuins regulate metabolism via the removal of acyl mod-
ifications on lysine residues in key enzymes. When nutrient
availability changes, the levels of various acyl-CoAs, such as
acetyl-CoA, succinyl-CoA, and malonyl-CoA, change corre-
spondingly. The high reactivity of acyl-CoAs, their high mito-
chondrial concentrations, and the relatively basic pHwithin the
mitochondrial matrix (pH 7.9) all provide conditions favoring
non-enzymatic acylation of mitochondrial proteins. Impor-
tantly, different nutrients may yield different relative acyl-CoA
concentrations as described above for the oxidation of fatty
acids versus branched-chain amino acids. The initial function
of sirtuins in bacteria during evolution might have been to
remove an inadvertent acyl modification on proteins. Such a
detoxifying mechanism might have evolved into a complex
sensing and regulatory mechanism at a later point, as has been
demonstrated for SIRT3.
As discussed above, equilibrium of the substrates of the TCA

cycle is maintained by the competing activities of enzymes
involved in anaplerosis and cataplerosis. Excess calorie intake,
e.g. in the form of a HFD, leads to a relative imbalance with
excess anaplerosis and build up of critical intermediate in the
TCA cycle, such as acetyl-CoA and succinyl-CoA. This relative
increase may in turn lead to increased mitochondrial protein

acetylation/succinylation and decreased metabolic flexibility.
We propose that SIRT3 and SIRT5, in cooperation with other
enzymes in this pathway, such as CrAT, deacetylate and desuc-
cinylate mitochondrial proteins and thereby promote maximal
metabolic flexibility. We further propose that a failure of this
protective mechanism underlies the pathogenesis of the meta-
bolic syndrome and metabolic inflexibility.
Much work remains to be done to test this mechanism link-

ing mitochondrial protein acylation and metabolic disease. Of
particular importance is the identification of the acyl moiety
targeted by SIRT4. There are many other acyl-CoAs beside the
three discussed in this minireview, all with the potential of
inducing the same type of modifications onmitochondrial pro-
teins. Their possible roles in intermediarymetabolism andmet-
abolic disease regulation should represent fertile grounds for
future investigations.Mechanistic links to other obesity-related
diseases, such as diabetic nephropathy, are tempting but
remain unknown. Finally, although the ubiquity of protein
acetylation argues for a non-enzymatic mechanism, this does
not exclude the existence of a specific mitochondrial acetyl-
transferase. Future research effort should address this impor-
tant remaining question.
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Originally rising to notoriety for their role in the regulation of
aging, sirtuins are a family of NAD�-dependent enzymes that
have been connected to a steadily growing set of biological pro-
cesses. In addition to regulating aging, sirtuins play key roles in
the maintenance of organismal metabolic homeostasis. These
enzymes also have primarily protective functions in the devel-
opment of many age-related diseases, including cancer, neuro-
degeneration, and cardiovascular disease. In thisminireview,we
provide an update on the known roles for each of the seven
mammalian sirtuins in these areas.

Over three-quarters of a century ago, Clive McCay and col-
leagues first noted that rats kept on a calorie-restricted diet
lived longer than freely fed controls (1). Despite the length of
time that has elapsed since this discovery, the molecular mech-
anism that drives this life span extension has remained elusive.
Originally described as a silencing factor in yeast (silencing
information regulator), the protein Sir2 came out on top in a
screen for modulators of yeast life span (2). Moreover, Sir2 was
required for the life span of yeast to be extended by calorie
restriction (3). These discoveries launched a new field in biol-
ogy: the study of Sir2 and its homologs in mammals, called
sirtuins.
Mammals have seven sirtuins (SIRT1–7) that possess

NAD�-dependent deacetylase, deacylase, and ADP-ribosyl-
transferase activities (4). Sirtuins are found in different subcel-
lular locations, including the nucleus (SIRT1, SIRT6, and
SIRT7), cytosol (SIRT2), and mitochondria (SIRT3–5),
although in some studies, SIRT1 has been found to possess
cytosolic activities, and SIRT2 has been found to associate with
nuclear proteins. Sirtuins have important functions in a diverse
yet interrelated set of physiological processes. In this minire-
view, we discuss research done in the past four years featuring

their roles in aging, metabolism, cancer biology, cardiovascular
disease, inflammation, and brain pathology.

Aging

Following the first publication describing a role for yeast Sir2
in promoting longevity (2), many laboratories focused on elu-
cidating whether sirtuins might play similar roles in other
organisms. Sirtuins have been shown to regulate life span in
lower organisms, including yeast, nematodes, and fruit flies (5),
although their role in worm and fly life span has recently been
debated (6, 7). Most of these studies have described a key role
for SIRT1 in regulating the metabolic response to calorie
restriction (CR)5 (8), a dietary intervention that robustly
extends life span across numerous species. However, whole-
body overexpression of SIRT1 in mice does not affect life span
(9). Nevertheless, SIRT1 does appear to promote healthy aging
by protecting against several age-related pathologies (10).
The strongest link betweenmammalian sirtuins and the anti-

aging effects of CR comes from SIRT3, whichmediates the pre-
vention of age-related hearing loss by CR (11). Hearing loss is a
hallmark of mammalian aging and is characterized by a gradual
loss of spiral ganglion neurons and sensory hair cells in the
cochlea of the inner ear, which is triggered by oxidative damage
in these cells (12). Remarkably, CR prevents hearing loss and
oxidative damage in wild-type mice, whereas Sirt3-deficient
mice are resistant to the effects of CR. In addition, SIRT3 is
required for the CR-mediated reduction of oxidative damage in
multiple tissues via regulation of the glutathione antioxidant
system (11). Indeed, SIRT3 has been shown to directly modu-
late reactive oxygen species (ROS) by deacetylating manganese
superoxide dismutase (13, 14). This evidence suggests a broader
role for SIRT3 in regulating age-related pathologies that
depend on cellular levels of ROS.
Evidence for a positive effect of sirtuins on longevity also

comes from the recent discovery that SIRT6 overexpression
extends life span in mice (15). Although early experiments
using Sirt6 knock-outmice suggested a role in aging (16), this is
the first demonstration that a mammalian sirtuin positively
regulates life span. Notably, the observed life span extension
seems to be modest (the median life span increases between 10
and 15%) and gender-specific (affecting males only) for reasons
that remain unclear. Despite reduced levels of insulin-like
growth factor 1 (IGF-1) in serum, a phenotype previously asso-
ciated with life span regulation, the “anti-aging” effect of SIRT6
could be explained by SIRT6 acting as a tumor suppressor (as
described below) (17). These results provide encouraging evi-
dence that mammalian sirtuins may in fact represent critical
modulators of life span and age-related diseases.

Metabolism

Because sirtuin enzymatic activity is dependent upon the
presence of NAD�, sirtuin activity is directly linked to themet-
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abolic state of the cell. Indeed, nearly every sirtuin has been
shown to play a role in regulating metabolism and energy
homeostasis, often in roles that help the cell adapt to periods of
low-energy input (Fig. 1). Indeed, sirtuins are involved in mul-
tiple metabolic pathways, as described below.
Lipid Metabolism—Lipid catabolism is especially important

during fasting. SIRT1 is induced in several tissues during CR
(18) and responds to the organism’s need for energy by stimu-
lating lipid breakdown through the transcription factor FoxO1,
which directly induces expression of the rate-limiting lipolytic
enzyme adipose triglyceride lipase (19). SIRT1 also inhibits
cells’ ability to synthesize fat by deacetylating the lipogenic acti-
vator SREBP-1c, preventing this factor from binding the pro-
moters of lipogenic genes (20, 21). Notably, when SIRT1 is
absent from specific tissues, mice have significant defects in
their ability to metabolize lipids normally, leading to fat accu-
mulation (4), and even haploinsufficiency was shown to lead to
increased weight gain on a high-fat diet (22).
Despite these seemingly clear results, further study has

shown that the effects of SIRT1may in fact be dose- or context-
dependent. Although SIRT1-overexpressing mice were pro-
tected from hepatic steatosis when placed on a high-fat diet in
one study (23), another study found the opposite result (24),
attributing the outcome to SIRT1 inhibition of cAMP-respon-
sive element-binding protein, a transcription factor that nor-
mally activates fatty acid metabolism and gluconeogenesis.
Additionally, overexpression of SIRT1 in the forebrain of
female mice led to increased fat mass and increased expression
of adipogenic genes in white adipose tissue (25). Taken
together, these studies suggest that whether SIRT1 promotes
lipid catabolism or instead promotes adipogenesis may be tis-
sue- and expression level-dependent.
The metabolic effects of SIRT3 appear thus far to be more

straightforward (Fig. 1). SIRT3 is up-regulated by fasting in liver
and brown adipose tissue and promotes mitochondrial oxida-

tive metabolism via deacetylation of numerous metabolic
enzymes (26), including long-chain acyl-CoA dehydrogenase,
an enzyme involved in fatty acid catabolism (27, 28). The
importance of this activity is demonstrated by an abnormal
accumulation of fatty acid oxidation intermediates in Sirt3
knock-out mice. When fasted, these mice also show reduced
ATP production and are intolerant to cold. Conversely, Sirt3
knock-out mice are unable to cope with a high-fat diet and gain
more weight than their wild-type counterparts, developing
hepatic steatosis and exhibiting signs of inflammation (29). Fur-
thermore, wild-type animals on a high-fat diet have reduced
hepatic SIRT3 activity and increased protein acetylation rela-
tive to those on a control diet (30), suggesting that a feedback
mechanism may be involved in the interplay between SIRT3
activity and diet.
SIRT6 promotes fatty acid oxidation as well, interestingly

through a mechanism involving another sirtuin. SIRT1 and the
transcription factors FoxO3a and NRF1 form a complex on the
Sirt6 promoter, leading to SIRT6 expression and promotion of
fat oxidation in wild-type mice (31). Mice with a liver-specific
deletion of Sirt6 develop a fatty liver, and primary hepatocytes
from these mice show relatively low levels of fatty acid oxida-
tion. By contrast,micewith transgenic overexpression of SIRT6
show down-regulation of genes associated with lipid storage
and are somewhat protected against the accumulation of vis-
ceral fat when placed on a high-fat diet (32). These studies cast
Sirt6 as an important promoter of fat utilization.
Roles are beginning to be described for the other sirtuins in

lipid metabolism and adipose biology. SIRT2 seems to fall in
line with other family members described above: it inhibits adi-
pocyte differentiation (33), possibly by deacetylating FoxO1 (34),
and its transcription is suppressed in obese mice by hypoxia-
inducible factor 1� (HIF-1�) (35). However, not all sirtuins act
in the same direction: knocking down Sirt4 increases fatty acid
oxidation, suggesting that this sirtuin opposes its mitochon-

FIGURE 1. Metabolic functions of mammalian sirtuins in different tissues. For specific molecular targets, see text. PGC1�, PPAR� coactivator 1�; PEPCK,
phosphoenolpyruvate carboxykinase; LCAD, long-chain acyl-CoA dehydrogenase; OTC, ornithine transcarbamoylase.

MINIREVIEW: Sirtuins in Aging, Metabolism, and Disease

DECEMBER 14, 2012 • VOLUME 287 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 42445



drial counterpart SIRT3 (36). This induction goes away when
Sirt1 is knocked down at the same time, indicating that there
may be cross-talk between these sirtuins. The precisemolecular
mechanisms for such cross-regulation remain unclear.
Glucose Metabolism—Most of the work done so far on how

sirtuins regulate glucose metabolism has focused on SIRT1,
which is known to modulate gluconeogenesis in liver mainly
through its substrate peroxisome proliferator-activated recep-
tor (PPAR)-� coactivator 1� (4). Recently, other sirtuins have
appeared on the stage as key regulators of glucose homeostasis.
SIRT6 has come to the fore as an important regulator of glucose
uptake and metabolism (Fig. 1). Sirt6 knock-out mice die early
in life from a fatal hypoglycemia. These animals exhibit
increased expression of the glucose transporter GLUT1, lead-
ing to increased glucose uptake in skeletal muscle and brown
adipose tissue (37). Sirt6-deficient embryonic stem cells simi-
larly show lower oxygen consumption and greater lactate pro-
duction than controls. In part, this phenotype appears to be
related to the ability of SIRT6 to lower expression of glycolytic
genes, such as Pfk1 andGlut1, through deacetylation of histone
H3K9. In this context, SIRT6 works as a co-repressor of HIF-
1�, and the increased glucose uptake seen in Sirt6 knock-outs is
reversed by treatment with a HIF-1� inhibitor (37). These
results indicate that SIRT6may function as a critical modulator
of glucose homeostasis. Recently, SIRT2 has also been found to
take part in glucose metabolism by promoting gluconeogenesis
through deacetylation and stabilization of the rate-limiting
enzyme phosphoenolpyruvate carboxykinase (38), adding this
protein to the list of sirtuins that control glucose homeostasis.
Other Metabolic Processes—Sirtuins have important func-

tions in additional metabolic pathways that promote adapta-
tion to periods of low-energy input. For example, SIRT3 acti-
vates ketone body synthesis via HMGCS2 (39). It also
up-regulates the electron transport chain via SDHA (40) and
the urea cycle via ornithine transcarbamoylase (28). SIRT5
enhances the urea cycle through CPS1 (carbamoyl phosphate
synthetase 1), the first step of the cycle. Indeed, Sirt5 knock-out
mice show reduced basal CPS1 activity and lack the increase in
activity normally seen with fasting (41). SIRT5 has been shown
to deacetylate CPS1 (41), and a recent study indicates that
SIRT5 may demalonylate and desuccinylate CPS1 as well (42).
Suggestively, in the absence of SIRT5, the levels of succinylation
of CPS1 were increased, indicating that SIRT5 may function as
a bona fide deacylase. All together, these studies highlight that
we are yet learning about the enzymatic functions of sirtuins,
and future studies will surely investigate the mechanisms
throughwhich sirtuinsmight work together to coordinatemet-
abolic responses.

Cancer

Tumorigenesis is amultistep process that involves the acqui-
sition of several mutations leading to cell transformation and
cancer initiation. Among the hallmarks of cancer cells, meta-
bolic reprogramming is also an important regulator of tumor
growth, allowing tumor cells to fulfill their energetic and ana-
bolic demands (43). In addition to their role in regulating
metabolism, sirtuins are important in the regulation of genomic

stability, making them excellent candidates to control tumori-
genesis (Fig. 2).
A large amount of data generated over the last decade has

involved SIRT1 in tumorigenesis by modulating cellular stress
responses and DNA repair (44). However, the ability of SIRT1
to promote or suppress tumorigenesis seems to depend on the
specific tumor type, cellular context, and signaling pathway
affected. Several studies support a role for SIRT1 as a tumor
suppressor. SIRT1 opposes Myc-dependent transformation by
interacting with and deacetylating this proto-oncogene (45).
Furthermore, overexpression of SIRT1 in vivo protects against
metabolic syndrome-associated liver cancer by reducing DNA
damage and inflammation. Importantly, amoderate increase of
SIRT1 in these mice protects from spontaneous and aging-as-
sociated cancers (9). Moreover, recent work has demonstrated
that SIRT1 interacts with HIF-1� and represses its activity,
thereby inhibiting growth and angiogenesis of xenograft
tumors (46). Finally, a recent study reported increased levels of
acetylated H3K56, a substrate for SIRT1 and SIRT2, in human
tumors (47). Although the influence of SIRT1 and SIRT2 in
modulating this histone mark specifically in tumors has not
been addressed, it is tempting to speculate that decreased levels
or activity of these sirtuins could have an impact on tumorigen-
esis by increasing the levels of H3K56 acetylation. Notably,
H3K56 acetylation has been shown to be a primary substrate for
SIRT6, thereby raising the possibility that the modulation of
this particular histone mark in tumors may depend on this
chromatin deacetylase rather than SIRT1/2, as proposed.
In contrast with the above observations, recently published

data have added evidence for a tumor-promoting function of
SIRT1. A new positive feedback loop involving N-Myc and
SIRT1has been described to promote tumorigenesis in amouse
model of neuroblastoma (48). N-Myc induces the expression of
Sirt1, which in turn deacetylates and stabilizes N-Myc, thereby
promoting tumor growth. Furthermore, a complex between
SIRT1 and estrogen receptor-� has been found to be essential
to promote the expression of prosurvival genes and to inacti-
vate tumor suppressor genes in breast cancer cells (49). Sirt1
expression also appears to be up-regulated in hepatocellular
carcinomas, where it inhibits senescence and apoptosis and
leads to tumor growth (50, 51). However, the precise molecular
mechanism throughwhich SIRT1 exerts this tumor-promoting
function remains unclear.
As mentioned above, metabolic reprogramming is a key fea-

ture of cancer cells. Although differentiated cells under normal
conditions obtain energy by oxidizing fuels such as glucose
through mitochondrial oxidative phosphorylation, Warburg
observed that rapidly proliferating cancer cells often up-regu-
late glycolysis, which we now understand allows cells to gener-
ate macromolecules needed for cellular proliferation. Recent
studies reported that SIRT3 normally counteracts this meta-
bolic switch by destabilizing HIF-1� through down-regulation
of ROS (52, 53). Overexpressing SIRT3 also suppresses the
Warburg effect in various cancer cell lines lacking SIRT3 (52,
53), suggesting that SIRT3may be a tumor suppressor. Consist-
ent with this role, Sirt3 expression is down-regulated in human
breast cancers, and Sirt3 knock-out mice have a higher inci-
dence of spontaneous mammary tumors (54). As noted above,
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SIRT6 is a key regulator of glucose metabolism, and lack of this
chromatin factor leads to a phenotype that is reminiscent of the
Warburg effect (37). Indeed, SIRT6 has been recently described
as a tumor suppressor that regulates cancer metabolism (106).
Mechanistically, SIRT6 suppresses aerobic glycolysis andMyc-
dependent ribosome biosynthesis, and lack of this sirtuin leads
to robust metabolic reprogramming, sufficient to promote
tumorigenesis. In line with this, Sirt6 expression is down-regu-
lated in human pancreatic and colorectal cancers, and condi-
tional deletion of Sirt6 promotes intestinal tumorigenesis in
vivo (106). Consistent with a tumor-suppressive function, it has
recently been shown that overexpression of SIRT6 induces apo-
ptosis in cancer cell lines (55). However, the mechanism and
physiological relevance of this observation remain as yet
unexplored.
The roles of other sirtuins in cancer development have just

started to emerge (Fig. 2). Because SIRT2 regulates normal
mitotic progression by controlling the activity of the anaphase-
promoting complex/cyclosome (56), SIRT2 was proposed to be
a tumor suppressor by preventing chromosomal instability dur-
ing mitosis. Indeed, Sirt2-deficient mice develop spontaneous
and gender-specific tumors, with females primarily developing
mammary tumors, whereas hepatocellular carcinomas arise in
males (57). Finally, a recent study has demonstrated that SIRT7
functions as an H3K18 deacetylase, repressing transcription of
multiple genes involved in anchorage-independent growth and
contact inhibition (58). In this context, SIRT7 depletion mark-
edly reduced tumorigenicity of cancer cells, suggesting that

SIRT7 may play a critical role in maintaining oncogenic
transformation.

Inflammation

Inflammation plays a central role in the pathogenesis of
many diseases, including cancer, diabetes, and cardiac disease.
Current research points to an anti-inflammatory role for sir-
tuins, especially SIRT1 and SIRT3. Several studies have shown
SIRT1 to be protective against inflammation (e.g. Ref. 59), a
function that may counteract the effects of inflammatory fac-
tors such as NF-�B (60) and TNF-� (61). SIRT1 is also impor-
tant for preventing lung inflammation following exposure to
airborne particulate matter (62). Furthermore, suppression of
SIRT1 is seen during inflammation (63), but one study pre-
vented these effects by pretreating mice with the SIRT1-acti-
vating compound resveratrol (64).
Other sirtuins may also negatively regulate inflammation.

SIRT2, for instance, may down-regulate the immune response
through deacetylation of the NF-�B subunit p65 at Lys-310
(65). Lys-310 is hyperacetylated in Sirt2 knock-out mouse
embryonic fibroblasts following TNF-� stimulation, leading to
an increase in the expression of NF-�B target genes. These
results suggest that SIRT2 is a negative regulator of NF-�B gene
expression and therefore potentially of inflammation as well.
SIRT6 bindsmany of the same promoters in themouse genome
asNF-�B subunit RelA (66), and it deacetylates Lys-9 of histone
H3, leading to RelA destabilization and cessation of gene
expression (67). Like SIRT2, SIRT6 may also have an anti-in-

FIGURE 2. Mammalian sirtuins in carcinogenesis. The roles of sirtuins in initiation and tumor progression are summarized. For molecular targets, see text.
ER�, estrogen receptor-�.
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flammatory role through suppression of NF-�B target gene
expression. However, Sirt6-deficient T cells exhibit reduced
interferon-� secretion upon activation (68), and SIRT6 also
enhances TNF-� translation in dendritic cells (69), so the pic-
ture is not entirely clear. Finally, in one study, Sirt7 knock-out
mice had elevated myocardial levels of several cytokines com-
pared with controls, demonstrating that SIRT7 may help fight
inflammation (70).

Cardiovascular Disease

Cardiovascular disease is one of the leading causes of death
worldwide and involves the deterioration of heart and blood
vessel function. Remarkably, early studies demonstrated that
CR protects from cardiovascular disease by improving both
endothelial and heart function (71). Given the role of sirtuins in
mediating, at least in part, some of the effects of CR, multiple
studies have explored their function in cardiovascular disease.
Most of this work described the role of SIRT1 in endothelial
function, vessel inflammation, vascularization, and cholesterol
metabolism and has been reviewed previously (72). Here, we
summarize recent findings regarding the role of sirtuins in car-
diac function.
SIRT1, SIRT7, and, more recently, SIRT3 and SIRT6 have

been described as key regulators of cardiac hypertrophy, one of
the main causes leading to heart failure. Early studies demon-
strated that SIRT1 and SIRT7 play a protective role against
cardiac hypertrophy by deacetylating and modulating p53
activity (70, 73, 74). Recently, the protective role of SIRT1 has
been extended to its ability to regulate fatty acid oxidation (75).
A normal healthy heart utilizes both fatty acids and glucose
simultaneously to obtain energy. However, cardiac hypertro-
phy is accompanied by ametabolic shift similar to theWarburg
effect that favors glycolysis and impairs fatty acid oxidation
(76). In a phenylephrine-induced cardiac hypertrophy model,
SIRT1 prevented the development of cardiac hypertrophy by
promoting fatty acid oxidation (75). Mechanistically, SIRT1
binds to PPAR�, favoring the deacetylation of PPAR� coactiva-
tor 1� and preventing the down-regulation of fatty acid oxi-
dation genes (75). In line with a protective role for SIRT1 in
cardiovascular disease, it also protects mice from hyperglyce-
mia-induced endothelial dysfunction by inhibiting the expres-
sion of p66Shc (77). Mice deficient in p66Shc have increased
resistance to oxidative stress and improved endothelial func-
tion and are protected against vascular and cardiac diseases
(78). In contrast with these observations, transgenic mice over-
expressing SIRT1 develop larger atherosclerotic lesions com-
pared with control animals (24). A similar phenotype was
observed in a different line of SIRT1 transgenic mice, where
SIRT1 overexpression reduced cardiac function and was asso-
ciated with impaired mitochondria (80). Furthermore, a recent
study using Sirt1-deficientmice also demonstrated a detrimen-
tal role for SIRT1 in cardiac function (81). In response to a
hypertrophic stimulus, Sirt1-deficient mice failed to develop
cardiac hypertrophy, a phenotype associatedwith impairedAkt
signaling. Moreover, hearts of mice overexpressing SIRT1
exhibited increased phosphorylation and deacetylation of Akt
and developed cardiac hypertrophy under basal conditions
(81). These conflicting results for SIRT1 may be influenced by

differences in expression levels in the different mouse models
(82), suggesting that a beneficial effect of SIRT1 in the context
of cardiac function, like the topic areas covered above, may be
confined to a window of optimal activity.
Due to its mitochondrial localization and ability to regulate

cellular ROS levels, SIRT3 has also emerged as a critical regu-
lator of cardiac function (83). Sirt3-deficient mice develop car-
diac hypertrophy, whereas transgenic animals overexpressing
SIRT3 in the heart are protected against agonist-mediated car-
diac hypertrophy (84). At the molecular level, SIRT3 deacety-
lates and activates LKB1, thereby activating AMP-activated
kinase, which suppresses Akt phosphorylation (85). Moreover,
SIRT3-dependent deacetylation of FoxO3a leads to its nuclear
localization and enhanced expression of antioxidant genes,
such as manganese superoxide dismutase, reducing cellular
ROS levels (84). Importantly, both Akt activation and
increased ROS levels play a crucial role in the development
of cardiac hypertrophy (86, 87). Thus, by regulating these
two pathways, SIRT3 exerts a key antihypertrophic function
in cardiomyocytes.
SIRT6 is also involved in cardiac hypertrophy and myocar-

dial infarction. In models of cardiac hypertrophy, Sirt6 expres-
sion is up-regulated, yet its deacetylase activity is reduced (88).
Increased activity of SIRT6 protects cardiomyocytes from a
hypertrophic response in vitro by suppressingNF-�B activation
(88). Furthermore, increased NAD synthesis protects car-
diomyocytes fromhypertrophy, possibly through SIRT6 activa-
tion (89). In line with this, a recent study reported that Sirt6
acts as a negative regulator of cardiac hypertrophy by
repressing IGF/Akt signaling (90). However, in contrast with
these results, inhibition of nicotinamide phosphoribosyl-
transferase, an enzyme involved in NAD synthesis, reduces
myocardial infarction by inhibiting neutrophil infiltration and
ROS production within the infarcted hearts (91). Interestingly,
the same protective phenotype was observed when Sirt6
expression was silenced, implying that although SIRT6 may
protect against cardiac hypertrophy, lower SIRT6 levels may be
beneficial in the context of myocardial infarction.

Brain

Important roles have been elucidated for SIRT1 and SIRT2 in
the brain. SIRT1 in particular has shown itself to be beneficial in
multiple models of neuropathology. Alzheimer disease is char-
acterized by the accumulation of the�-amyloid peptide and the
aggregation of tau protein (92). In a mouse model of Alzheimer
disease, brain-specific knock-out of Sirt1 increased levels of
�-amyloid plaque formation, whereas overexpression of SIRT1
decreased the plaque levels (93). SIRT1 may contribute to this
effect because it activates transcription of the ADAM10 gene,
which encodes �-secretase, an enzyme whose activity helps the
brain avoid plaque formation. SIRT1 also deacetylates and
destabilizes tau protein, thereby suppressing its aggregation
(94). Likewise, in a mouse model of �-synuclein pathology,
which drives conditions such as Parkinson disease (95), SIRT1
played a protective role by preventing protein aggregation (96).
One possible mechanism is that SIRT1 deacetylates HSF1 to
increase levels of HSP70, a chaperone that could prevent aggre-
gation by helping with protein folding. SIRT1 overexpression
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improvedmotor function in amousemodel of Huntington dis-
ease (97), whereas brain-specific knock-out of Sirt1 worsened
disease-related pathology (98). Sirt1 knock-out mice also have
defective short- and long-termmemory despite seemingly nor-
mal gross brain anatomy, an effect possibly due to a decrease in
hippocampal synaptic plasticity (99).
By contrast, models of neuropathology show protective

effects when Sirt2 is knocked down, where inhibition of SIRT2
lowered toxicity in a striatal neuron model of Huntington dis-
ease (100). Thus, although SIRT1 is protective against brain
pathology, SIRT2 may have opposing effects.
SIRT1 and SIRT2 are also important for differentiation and

migration of certain types of brain cells. In primary neurons,
SIRT1 promotes neurite outgrowth and increases cell survival,
and it also decreases mTOR signaling (101). Other studies have
found that SIRT2 both promotes (102) and inhibits (103) oligo-
dendrocyte differentiation. SIRT2 also promotesmyelin forma-
tion in Schwann cells by deacetylating Par-3, a regulator of cell
polarity (104).
Little is known about the activity of the remaining sirtuins in

the brain. SIRT3 was important for neuron viability in a pri-
mary cell model that used NMDA to deplete NAD and induce
excitotoxic injury (105).Micewith a neuron-specific deletion of
Sirt6did not die of hypoglycemia like full-body knock-outs (79).
Rather, they initially exhibited growth retardation, with lower
levels of pituitary growth hormone and IGF-1, ultimately
becoming obese, likely secondary to altered neuropeptide
levels.

Future Perspectives

In the past few years, the function of mammalian sirtuins
has been investigated in greater detail than ever before, and
we now have a much better molecular understanding of the
multiple roles that this unique family of enzymes plays in seem-
ingly every biological process. There is little doubt that sirtuins
have emerged as critical modulators of metabolic adaptive
responses, and their activities have been linked to multiple dis-
eases, including metabolic abnormalities, cancer, inflamma-
tion, cardiac hypertrophy, and neurodegeneration. However,
key questions will keep investigators busy in the coming years.
We still have a poor understanding of the molecular mecha-
nisms regulating sirtuins’ expression and activity and of the
precise stimuli that regulate these proteins. Are the activities of
different sirtuins regulated in a coordinated fashion? In other
words, is there cross-talk between sirtuins? Will future studies
cement the argument that sirtuins are indeed critical modula-
tors of life span? The future “sirtainly” looks promising.
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Mammalian (or mechanistic) target of rapamycin (mTOR)
regulates a wide range of cellular and developmental processes
by coordinating signaling responses to mitogens, nutrients, and
various stresses. Over the last decade, mTOR has emerged as a
master regulator of skeletal myogenesis, controlling multiple
stages of the myofiber formation process. In this minireview,
we present an emerging view of the signaling network under-
lying mTOR regulation of myogenesis, which contrasts with
the well established mechanisms in the regulation of cell and
muscle growth. Current questions for future studies are also
highlighted.

Mammalian (or mechanistic) target of rapamycin (mTOR)2
senses cellular nutrients and energy levels and orchestrates a
wide spectrum of cellular processes, including cell growth, pro-
liferation, differentiation, survival, autophagy, and metabolism
(1). This Ser/Thr kinase nucleates two distinct complexes,
mTORC1 andmTORC2, which are defined by the unique pres-
ence of raptor and rictor, conferring rapamycin-sensitive and
rapamycin-insensitive mTOR functions, respectively (2, 3).
The rapamycin-sensitive complex mTORC1 integrates signals
fromamino acid availability, growth factors, cellular energy lev-
els, and various stressors to regulate cell growth (1). The best
characterized substrates of the mTORC1 kinase activity are
S6K1 (S6 kinase 1) and 4E-BP1 (eIF4E-binding protein 1), both
regulators of protein synthesis (4). However, recent phospho-
proteomic studies have revealed tens of putativemTORC1 sub-
strates, some validated (5, 6). Much (although not all) of the
signal integration by mTORC1 is mediated by the tumor sup-
pressor tuberous sclerosis complexTSC1-TSC2 (7), serving as a
GTPase-activating protein for the small GTPase Rheb (8).
mTORC2 phosphorylates the multifunctional kinase Akt, as
well as PKC and serum- and glucocorticoid-induced protein
kinase, and regulates cell survival and actin cytoskeleton reor-
ganization among other functions (9).

Among the myriad of cellular and developmental processes
governed by mTOR, the development and physiology of skele-
tal muscle involve extensive regulation by mTOR signaling.
The topics of mTOR signaling in insulin sensitivity and glucose
metabolism in skeletal muscles and in the regulation of muscle
mass have been discussed in excellent recent reviews (10–12).
In this minireview, we focus on the function and regulatory
mechanisms of mTOR in skeletal myogenesis, the formation of
skeletal muscle. During embryonic development, cells in
somites commit to myogenic lineage and differentiate into
myoblasts, which then fuse to form multinucleated myofibers
(13). This is a highly coordinated process in which various envi-
ronmental cues and signaling pathways integrate to activate a
muscle-specific gene expression program (14, 15). Embryonic
myogenesis is largely recapitulated during adult skeletalmuscle
regeneration upon injury, which involves satellite cell (or other
types of muscle stem cell) activation, proliferation, and differ-
entiation to form new myofibers or to repair damaged myofi-
bers (16–18). Over the last decade, mTOR has emerged as a
master regulator of skeletal myogenesis, exerting control at
multiple levels via distinct signaling mechanisms. Here, we will
recount the early observations that established mTOR as a key
myogenic regulator, discuss recent progress in the field, and
summarize our current understanding of the molecular path-
ways involving mTOR in myogenesis.

mTOR as a Key Regulator of Skeletal Myogenesis

The function of mTOR signaling in muscle growth and
hypertrophy is relatively well understood, and the mechanisms
are largely similar to those in cell growth regulation (10, 11).
However, a role for mTOR in myogenesis (formation of myofi-
bers involving terminal differentiation and fusion) cannot be
simply deduced from its requirement for muscle growth and
hypertrophy (increase in protein content that may or may not
involve fusion).
Pharmacological and Genetic Evidence for Role of mTOR in

Myogenesis—Early clues formTOR involvement inmyogenesis
came from the effect of rapamycin on myoblast differentiation
in culture. Coolican et al. (19) first reported rapamycin inhibi-
tion of differentiation of rat L6 myoblasts. Reports from other
laboratories followed, demonstrating that rapamycin inhibited
the differentiation of mouse C2C12 cells (e.g. Refs. 20–22).
Rapamycin also inhibited skeletal muscle regeneration in
rodents (23, 24). However, an earlier report showed that rapa-
mycin had no effect on IGF2 (insulin-like growth factor 2)-in-
duced differentiation of L6, Sol8, and human myoblasts (25).
The high concentration (300 ng/ml) of exogenous IGF2 used in
that study prompted us to speculate that rapamycin might
inhibit a myogenic step involving autocrine production of
IGF2. This led to the discovery of IGF2 as an important target of
mTOR regulation (discussed below) (26). The pharmacological
evidence ofmTOR involvement inmyogenesis was validated by
the ability of a rapamycin-resistant (RR) mutant of mTOR to
support C2C12 cell differentiation and mouse muscle regener-
ation in the presence of rapamycin (22, 24, 27).
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Kinase-independent Functions of mTOR inMyogenesis—Un-
expectedly, RR-mTOR carrying a kinase-inactive mutation
(RR/KI) also rescued differentiation from rapamycin inhibition
(22), suggesting that the rapamycin-sensitive myogenic func-
tion of mTOR was independent of mTOR kinase activity, con-
trary to the well characterized mTOR function in cell growth.
However, another kinase-inactive mutant of mTOR was
reported to be incapable of supporting differentiation (27). The
distinct mutations used to inactivate the mTOR kinase in the
two studies, D2357E (22) and D2338A (27), are unlikely to
explain the inconsistent results because both mutations abol-
ished all measurable mTOR kinase activity and signaling to
S6K1 (28). Although the two studies were carried out in the
same cell line (C2C12), clonal variation could have led to the
discrepancy. Recently, genetic evidence provided strong sup-
port for a kinase-independent role of mTOR in myogenesis in
vivo: muscle-specific transgenic expression of RR/KI-mTOR,
like RR-mTOR, rescued muscle regeneration in mice from
rapamycin administration (24).
mTOR Regulation of Two Distinct Stages of Myogenesis—

Myoblast differentiation is an ordered multistep process,
involving cell cycle withdrawal, myogenic protein expression,
and myocyte fusion. The fusion process can be divided into at
least two stages that are molecularly separable: initial fusion to
form nascent myotubes/myofibers and second-stage fusion to
form mature myotubes/myofibers (29). Interestingly, myo-
blasts relying on KI-mTOR differentiated robustly, but myo-
tubes were arrested at a smaller size (30), suggesting that the
kinase activity of mTOR is dispensable for nascent myotube
formation but is required for myotube maturation. In vivo
studies fully corroborated this observation, as expression of
RR/KI-mTOR in mouse muscles rescued new myofiber for-
mation during regeneration, but not myofiber maturation,
from rapamycin inhibition, whereas expression of RR-mTOR
rescued both (24). Hence, rapamycin-sensitive mTOR signal-
ing governs at least two different stages of myogenesis, nascent
myotube/myofiber formation and myotube/myofiber matura-
tion, by distinct mechanisms (Fig. 1).

IGF2 as a Critical Target of mTOR Signaling

A key mediator of kinase-independent myogenic mTOR sig-
naling is IGF2. At the initiation of myoblast differentiation,
mTOR controls Igf2 transcription via a muscle-specific en-
hancer independently of its kinase activity, and IGF2 in turn
regulates differentiation through PI3K/Akt (26), an essential
pathway for myogenesis (Fig. 2) (31, 32). Consistent with the in
vitro findings, mTOR kinase-independent regulation of Igf2

expression is observed during the early phase of muscle regen-
eration in mice (24). Interestingly, mechanisms underlying the
mTOR/IGF2 axis have turned out to bemore complicated than
previously expected. Our recent findings revealed that mTOR
also up-regulates IGF2 production by suppressing amicroRNA
(miR-125b) that targets the Igf2 3�-UTR (33). This function of
mTOR is again independent of its kinase activity (Fig. 2) (33). A
recent report identified yet another connection between
mTOR and IGF2 in which mTOR directly phosphorylates the
Igf2mRNA-binding protein IMP2 (thus mTOR kinase-depen-
dent), resulting in the activation of IGF2 translation in human
rhabdomyosarcoma cells andmouse embryos (34). It has yet to
be tested whether this mechanism also underlies myogenesis.
The multilayered control of the mTOR/IGF2 axis attests to the
central importance of both proteins in myogenesis.
Themechanism bywhichmTOR regulates Igf2 transcription

remains unknown. Recently, the transcriptional regulator YY1
(Yin Yang 1) was placed downstream ofmTOR in skeletal mus-
cle in the regulation of glucose metabolism (35). YY1 sup-
presses the expression of numerous IGF2/Akt signaling com-
ponents (including Igf2), and mTOR removes this suppression,
possibly through a physical interaction with YY1 (35). This
mTOR regulation is apparently a nuclear event, distinct from
the canonicalmTOR signaling to the protein synthesismachin-
ery in the cytoplasm. mTOR regulation of transcription by all
three types of RNA polymerases has been reported (36, 37). A
nuclear presence ofmTORhas long beenobserved (38). Indeed,
mTOR has been found to associate with RNA polymerase I and
III-transcribed genes (39, 40), and raptor (mTORC1) binds to
promoters of mitochondrial oxidative genes (41).
Because YY1 is known to be a negative regulator of skeletal

myogenesis (42, 43), it is tempting to speculate that YY1 may
also be a target of mTOR in myogenesis. Although phosphory-
lation of YY1has been shown to be critical for its suppression by

FIGURE 1. Rapamycin-sensitive mTOR signaling controls distinct stages
of skeletal myogenesis. Formation of nascent myotubes in vitro and myofi-
bers in vivo is regulated by mTOR in a kinase-independent manner, whereas
maturation of myotubes/myofibers requires mTOR kinase activity.

FIGURE 2. Two rapamycin-sensitive myogenic mTOR signaling pathways.
A kinase-independent mTOR pathway controls IGF2 expression through tran-
scriptional regulation at a muscle-specific enhancer, as well as through sup-
pression of miR-125b, which targets Igf2. IGF2 regulates myogenesis by acti-
vating the IGF1 receptor (IGF-IR) and PI3K/Akt signaling. A kinase-dependent
mTOR pathway regulates myocyte fusion and myotube/myofiber maturation
by controlling follistatin expression via a MyoD/miR-1/HDAC4 pathway.
Amino acid signals are most likely upstream of the IGF2 pathway, but their
role in the follistatin pathway is not clear.
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mTOR (35), there is no published evidence indicating that
mTOR is the direct kinase of YY1 or that the kinase activity
of mTOR is necessary for this function. Hence, mTOR sup-
pression of YY1 has not yet been ruled out as a possible
mechanism mediating mTOR kinase-independent regula-
tion of Igf2 expression.

What may control the activation of mTOR upstream of
IGF2? As a nutrient sensor, mTOR may transduce amino acid
availability signals to instruct the expression of IGF2. Indeed,
the role of amino acids has been demonstrated by their require-
ment in the activation of the Igf2 muscle-specific enhancer
upon myogenic differentiation (26). Although it is not clear
whether the same amino acid-sensing pathways upstream of
mTOR in cell growth regulation (44, 45) are at work inmyogen-
esis, at least one of the components in those pathways, phos-
pholipase D1 (PLD1), has a clear myogenic role. PLD1 is an
enzyme that produces the lipid secondmessenger phosphatidic
acid, which is critical for mitogenic activation of mTORC1 (45,
46) and which was recently also shown to mediate amino acid
signaling (47, 48). Mechanical load-induced muscle growth
through mTORC1 activation has been shown to involve PLD
and phosphatidic acid (49). The requirement of PLD1 for myo-
genic differentiation has been demonstrated by RNAi experi-
ments in C2C12 (50) and L6 (51) cells. Overexpression of PLD1
ameliorated rapamycin inhibition of L6 cell differentiation (52),
consistent with a competition between phosphatidic acid and
rapamycin for binding tomTOR (53) and suggesting that PLD1
acts throughmTOR. InC2C12 cells, the activity of PLD1 can be
stimulated by amino acids (48), and evidence has placed PLD1
upstream of the mTOR/IGF2 pathway (Fig. 2) (50). However,
whether other components of the amino acid-sensing
mTORC1 pathway, including human VPS34 and Rag (44, 45),
play any role in myogenesis awaits investigation.

mTOR Regulation of Myocyte Fusion

Earlier observations suggested that a myocyte-secreted fac-
tor(s) under the control of mTOR in a kinase-dependent man-
ner is necessary for a second-stage fusion leading tomaturation
of myotubes (30). Follistatin was recently identified to be one
such factor (54). Follistatin is a potent inducer ofmuscle growth
and myogenesis (55, 56), acting through antagonizing myosta-
tin, GDF11, and activins in the TGF� superfamily (57, 58). Ele-
vated follistatin expression is also the underlying mechanism
for enhanced muscle fusion elicited by histone deacetylase
(HDAC) inhibitors or activation of a nitric oxide/cGMP path-
way (59–61). Rapamycin-sensitive and kinase-active mTOR
controls follistatin expression both in culture and in vivo, and
recombinant follistatin rescues myotube maturation, as well as
regenerating myofiber growth, from rapamycin inhibition (54).
Furthermore, mTOR controls the expression of miR-1, which
suppresses HDAC4 and subsequently activates follistatin
expression (54). Evidence also suggests that mTOR regulates
the transcription of pri-miR-1 by stabilizing the master myo-
genic transcription factorMyoD (54), although the exactmech-
anism by which mTOR controls MyoD stability remains elu-
sive, and whether this regulation occurs in the nucleus or
cytoplasm is not known. Hence, an mTOR3MyoD3miR-1

3 HDAC43 follistatin pathway regulates a late-stage fusion
that leads to muscle maturation (Fig. 2).
The regulation of MyoD by mTOR may not be limited to a

specific stage or target during myogenesis. It is reasonable to
speculate that mTOR might control a subset of (or many)
MyoD-regulated myogenic programs. Similarly, the connec-
tion between mTOR and microRNAs may also be widespread.
Our expression profiling study has revealed a group of microR-
NAs differentially expressed during myoblast differentiation in
a rapamycin-sensitive fashion (54). Given the central roles of
both mTOR and microRNAs in myogenesis (62, 63), it would
not be surprising if there turned out to be a network of mTOR/
microRNA connections, through MyoD or otherwise, to con-
trol or fine-tune various steps of myogenesis.

Regulation by mTORC1

Examining the roles of canonical mTORC1 signaling compo-
nents inmyogenesis has led to some unexpected findings. Knock-
down of raptor, the defining component of mTORC1, was found
to enhance, rather than inhibit, myoblast differentiation (52, 64),
and overexpression of raptor suppressedmyogenic differentiation
(64). Evidence suggests that the negative function of raptor in dif-
ferentiation of C2C12 cells is through serine phosphorylation and
destabilization of IRS1 bymTORC1 and subsequent inhibition of
PI3K/Akt signaling (Fig. 3) (64).This is analogous to thewell estab-
lished negative feedback loop between mTORC1 and IRS/PI3K/
Akt in insulin signaling (65–67). Jaafar et al. (52) haveproposed an
alternative mechanism in which S6K1 phosphorylation and sup-
pression of rictor (mTORC2) (68, 69) mediate the negative effect
of raptor on L6 cell differentiation (Fig. 3). In any event, it is clear
that mTOR has a role in maintaining homeostasis of myogenesis.
mTOR ablation in mouse muscles leads to severe myopathy,

impaired oxidative capacity, increased glycogen stores, and
decreased mitochondrial biogenesis, resulting in premature
death (70). Interestingly, mice with muscle-specific deletion of
raptor display dystrophy and metabolic changes similar to

FIGURE 3. mTORC1 and mTORC2 in myogenic regulation. mTORC1 has a
negative role in myogenic differentiation through phosphorylation and sup-
pression of IRS1 or mTORC2. The positive function of mTORC2 may be medi-
ated by two substrates of the kinase, PKC� and Akt. IGF-IR, IGF1 receptor.
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those observed in mTOR-deficient muscles (71), suggesting
that mTORC1 is responsible for maintaining those functions.
Although these observationsmay seem at odds with the in vitro
results of raptor knockdown (64), hyperactive Akt was also
found in the raptor knock-outmice as in the raptor knockdown
cells and is believed to contribute to an increase in slow myofi-
bers (71). It is also important to note that the muscle-specific
ablation of raptor relies on a Cre recombinase driven by the
human skeletal actin promoter (71), which is active only in dif-
ferentiated myocytes (72). Revealing a role of raptor in early
muscle development or muscle regeneration would require
deletion of the gene prior tomyogenic differentiation (e.g. using
Pax7 or MyoD promoter-driven or -inducible Cre or in vivo
delivery of RNAi prior to muscle degeneration).
The activator of mTORC1, Rheb, is also an inhibitor of myo-

genesis, as knockdown of Rheb enhances and overexpression of
Rheb suppresses differentiation of C2C12myoblasts (64). Rheb
most likely exerts this negative regulation through raptor/
mTOR and suppression of IRS1 (64). This is in contrast to a
positive role of Rheb in stimulating muscle hypertrophy (73).
Although potential off-target effects of RNAi could complicate
the interpretation of knockdown outcomes, consistent pheno-
typic observations from two independent shRNAs for each
gene, corroborated by the effect of overexpression of that gene
(64), lend confidence to the conclusions drawn from the RNAi
studies. Nevertheless, in light of the discrepancy between in
vitroRNAi and in vivo knock-out results, it would be prudent to
further validate the RNAi studies by gene rescue and by in vivo
gene deletion during early stages of muscle development.
The best characterized mTORC1 substrate, S6K1, does not

appear to play a role in muscle differentiation despite its
reported function in muscle hypertrophy, growth, and mainte-
nance (74–76). Although a correlation between S6K1 activity
andmuscle differentiation has beenwidely observed (19, 22, 77,
78), S6K1 is dispensable for myoblast differentiation in vitro
and formation of regenerating myofibers in vivo (24, 26, 64, 75,
76). A role of 4E-BP, another well characterized substrate of
mTORC1, has not been examined directly in myogenesis. The
lack of a positive contribution of the canonical mTORC1 sig-
naling to myogenic differentiation suggests the existence of
novel mTOR complexes and/or mechanisms responsible for
rapamycin-sensitive functions of mTOR in myogenesis.

Regulation by mTORC2

Akt is an important regulator of skeletal myogenesis and
muscle maintenance (23, 32, 79). mTORC2, with rictor as its
defining component, activates Akt via phosphorylation at Ser-
473 in most cellular contexts (80). Several groups employing
RNAi reported rictor as being essential for myogenic differen-
tiation (52, 81, 82). However, the mechanism of rictor action
appears to vary depending on the in vitro culture systems. Shu
and Houghton (81) have shown that expression of constitu-
tively active Akt rescues C2C12 cell differentiation from rictor
knockdown, supporting the idea that Akt mediates the myo-
genic function of rictor/mTORC2. These authors have also
suggested that a relevant target of Akt is ROCK1 (81), the
down-regulation of which is necessary for myoblast differenti-
ation (83). In arginine vasopressin-induced L6 cell differentia-

tion, however, Akt does not appear to play a major role (52).
Instead, Némoz and co-workers (52) propose PKC�, another
known substrate ofmTORC2 (84), as themediator ofmTORC2
function in myogenesis. Within this context, PLD1 may act
upstream ofmTORC2 (52), and this would be consistent with a
reported role of PLD/phosphatidic acid in mTORC2 assembly
(85). In addition, PLD1 regulation ofmTORC2may be linked to
actin cytoskeleton rearrangement (51), as it is well established
that mTORC2 regulates the actin cytoskeleton in various cell
types (86, 87).
Although mTORC1 is the canonical rapamycin-sensitive

mTOR complex, prolonged rapamycin treatment disrupts
mTORC2 assembly in many types of cells (88). Therefore, the
inhibitory effect of rapamycin on myoblast differentiation and
muscle regeneration could potentially be attributed to suppres-
sion of mTORC2 function. Indeed, Akt phosphorylation in
C2C12 cells and PKC� phosphorylation in L6 cells have both
been shown to be sensitive to rapamycin treatment (52, 81).
However, definitive evidence for mTORC2 being the relevant
target of rapamycin in myogenesis is lacking. Although consti-
tutively active Akt can rescue C2C12 cell differentiation from
rapamycin treatment (26, 81), this observation alone does not
prove a role of mTORC2 because an equally plausible explana-
tion is that rapamycin inhibition of mTOR-dependent IGF2
production can be overcome by constitutive activation of Akt
downstream of IGF2 signaling (see Fig. 2) (26).
Further confounding is the lack of evidence for mTORC2

being an essential kinase for Ser-473 Akt in skeletal muscle.
Although knockdown or knock-out of rictor decreases Akt
phosphorylation at Ser-473 (71, 81, 89), depletion of mTOR
itself, surprisingly, does not impair this phosphorylation event
in either muscle or myoblasts (64, 70). In light of the inhibitory
effect of rapamycin on phosphorylation of Akt Ser-473 (81),
which is best explained by long-term inhibition of mTORC2
(88), one may speculate that mTORC2 is the kinase for Akt
under physiological conditions and that, in the absence of
mTOR, another kinase takes over. A candidate for this kinase
could be integrin-linked kinase, which has been proposed to
complexwith rictor and phosphorylateAkt at Ser-473 in cancer
cells (90).
Skeletal muscle-specific deletion of rictor in mice has

revealed no obvious phenotype in muscle development or
structure (71, 89). Again, the gene deletion in those studies was
dependent on the human skeletal actin and muscle creatine
kinase promoters, which are active only in differentiated myo-
cytes, precluding assessment of the role of mTORC2 in myo-
genesis. The strategies outlined above for examining raptor
would also be applicable to rictor.
Functional divergence ofmTORandmTORCcomponents is

also observed in other physiological contexts in skeletalmuscle.
One example is the distinct effects of muscle-specific deletion
ofmTOR, raptor, or rictor on glucosemetabolism.mTORdele-
tion increased basal glucose uptake in the slow-twitch soleus
muscle (70), whereas rictor deletion decreased insulin-stimu-
lated (but not basal) glucose uptake in the fast-twitch extensor
digitorum longus muscle (89). Nevertheless, whole body glu-
cose tolerance was not affected by mTOR deletion (70) but was
impaired by rictor or raptor deletion (71, 89). Another example
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is autophagy. Nutrient deprivation through mTORC1 inhibi-
tion is a well established pathway for activation of autophagy
(91). However, in skeletal muscle, autophagy is induced by ric-
tor knockdown but is minimally affected by rapamycin or
mTOR knockdown; an Akt/FoxO pathway appears to regulate
autophagy independently of the canonical nutrient-sensing
mTORC1 pathway (92, 93).

Other Pathways That Intersect with Myogenic mTOR
Signaling

NET39 Interaction with mTOR—NET39 (nuclear envelope
transmembrane protein 39) has been reported by Gerace and
co-workers (94) to interact with mTOR in myotubes. NET39
knockdown enhanced myoblast differentiation, whereas
NET39 overexpression suppressed it, at the same time dimin-
ishing mTORC1 activity and IGF2 expression. Furthermore,
the positive effect of NET39 knockdown on differentiation is
dependent on IGF2 (94). Hence, it appears that NET39 nega-
tively regulatesmyogenesis, at least partially through inhibiting
the mTOR/IGF2 axis (94). The exact mechanism by which
NET39 inhibits mTOR is not clear.
FoxO1 as a Negative Regulator of mTOR/IGF2 Signaling—

FoxO1 (forkhead box protein O1), a transcription factor
directly inhibited byAkt, is a negative regulator of skeletalmyo-
cyte differentiation and a key effector of Akt in myogenesis (95,
96). Overexpression of FoxO1 induces proteasome-dependent
degradation of a subset of mTOR signaling components,
including mTOR itself, resulting in suppression of Igf2 tran-
scription (97). Exogenous IGF2 fully rescues myocyte differen-
tiation from FoxO1 inhibition (97), suggesting that the mTOR/
IGF2 pathway is amajormediator of FoxO1 inhibitory function
in skeletal myogenesis, thus forming a feedback loop. It should
be noted that mTOR signaling is not the sole target of FoxO in
myogenesis. FoxO1 also interacts with Notch and activates
Notch target genes, leading to suppression of differentiation
(96).
Potential Connection between Myostatin and mTOR—Myo-

statin, a member of the TGF� superfamily, is known to inhibit
myogenesis through the anaplastic lymphoma kinase receptor
and Smad2/3 phosphorylation (98). Glass and colleagues (82)
reported that Akt phosphorylation is suppressed by myostatin
in a Smad2/3-dependent manner in human skeletal myoblasts
and that IGF1 rescues phospho-Akt and myogenic differentia-
tion from myostatin inhibition without affecting Smad2/3.
Hence, the effect of myostatin/Smad on Akt appears to be
mediated by IGF1 and IGF1 receptor signaling. Interestingly,
depletion of either raptor or rictor synergizes withmyostatin to
inhibit myogenic differentiation (82). Whereas rictor knock-
down impairing Akt phosphorylation was expected, the obser-
vation that raptor knockdown enhanced Smad2/3 phosphory-
lation and facilitated suppression of phospho-Akt in the
presence of myostatin (82) would require further mechanistic
probing.

Conclusion and Perspective

Fifteen years after the initial observation of the rapamycin
effect on myoblast differentiation, we now have great appreci-
ation of the role of mTOR as a master regulator of skeletal

myogenesis and considerable insights into the regulatory
mechanisms. Rapamycin-sensitive mTOR signaling controls
distinct stages of myogenic differentiation via both kinase-
independent and kinase-dependent pathways. Interestingly,
skeletal muscle is the only system in which kinase-indepen-
dent function of mTOR has been reported so far. Dissection
of the roles of previously characterized mTOR signaling
components in other biological contexts has also led to some
unexpected revelations, including a negative function of
canonical mTORC1 signaling and dispensability of S6K1 in
myogenesis. Many other canonical components of mTOR sig-
naling, such as PRAS40, mSin1, Protor, Deptor, mLST8, etc.,
have not been examined in myogenesis, and it is not possible to
predict their functions givenwhat we have learned so far. Novel
targets of myogenic mTOR signaling are also expected. For
instance, several microRNAs whose levels are modulated dur-
ing myogenic differentiation in a rapamycin-sensitive manner
are intriguing candidates for future investigation. Another
unexplored question is whether amino acid signals are involved
in other myogenic mTOR functions, including the fusion path-
way (Fig. 2), and whether the amino acid-sensing mechanisms
identified in cell growth regulation also operate in myogenesis.
The current state of our knowledge raises a tantalizing possibil-
ity that novel mechanisms of mTOR regulation, such as yet-to-
be-identified associating proteins, post-translational modifica-
tions, or subcellular localization of mTOR, may exist in
myogenesis.
As an allosteric inhibitor of mTOR, rapamycin potentially

spares many mTORC2 andmTORC1 substrates. Kinase inhib-
itors of mTOR (99) can be useful tools to capture additional
kinase-dependent mTOR targets and processes in myogenesis.
As rapamycin analogs andmTOR kinase inhibitors continue to
be explored for their clinical applications in combating various
human diseases, including cancer, our mechanistic under-
standing of mTOR-regulated skeletal myogenesis raises the
possibility of potential adverse effects of these drugs on muscle
regeneration but may also shed light on new drug targets in
treating aging- or disease-related muscular dystrophies.
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Stéphane Boivin, Stephen Cusack, Rob W. H. Ruigrok,
and Darren J. Hart

28419 Dynamin-like MxA GTPase: Structural Insights into
Oligomerization and Implications for Antiviral
Activity. Otto Haller, Song Gao, Alexander von der
Malsburg, Oliver Daumke, and Georg Kochs

31087 GATA Switches as Developmental Drivers. Emery H. Bresnick,
Hsiang-Ying Lee, Tohru Fujiwara, Kirby D. Johnson, and Sunduz Keles

31095 Specificity in Computational Protein Design.
James J. Havranek

32679 Tissue-specific Functions in the Fatty Acid-binding Protein
Family. Judith Storch and Alfred E. Thumser

33577 Molecular Basis of Phosphatidyl-myo-inositol Mannoside
Biosynthesis and Regulation in Mycobacteria. Marcelo E. Guerin,
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