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The Box H/ACA
Ribonucleoprotein Complex:
Interplay of RNA and Protein
Structures in Post-transcriptional
RNA Modification*
Published, JBC Papers in Press, November 16, 2009, DOI 10.1074/jbc.R109.076893

Tomoko Hamma and Adrian R. Ferré-D’Amaré1

From the Howard Hughes Medical Institute, Fred Hutchinson Cancer
Research Center, Seattle, Washington 98109

The boxH/ACA ribonucleoproteins (RNPs) are protein-RNA
complexes responsible for pseudouridylation, the most abun-
dant post-transcriptional modification of cellular RNAs. Integ-
rity of its box H/ACA domain is also essential for assembly and
stability of the human telomerase RNP. The recent publication
of the complete box H/ACA RNP structures combined with the
previously reported structures of the protein and RNA compo-
nentsmakes it possible todeduce the structural accommodation
that accompanies assembly of the full particle. This analysis
reveals how the protein components distort the RNA compo-
nent of the RNP, enabling productive docking of the substrate
RNA into the enzymatic active site.

Cellular RNAs undergo numerous site-specific post-tran-
scriptional modifications. Over 100 chemically distinct modi-
fied nucleotides have been identified (the RNA Modification
Database (1) and theModomics Database (2)). The most abun-
dant is �,2 the C-5 glycoside isomer of uridine. The isomeriza-
tion ofU residues into� is performedby universally distributed
enzymes called � synthases, which can be classified into two
groups depending on their substrate recognition mechanism.
First, a number of � synthases composed of a single polypep-
tide recognize their substrate RNAs with high specificity and
also catalyze the isomerization reaction. Second, the � syn-
thase Cbf5/dyskerin associates with three additional polypep-
tides and a guide RNA (which is responsible for site specificity)
to form an RNP. These guide RNAs are characterized by a con-
served secondary structure and two closely related sequence
elements called “box H” and “box ACA,” hence the name of the
RNP (reviewed in Refs. 3–5).
Box H/ACA guide RNAs were first identified in the nucleoli

of eukaryotes (reviewed in Ref. 6). Subsequently, they were also
found in archaea and in the Cajal bodies of eukaryotic nuclei.
Depending on their source, these box H/ACA RNAs are

denoted snoRNA (small nucleolar), sRNA (small), or scaRNA
(small Cajal), respectively. Regardless of their cellular location,
these RNAs are composed of one ormore stem-loops separated
by the box H and ACA sequences. Each stem-loop is inter-
rupted by an internal bulge that is complementary in sequence
to nucleotides flanking the pseudouridylation site in a substrate
RNA (the bulge is also known as the � pocket). This comple-
mentarity is sufficient for targeting the boxH/ACARNP to any
cellular substrate, as demonstrated by introduction of� to pre-
viously unmodified loci in cellular RNAs using recombinant
box H/ACA guides (7). The use of guide RNAs endows the box
H/ACA RNP with much greater substrate versatility than that
displayed by the single-polypeptide � synthases, which typi-
cally modify one RNA substrate or several substrates that share
structural and sequence similarity (8–10). Although the biolog-
ical function of � is likely to be different for each of its occur-
rences, its importance for correct function of tRNA, the ribo-
some, and the spliceosome is well documented (reviewed in
Refs. 11–14).
Some box H/ACA RNPs have functions unrelated to �

(reviewed in Refs. 6 and 15). The guide RNA snR30 (yeast
nomenclature) is required for cleavage of the 35 S precursor to
18 S rRNA (although it is not itself the nuclease) but is not
known to introduce � to any cellular RNA. Predictably, snR30
and its orthologs are essential. Vertebrate telomerase RNA
contains an H/ACA domain that is important for telomerase
RNP assembly and activity. This domain is not known to
introduce � into any cellular RNA either. Mutations in the
H/ACA domain of the telomerase RNA as well as in the
protein components of the H/ACA RNP are associated with
the human bone marrow failure syndrome dyskeratosis con-
genita. Cells of patients have been shown to be deficient in
telomerase activity and to have shorter telomeres than
healthy cells (reviewed in Refs. 16 and 17).
Numerous studies have been undertaken over the past

decade to elucidate the molecular basis for the functions of
box H/ACA RNPs and of their protein and RNA constitu-
ents. Catalytically active H/ACA RNPs have been reconsti-
tuted in vitro with recombinant archaeal proteins and syn-
thetic RNA (18, 19), giving impetus to crystallographic
studies. This year, two groups reported crystal structures of
archaeal H/ACA RNPs with substrate RNAs docked in their
active sites (20, 21). These structures, together with the pre-
viously determined structures of the constituents and sub-
complexes of the RNP (22–31), now reveal structural
changes that accompany complex formation. From this
comparison, it is possible to deduce the roles of the different
protein components in assembly of the RNP and also to
delineate structural motifs whose importance was previously
not recognized. These studies of the box H/ACA RNP par-
allel recent progress in the structural study of other RNPs,
such as the ribosome, the spliceosome, the signal recognition
particle, the exon junction complex, and the box C/D RNP
(reviewed in Refs. 5 and 32–35).

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM063576 (to A. R. F.). This work was also supported by a special
fellowship from the Leukemia and Lymphoma Society (to T. H.). This is the
third article in the thematic minireview series on RNA Molecular Machines.
This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.

1 Investigator of the Howard Hughes Medical Institute. To whom correspon-
dence should be addressed. E-mail: aferre@fhcrc.org.

2 The abbreviations used are: �, pseudouridine; RNP, ribonucleoprotein.
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Overall Structure of the Box H/ACA RNP

The box H/ACA RNP is composed of four proteins whose
structural cores are highly conserved between Archaea and
Eukarya (the eukaryotic proteins often have low sequence com-
plexity extensions that hinder structural analyses). Cbf5 (dys-
kerin in human) is a protein with high sequence identity and
structural similarity to members of the TruB family of single-
polypeptide� synthases. Like TruB, Cbf5 is composed of a core
catalytic domain, which is structurally conserved among all �
synthases (4, 36), and a peripheral “PUA” domain (8, 28, 37, 38).
The other three conserved proteins are Nop10, L7Ae (called
Nhp2 in Eukarya), andGar1.Nop10 is an elongated protein that
associates tightly with Cbf5 and stabilizes its active site struc-
ture (27, 28). L7Ae is an RNA-binding protein that specifically
recognizes the K-turn (39) and K-loop (40) structural motifs of
RNA. The stem-loop structures of box H/ACA RNAs typically
contain one of thesemotifs distal to their� pocket (41). Gar1 is
a small basic protein that binds to Cbf5. Fig. 1A shows the over-
all structure of the RNP.
Comparison of the available structures of the H/ACA RNP

reveals a combination of rigid-body docking and induced fit
in the sequential assembly of the RNP (Fig. 1B). By analogy with
the human body, the core of Cbf5 would correspond to the
torso, and the PUA domain and L7Ae would be the two arms.
The active site cleft runs horizontally across the torso. Gar1
binds lower down. The guide RNA is held between the two
arms, with the 3�-ACA sequence at one end of the RNA bound
by the PUAdomain andwith the K-loop at the other end bound
by L7Ae. Deletion of the PUA domain of Cbf5 or mutation of
the ACA sequence disrupts association of the guide RNA with
Cbf5 and results in drastic reduction of pseudouridylation
activity (19, 27). The same is true when interaction between
L7Ae and the K-loop is disrupted (19). Superposition of the
structures of the free Cbf5-Nop10 heterodimer (27, 28) or the
free Cbf5-Nop10-Gar heterotrimer (26) with their RNA-bound
forms (20, 21, 24) shows that RNA binding results in both L7Ae
and the PUAdomainmoving away from the active site cleft as if
stretching the chest (Fig. 1B). L7Ae moves by as much as 4 Å
between structures. Gar1 moves up (toward the “belly”) when
the proteins bind to guide RNA. Nop10 does not move relative
to the core of Cbf5. The catalytic and PUA domains of Cbf5,
L7Ae, and Gar1 appear to move essentially as rigid bodies rel-

FIGURE 1. Structural comparison of box H/ACA RNPs. A, overall structure of
the box H/ACA RNP. The conserved ACA sequence and K-turn motif of the
guide RNA and the catalytic aspartate residue of Cbf5 are shown in red. Sub-
strate RNA (gray), guide RNA (aqua), Cbf5 (yellow), Gar1 (blue), L7Ae (green),
and Nop10 (magenta) are shown. In this structure, the thumb loop is in its

closed (or RNA-bound) conformation. B, structural comparison of box H/ACA
RNP complexes and subcomplexes. Arrows indicate the directions of molec-
ular motion suggested by variability between structures. Ribbon representa-
tions of the superimposed structures of the Cbf5-Nop10 complexes (pink,
Protein Data Bank code 2APO (28); and salmon, code 2AUS (27)), the
Cbf5-Gar1-Nop10 complex (green, code 2EY4 (26)), the Cbf5-Gar1-L7Ae-
Nop10-guide RNA complex (yellow, code 2HVY (24)), the Cbf5-Nop10-guide
RNA-substrate RNA complex (sky blue, code 3HJY (21)), the Cbf5-Gar1-Nop10-
guide RNA-substrate RNA complex (blue, code 2RFK (25)), the Cbf5-L7Ae-
Nop10-guide RNA-substrate RNA complex (light green, code 3HAX (20); and
purple, code 3HJW (21)), and the full complex with substrate RNA (black, code
3HAY (20)) are shown. A single guide RNA from substrate-bound (aqua) and
substrate-free (yellow) structures and the docked substrate RNA (gray) are
shown. C, conserved active site residues of Cbf5. The color scheme is as
described for B. Only two nucleotides from the substrate RNA, including the
isomerized 5-fluorouridine (5-fluoro-6-hydroxypseudouridine (f5oh6�)), are
shown in gray. Structures were superimposed and displayed using UCSF Chi-
mera (48, 49) employing the Cbf5-Nop10 complex (code 2APO (28)) as the
reference.
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ative to each other. The lower lip of the active site cleft of TruB-
type� synthases, including Cbf5, is flanked by a loop called the
“thumb loop” (3). This loop shows evidence of induced fit. The
loop moves as much as 65° vertically and twists by as much as
50° as it travels between Gar1 and the active site. The thumb
loop is up (closed conformation) in the active H/ACA RNP,
where it interacts with the guide RNA-substrate RNA complex
(Fig. 1B). In the absence of the guide-substrate complex, the
thumb can explore different conformations and associates with
Gar1 when in its fully open conformation.

Role of Proteins in RNA Remodeling

Structures have been determined of box H/ACA guide
RNAs in complex with substrate RNAs in solution (22, 23).
Comparison of these structures with those of the RNAs as
part of the RNP (20, 21) shows that, although the overall
topology of the guide RNA-substrate RNA complex is similar
in protein-free and protein-bound states, the structures do not
superimpose on each otherwithout substantial distortion (both
bending of the helical axis and twisting around it). The confor-
mation of the � pocket of the guide RNA in particular is strik-
ingly altered by protein binding, which appears to unwind and
bend the guide RNA-substrate RNA complex to increase acces-
sibility of the target uridine to the active site of Cbf5. Compar-
ison of the structures suggests that movement of the K-loop-
bound L7Ae relative to the rest of the complex (Fig. 1B) is an
important aspect of the RNA distortion leading to the active
RNP.
Liang et al. (25, 42) employed fluorescence spectroscopy to

monitor productive docking of the substrate RNA into the
active RNP and found that L7Ae is a key player. Comparison of
the crystal structures of the guide RNA-substrate RNA com-
plex bound to Cbf5-Nop10 with (20, 21) and without (25) L7Ae
reveals markedly different RNA conformations. In addition to
structural differences around the K-loop itself, the pseudouri-
dylation site of the RNA undergoes large changes concomitant
with L7Ae binding. The U-shaped substrate RNA in the L7Ae-
free RNP approaches the active site of Cbf5 from the same
direction and orientation as in the full RNP. However, in the
complex lacking L7Ae, the uridine that is to be isomerized to�
is �10 Å away from the catalytic aspartate residue of Cbf5 (21,
25). In addition, the guide RNA near the site of pseudouridyla-
tion is poorly ordered. In the presence of L7Ae, the substrate
RNA is twisted and widened, the � pocket becomes ordered,
and the uridine that is to be isomerized is docked in the active
site of Cbf5 (Fig. 1C) (20, 21).

Conserved Histidines, Base Flipping, and a Proline Spine

Structure determination of Escherichia coli TruB bound to
the T�C stem-loop of a tRNA revealed that this single-
polypeptide � synthase positions its substrate uridine in its
active site by flipping the base out of the helical context where it
resides in free tRNA. A histidine residue inserts its imidazole
ring into the RNA helix, occupying the space vacated by the
flipped-out uridine (8). This histidine is conserved in Cbf5
(His80 in Pyrococcus furiosus Cbf5 numbering). Our compari-
son of box H/ACA structures indicates that both this histidine
andHis63 (which is conserved inCbf5 orthologs but not inTruB

orthologs) play important roles in positioning the uridine of the
substrate RNA in the active site. In the structure of the RNP
without substrate RNA (Fig. 2A), the side chain of His80 stacks
under a nucleotide from the guide RNA, and the side chain of
His63 faces away from the protein. When the substrate RNA
binds (Fig. 2B), His80 andHis63 interact with the substrate RNA
backbone on either side of the site of modification (the crystal
structures have the unnatural base 5-fluoro-6-hydroxy-
pseudouridine at this position (4, 8)). The guide RNA nucleo-
base that stacked on His80 in the substrate-free state is now
rotated into the interior of the guide RNA-substrate RNA
duplex. His80 does not change conformation between the sub-
strate-free and substrate-bound RNPs. In contrast, His63
rotates over 90°. Mutational analysis has demonstrated the
functional importance of His80 (43). Although His63 has not
been subjected to site-directed mutagenesis, structural com-
parison suggests that it plays a key role in coordinating sub-
strate docking in the active site with structural accommodation
between the guide RNA and the protein components of the
RNP during assembly (and possibly disassembly; see below) of
the RNP. The orientation of the side chain of His63 correlates
with the status of substrate docking. In structures containing
partially docked substrate RNA (21, 25), this side chain occu-
pies orientations that are in between those it adopts in the sub-
strate-free and substrate-bound RNPs.
For His63 to stack against the backbone of the substrate RNA

in the substrate-bound state of the box H/ACA RNP, the side
chain of the base of the nucleotide immediately 3� to the site of
modification (position �1) needs to be flipped out (Fig. 2B).
The active site of Cbf5makes numerous non-sequence-specific
interactions with this nucleotide, whose identity varies from
substrate RNA to substrate RNA (Fig. 1C). In particular, the
flipped-out base of residue �1 of the substrate stacks between
the side chain of the conserved Arg146 and Pro86 residues of
Cbf5 (Figs. 1C and 2C). Arg146 is located at the end of the thumb
loop. The stacking interaction between the guanidinium group
of the side chain of Arg146 and the flipped-out nucleotide �1 is
not sequence-specific. Pro86 is immediately adjacent to the cat-
alytic Asp85 in the active site (Fig. 1C). Our comparative struc-
tural analysis reveals that Pro86 is part of a conserved “proline
spine” that traverses the RNP from the active site of Cbf5
through Nop10 to L7Ae (Fig. 2C). Pro86 is in van der Waals
contact with Pro57 and Pro60, which are conserved residues of
Motif I of Cbf5. Motif I is a sequence element conserved
throughout� synthases that is important for Cbf5 stability and
function (44, 45); specifically, these two prolines position Lys56
that hydrogen bonds with the backbone of the catalytic aspar-
tate (Fig. 1C). Pro57 further interacts with the absolutely con-
served Pro32 and the less conserved Pro33 of Nop10. Pro33
interacts in turn with the absolutely conserved Pro60 of L7Ae.
Finally, Pro60 of L7Ae is in contact with the characteristic (29)
flipped-out U residue of the K-loop of the guide RNA. The
spectroscopic studies mentioned above underlined the impor-
tance of L7Ae binding to the guide RNA for function of the box
H/ACA RNP. Our structural analysis of the substrate-bound
and substrate-free RNPs indicates that flipping of nucleotide
�1 is correlated with productive positioning of the uridine to
bemodified in the active site ofCbf5. In addition to distortion of
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the guide RNA that results from binding to the protein compo-
nents of the RNP, the proline spine may provide a second com-
munication path between the flipped-out nucleotides of the
active site and the functionally important L7Ae (Fig. 2C).

Active Site and Enzymatic Turnover

Three active site residues (Asp85, Arg184, and Tyr113 in P. fu-
riosus Cbf5 numbering) are absolutely conserved among all �
synthases, including TruB and Cbf5. Their conformations are
almost identical among all the H/ACA RNP structures com-
pared herein (Fig. 1C). How is completion of the pseudouridy-
lation reaction detected by Cbf5, and how is this signaled to the
other components of the RNP to enable enzymatic turnover?
Structural analysis of E. coli TruB led to the suggestion that the
conserved active site arginine (which forms a salt bridge with
the catalytic aspartate and hydrogen bonds to the isomerized
nucleotide) detects the conversion of uridine to � and signals
the change in the chemical status of the active site to the thumb
loop for substrate release (46). In one of the fully assembled
H/ACA RNP structures (21), the equivalent arginine (Arg184),
along with neighboring residues Ile183, Thr181, and Gly180,
interacts with the isomerized nucleotide through the polypep-
tide backbone. This segment of Cbf5 is in a � strand-like con-
formation and appears to be sensitive to the presence of sub-
strate because Tyr182 (which points in the same direction as
Arg184) adopts completely different conformations in the struc-
tures of the RNP free of substrate (24) and the RNP bound to
substrate (20, 21) (Fig. 2C). This segment of Cbf5 is therefore a
candidate to mediate communication between the thumb loop
and the isomerized nucleotide. It is noteworthy that Tyr182
interacts with the absolutely conserved residues Arg154 and
Pro144 of the thumb loop through hydrogen bonding and stack-
ing (also only in the fully assembled RNP structures). These two
residues further interact with the substrate RNA through
water-mediated hydrogen bonding, and site-directedmutagen-
esis ofArg154 has been shown to abolish pseudouridylation (20).
The web of interactions outlined above could functionally

link the thumb loop conformation to the active site status. As
indicated above (Fig. 1B), the thumb loop is quite conforma-
tionally variable, binding to the guide RNA-substrate RNA
complex in the fully assembled RNA and interacting with Gar1
in other complexes. The thumb loop may need to adopt the
open conformation for product release and enzymatic turnover
by associating with Gar1, and the hydrogen bonding network
connecting it to the active site may bias its conformation. A
mutational analysis of Gar1 byDuan et al. (20) suggested effects
on the steady-state production of � by the box H/ACA RNP.
These data tentatively implicate Gar1 in product release. Fluo-
rescence spectroscopic analysis of the RNP showed that
whereas L7Ae promotes formation of the active structure of
the RNP, Gar1 does the opposite (42). Gar1 may serve to
stabilize the undocked inactive conformation of the RNP by
biasing the thumb loop to its open conformation. We there-
fore speculate that L7Ae and Gar1 sit on opposite ends of a

FIGURE 2. Putative protein motifs that respond to substrate RNA binding
and the isomerization reaction. A, structure of the two histidines that
appear to sense the substrate RNA in the substrate-free RNP structure (Pro-
tein Data Bank code 2EVY (23)). A nucleotide that stacks on top of one of the
histidines is shown in red. The guide RNA is shown in aqua, and the Cbf5
backbone is shown in yellow. B, structure of the same histidines in the pres-
ence of substrate RNA (gray). This panel is in the same orientation as A. Sub-
stantial changes in the orientation of His63 and guide RNA upon substrate
RNA binding are seen. Intercalation of His63 flips out G(�1). The thumb loop
hovers over this area. C, the flipped-out G(�1) is stabilized by the conserved

Arg146 and a series of prolines that span from Cbf5 to L7Ae. The last proline
(Pro60) is also in proximity to the flipped-out U in the K-turn motif of the guide
RNA (recognized by L7Ae). f5oh6�, 5-fluoro-6-hydroxypseudouridine.
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chain of communication that extends from L7Ae through
the proline spine, to the active site, to the thumb loop, and
finally to Gar1 and that this communication chain allows the
RNP sequentially to adopt the different conformations
needed for substrate binding, catalysis, and product release.

Perspectives

Although the wealth of crystallographic, NMR, and bio-
chemical characterizations of the H/ACA RNP in many func-
tional states now provides a detailed picture of the conforma-
tional transitions undergone by the complex in the course of its
enzymatic function, many questions remain. An obvious limi-
tation of the studies so far is that they do not shed light into the
role of protein and RNA dynamics in the function of the parti-
cle. The catalytic mechanism of � synthases remains shrouded
in mystery (4). Little is known about turnover of the H/ACA
RNP. For instance, it is not known if a guide RNA remains
associated with Cbf5 during turnover and therefore functions
processively or if Cbf5 (and Nop10 and Gar1) dissociates from
the guide RNA after one round of catalysis. Differences in
assembly and function of archaeal and eukaryal box H/ACA
RNPs will need to be explored. Crystallographic studies so far
have employed guide RNAs that contain a single stem-loop.
Many natural guide RNAs have multiple such stem-loops in
tandem (47), and it is unknown if each stem-loop assembles an
independent catalytic complement of proteins or if the stem-
loops interact with each other, for instance, displaying cooper-
ativity. The structures now available provide a solid foundation
for future in-depth analyses of the evolutionarily conserved box
H/ACA RNP.
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J. P., and Hüttenhofer, A. (2003) Nucleic Acids Res. 31, 869–877
42. Liang, B., Kahen, E. J., Calvin, K., Zhou, J., Blanco, M., and Li, H. (2008)

RNA 14, 2086–2094
43. Muller, S., Fourmann, J. B., Loegler, C., Charpentier, B., and Branlant, C.

(2007) Nucleic Acids Res. 35, 5610–5624
44. Koonin, E. V. (1996) Nucleic Acids Res. 24, 2411–2415
45. Spedaliere, C. J., Hamilton, C. S., and Mueller, E. G. (2000) Biochemistry

39, 9459–9465
46. Hoang, C., Hamilton, C. S., Mueller, E. G., and Ferré-D’Amaré, A. R.
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p8 (NUPR1 (nuclear protein-1), Com1 (candidate of metasta-
sis-1)) is a protein related to the high mobility group of tran-
scriptional regulators. It is a key player in the cellular stress
response and is involved in metastasis. p8 was first identified as
a gene induced in pancreatitis but has been since found overex-
pressed in several cancers and pathological conditions. Despite
its small size and apparently simple structure, p8 functions in
several biochemical and genetic pathways, and its expression is
crucial for in vivo metastasis in mice, for cytokine induction of
metalloproteases, and for stress-induced cardiomyocyte hyper-
trophy. Understanding p8 functions will provide new opportu-
nities for developing more effective therapeutic approaches to
cancer and cardiovascular diseases.

p8 Structure and Expression

p8/com1/NUPR1 (p8 herein) was first described as a gene
strongly induced in pancreatic acinar cells during the acute
phase of pancreatitis (1). p8 is a conserved gene with homologs
in mammals and Drosophila (2) and in Xenopus (3) (Fig. 1).
Human p8 encodes an 82-amino acid polypeptide with a theo-
retical molecular mass of 8872.7 Da and a pI of 9.98. The p8
protein contains a canonical bipartite nuclear localization sig-
nal (4) and anN-terminal PEST (Pro/Glu/Ser/Thr-rich) region,
suggesting a regulation of p8 protein levels by the ubiquitin/
proteasome system.At its C terminus, p8 contains a basic helix-
loop-helix motif (5). Alternative splicing produces an isoform
with 18 additional amino acids, named isoform a, and both the
tissue expression and the possible functional differences for this
additional isoform are unknown. So far, all of the biochemical
and molecular biological studies of p8 have been performed
with the shorter isoform, isoform b.
Aside from a modest similarity (35%) to HMG3 proteins,

especially HMG-I/Y proteins, numerous data base searches

indicate that p8 shares no strong homologywith other proteins.
Consistent with its structural similarity to HMG proteins, p8
exhibits some biochemical properties similar toHMGproteins.
Thus, themolecularmass, isoelectric point, hydrophilicity plot,
heat stability, and charge distribution are very similar to those
of HMG proteins.
NMR and CD analyses of the recombinant protein indicate

that p8 does not assume a stable secondary structure. p8 binds
DNA weakly without apparent preference for DNA sequence.
Human p8 is a substrate for protein kinase A in vitro; phosphor-
ylated p8 has a higher content of secondary structure, and its
binding to DNA is highly increased (6). In addition, p8 can
undergo acetylation, ubiquitination, and sumoylation. These
observations, plus the known nuclear localization of p8, sug-
gested a role for p8 in transcriptional regulation (5, 7–12).
Induction of p8 mRNA is rapid, strong, and transient in

response to divergent stresses such as systemic LPS orCCl4 (13,
14), demyelination-inducing agents (15), serumwithdrawal (2),
and chemical inducers of cell cycle arrest (16). p8 is also
induced in response to TGF� (7), TNF� (10, 17), glucose (18),
cannabinoids (12), 1,25-dihydroxyvitaminD3 (19), angiotensin,
and ET (20) (Table 1). The diversity of agents that induce p8
suggested broad functional roles for this small nuclear protein.

p8 and Cancer

After the initial discovery of p8 as a stress gene, Ree et al. (21,
22) independently identified com1, which is identical to human
p8, in a screen for genes involved in tumor progression and
metastasis. Their studies correlated expression of p8 protein
with the ability of human breast cancer cells to establish pri-
mary carcinomas and suggested that p8 might mediate the
growth-promoting function in early development but not in
later stages of tumorigenesis or metastasis.
Vasseur et al. (23) also documented a crucial role for p8 in

tumor metastasis. In this study, fibroblasts from wild-type
(p8�/�) or p8 knock-out animals (p8�/�) were evaluated for
their capacity to form colonies in soft agar assays and to develop
tumors in vivo after transformation with a retroviral vector
expressing both the RasV12 mutant protein and the E1A adeno-
viral oncogene (Fig. 2A). As expected in soft agar assays, trans-
formed p8�/� cells formed colonies at high frequency, whereas
transformed p8�/� fibroblasts were unable to form colonies.
Consistent with this, when injected either subcutaneously or
intraperitoneally, RasV12/E1A-transformed p8�/� cells pro-
duced tumors in athymic nude mice, whereas transformed
p8�/� fibroblasts did not (Fig. 2A) (23).

Mohammad et al. (24) found that p8 is highly expressed in
pituitary tumors. RNAi silencing of p8 impaired pituitary
tumorigenesis, in line with the results of Ree et al. and Vas-
seur et al.
p8 is highly expressed in pancreatic tumors but not in benign

mucinous cystadenoma or in normal pancreas (25). Interest-
ingly, p8 expression levels correlate inversely with apoptosis in
both pancreatic (26) and breast (27) cancer. p8 is also highly
expressed in thyroid neoplasms, and its expression level is
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directly linked to lymph node metastasis in medullary thyroid
carcinoma (28). Taken together, these observations suggest

that p8 induction plays an important role in tumor progression
and metastasis.
Whereas the studies described above indicate a straight-

forward role for p8 in promoting
tumor progression, several antitu-
mor functions, sometimes difficult
to reconcile, have been attributed to
p8. These include growth promo-
tion following forced overexpres-
sion of recombinant p8 in pancreas-
derived and HeLa cells (1, 4) versus
growth inhibition in MEFs and in
breast cancer-derived cells overex-
pressing recombinant p8 (19, 29).
p8 effects on the cell cycle seem to
involve the regulation of p27 cellu-
lar levels through its interaction

FIGURE 1. p8 protein is conserved from nematodes to humans. A Conserved Domain Database search
with NUPR1 isoform b revealed a significant homology and conservation within the family (Pfam 10195)
(42). The species and the GenInfo identifier number (gi) are indicated. Aligned residues are in uppercase;
unaligned residues are in lowercase; and variation in sequence length is shown as dashes. Red (highly
conserved residues) and blue (less conserved residues) indicate the degree of conservation. Unaligned
residues (lowercase) are in gray. The number of residues in the alignment is indicated above the sequences
(www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid�118722).

FIGURE 2. Roles for p8 in cardiovascular stress response and tumor establishment. A, p8 is key for tumor metastasis. MEFs established from wild-type and p8
knock-out mice were transformed with RasV12 and E1A virus. Wild-type but not knock-out cells grow in soft agar and produce tumors when injected in nude mice. The
loss of function is rescued by reintroducing human p8 (23). B, p8 as a regulator of gene transcription. In the absence of stimuli, p8 is degraded by the proteasome.
Prohypertrophic and inflammatory cytokines stabilize p8 polypeptide and induce p8 gene expression. As a result, p8 accumulates in the nucleus, where it functions as
transcriptional coregulator (e.g. for TNF-stimulated MMP9 and MMP13 transcription by resident cardiac fibroblasts) (10). Ub, ubiquitin; Lact., lactacystin.

TABLE 1
Known physiopathological roles for p8
A summary of known pathological and physiological conditions in which p8 has been found involved is provided below. A demonstrated transcriptional regulatory function
for p8 is pointed out (�). ER, endoplasmic reticulum.

Expression/biological effect Transcription

Cancer
Pancreas Overexpressed, silencing sensitizes gemcitabine-resistant cells �
Breast Overexpressed, silencing inhibits invasion �
Brain Cannabinoid-induced apoptosis of glioblastoma

Induction of ER stress effectors (CHOP, ATF4, TRB3)
Pituitary Maintains tumorigenic phenotype of transformed pituitary cells, allows cell passage through

cell cycle checkpoints, accumulation of genetic defects
Prostate Inversely correlated with invasiveness and tumor progression
Thyroid Overexpressed in larger papillary carcinoma
Soft tumors Overexpressed, target of SYT-SXX repression �

Non-cancer
Kidney Induced in diabetic nephropathy, required for mesangial hypertrophy
Heart Induced in failure, required for cardiomyocyte hypertrophic response �

Required for TNF-induced production of MMPs by cardiac fibroblasts �
Brain Silencing sensitizes astrocytes to oxidative stressors
Pancreas Islet �-cell proliferation
Liver Protects from LPS-induced apoptosis
Myocytes Inhibits cell cycle and promotes myogenic differentiation �
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with Jab1 (Jun-activating binding protein-1) (29, 30). Likewise,
p8 contributes to adriamycin-induced cell death (23) but pro-
tects the liver against LPS- and CCl4-induced injuries (14, 31).

p8 was found expressed at lower levels in human prostate
cancer cells compared with normal epithelial cells. Its levels
were inversely correlated with the invasiveness and growth
potential of prostate cancer cells in vitro, and p8 overexpression
reduced the growth of prostate tumors in vivo. Thus, p8 was
proposed to behave as a potential tumor suppressor for human
prostate cancers, this effect being partially mediated by its
interaction with the peroxisome proliferator-activated recep-
tor-� coactivator PGC-1 (Table 1) (32, 33). Additional evidence
(not directly linked to cancer) suggests a negative effect for p8
on cell proliferation. Accordingly, p8 was identified in C2C12
myoblasts as a quiescence-induced gene andwas shown to neg-
atively regulate the cell cycle and to promote myogenic differ-
entiation. In this system, p8 might represent a new node in the
chromatin regulatory network that coordinates myogenic dif-
ferentiation with cell cycle exit (34, 35).
Perhaps themost important antitumor role for p8 is inmedi-

ating the cannabinoid-induced apoptosis of several kind of
tumor cells, in particular glioblastomas (12). In glioblastoma
cells, p8 is required for the efficient induction of the endoplas-
mic reticulum stress-related genes ATF4, CHOP, and TRB3
(Table 1) (12). This pathway is selectively activated only in
transformed cells and not in non-transformed cells. p8 is also
necessary for cannabinoid-induced autophagy and apoptosis
(36). The small size of p8, its lack of specific tridimensional
structure, its nuclear localization, and its induction by multiple
signaling pathways suggest that p8 may interact with different
partner proteins and serve to potentiate different, even oppos-
ing mechanisms depending on the context and stimulus (1, 6).

p8 in Non-cancer Settings

Considerable evidence indicates that the biological func-
tions of p8 are not limited to cancer and cell proliferation. p8
is strongly induced in diabetic nephropathy and by ET,
angiotensin, and high glucose, all agonists stimulating renal
mesangial cell hypertrophy, a key event in diabetic renal dis-
ease (20). In line with this, p8 is up-regulated in the kidneys
of streptozotocin-treated rats, an in vivo model of diabetic
nephropathy (20). In renal mesangial cells, p8 induction
requires the extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and phosphatidylinositol 3-kinase
signaling pathways, as does renal mesangial cell hypertrophy.
More interestingly, RNAi silencing of p8 is sufficient to abolish
the ET-stimulated increase in protein synthesis associated with
hypertrophy, clearly indicating a role for p8 in the cellular
response to nephropathy-linked hypertrophic stress.
Similar pathways are involved in cardiac pathologies as well.

Cardiomyocyte hypertrophy and cardiac remodeling, including
cardiac fibroblast expression of MMPs, are major cellular steps
in heart failure. p8 is required for ET and angiotensin induction
of primary rat cardiomyocyte hypertrophy (10). In resident car-
diac fibroblasts, p8 expression is also necessary and sufficient
for TNF�-mediated induction of MMP9 andMMP13 (Fig. 2B)
(10). The involvement of p8 in these two key events in heart
failure was substantiated by the findings that p8 levels are sig-

nificantly increased in human failing heart samples and that
therapeutic intervention causes a reduction in the level of car-
diac p8 (10). These findings suggests that p8might represent an
excellent marker for diabetic renal mesangial cell and cardiac
hypertrophy andmight be indicative of the ongoing remodeling
process in the failing heart.
Multiple genetic and RNAi studies have linked p8 expression

to pathophysiological conditions. However, the mechanism by
which p8 acts in normal and pathological circumstances has, in
some cases, not been definitively determined. Thus, in the pan-
creas, p8 is expressed in pancreatic islets and in some pancre-
atic �-cell lines and has been found to be a physiological medi-
ator of glucose-induced pancreatic �-cell growth (18). The
up-regulation of p8 in acute pancreatitis correlates with the
ability of pancreatic cells to express anti-inflammatory genes
(37). In the nervous system, p8 is a key gene involved in sensi-
tizing cultured serum-deprived astrocytes to oxidative stress
(11). Increased p8 mRNA also appears to be essential to the
ability of several tissues to tolerate stress induced by systemic
LPS (31).
Interestingly, a recent report indicates that, in skeletal mus-

cle, p8 might represent a key node in the chromatin regulatory
network, coordinating myogenic differentiation with cell cycle
exit. In this system, both p8 and p68 (Ddx5), an RNA helicase
that binds the master regulators p300 andMyoD, can be found
at the myogenin promoter. Knockdown of p8 compromises
chromatin association of all four proteins with this promoter
(34).
Genetic disruption of p8 produces no clear unevoked pheno-

type aside from a slight delay in ovarian development, as well as
a partial sterility in the males, reminiscent of human Sertoli
cell-only syndrome (38). Nonetheless, these defects do not
seem to exert a significant impact on fertility.4 The lack of an
intrinsic phenotype for p8�/�mice is intriguing inasmuch as p8
is a single copy gene and has no apparent homologs that might
overcome its genetic deletion. The fact that p8 expression is not
required for normal embryonic development reinforces the
hypothesis that p8 functions primarily in acquired patholog-
ical circumstances (tumorigenesis, cardiovascular disease,
etc.) in the adult. Thus, p8 is an emergency molecule up-reg-
ulated under pathological and physiological conditions gen-
erating stress, which is then critical for the regulation of
multiple downstream signaling complexes.

Functional Mechanisms Involving p8: Transcription but
Not Only Transcription

The structure and nuclear localization of p8 suggest a role in
the regulation of transcription. Thus, several studies have been
devoted to determine the role of p8 in transcriptional regula-
tion. TGF� is a key player in several cancers, and expression of
p8 is transcriptionally induced by TGF�, where it cooperates,
with a yet unexplored mechanism, with Smad proteins, tran-
scription factors activated by TGF�. Thus, compared with
p8�/� MEFs, Smad transcriptional activity is significantly
lower in p8�/� MEFs, and this difference is abolished upon p8
reintroduction (7).

4 S. Goruppi, personal communication.
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Hoffmeister et al. (8) found that p8 binds to and is acetylated
by the general coactivator of transcription, p300. This complex
subsequently interacts with PTIP (Pax2 transactivation
domain-interacting protein), thereby reversing its inhibition of
the glucagon promoter (8). The functional binding of p8 with
p300 has been recently validated also in myocytes, where p8
coordinates p300, p68/Ddx5, and MyoD binding to the myo-
genin promoter (34). In addition, in breast epithelial cells, p8
forms a complex with p53 and p300. This complex binds the
p21waf1 promoter, contributing to transcriptional induction of
p21 expression (39).
In the cardiovascular system, p8 associates in an �-adrener-

gic agonist-dependent manner with the cardiomyocyte atrial
natriuretic factor promoter and in a TNF-dependent manner
with the cardiac fibroblast MMP9 and MMP13 promoters.
When associated with these promoters, p8 coprecipitates with
chromatin containing c-Jun, a transcription factor required for
both atrial natriuretic factor and MMP9 expression. In both
cases, p8 is required by the cellular machinery for maximal
transcriptional activity, but it is sufficient only for fibroblast
TNF-dependent MMP transcription, thus indicating a func-
tional selectivity in target gene regulation (10).
p8 was recently shown to contribute to chromatin remodel-

ing and relaxation by facilitating the access to DNA of the tran-
scription machinery upon binding and inhibiting the histone
acetyltransferase-associated protein MSL1. Thus, p8 might
participate in the mechanisms of DNA repair following �-irra-
diation (40).
p8 also interacts with several proteins that can function out-

side the nucleus, suggesting additional, non-transcriptional
roles. Accordingly, in HeLa cells, p8 binds the anti-apoptotic
protein prothymosin �. This complex functions in the inhibi-
tion of staurosporine-induced apoptosis (41). p8 also binds
Jab1, a component of the COP9 signalosome complex. Forma-
tion of this complex is a key factor in the Jab1-mediated trans-
location of the p27 Cdk inhibitor from the nucleus to the cyto-
plasm, a process resulting in p27 degradation (30).
Finally, p8 acts upstream of the cellular endoplasmic reticu-

lum stress response in tetracannabinoid-induced murine and
human tumor cell apoptosis (12). In this setting, p8 mediates
autophagy-induced apoptosis via TRB3-dependent inhibition
of Akt/mTORC1 (mammalian target of rapamycin complex-1)
(36). Although the exact p8 location in this mechanism has still
to be completely clarified, it is fascinating how this small mol-
ecule can have such a profound effect on different molecular
events.

Conclusions

Despite its small size and absence of known interaction
domains, p8 is a puzzling biological molecule capable of pro-
ducing multiple and even opposing effects, depending on the
physiological scenario of its expression. Thus, for example, p8
promotes tumor growth and aggressiveness and protects tumor
cells from apoptosis, and at the same time, it can act as a tumor
suppressor. In non-cancer settings, p8 is required for an appro-
priate stress response, thus suggesting that its expression is
beneficial, but it is also sufficient for the induction of several
MMP genes, which foster pathological heart remodeling.

Taken together, these observations suggest that p8 expression
under non-stress conditions might be in general protective for
the cell, whereas its absence, untimely expression, or overex-
pression might result in a worse fate for the cell. Considering
this, it is likely that p8 functional complexity is further
increased by the timing, the level, and the cellular context of its
expression.

What Is Next?

Although substantial progress in understanding the func-
tions has been made, much remains to be discovered. It will be
key to define the pattern of expression for p8 isoforms, identify
potential other family members, further characterize the mice
carrying p8 genetic deletion, and determine possible histologi-
cal abnormalities consequent to p8 deletion. Of note, it will be
essential to develop transgenic mice that express p8 from a
tissue-specific or inducible promoter. This will enable the anal-
ysis of the effects of untimely or excessive p8 expression, as
found in chronic diseases. These in vivo studies will comple-
ment the existing findings from cultured cells; clarify themech-
anism that confers cell-type specificity; and determine why, for
example, some cells undergo growth arrest, whereas others
become apoptotic or cannot undergo hypertrophy.
The lack of interaction domains or regions with functional

similarity outside the helix-loop-helix region represents a
handicap for the identification of possible nuclear and cytosolic
interactors. A clear picture of these partners will allow us to
determine p8 functions in these different compartments first
and to place them in the correct signaling cellular network. As
some p8 functions clearly cannot be ascribed to transcription,
significant insights will come through the identification of pos-
sible preferential association motifs. On the transcription side,
it will be key to determine long-term effects of p8 on chromatin,
possibly leading to epigenetic modifications. Major progress in
this search might derive from taking advantage of the fact that
p8 orthologs are found in more simple organisms, such asDro-
sophila, Xenopus, and Danio rerio (2, 37, 42), which will allow
the creation of genetic networks regulated by or requiring the
presence of p8 (Fig. 1).
As cardiovascular diseases and diabetes are a growing epi-

demic in theWestern world, it will be key to further determine
in vivo the role of p8 in the remodeling consequent to chronic
signaling, as frequently found in these pathologies. p8 is emerg-
ing as a multifaceted cell regulator that controls a plethora of
physiological and pathological processes. Upcoming investiga-
tions leading to a detailed understanding of p8 functions will
provide new opportunities to develop novel therapeutic ap-
proaches to manipulate cancer and cardiovascular diseases.
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The ubiquitin-proteasome pathway (UPP) is responsible for
most programmed turnover of proteins in eukaryotic cells, and
this activity has been known for some time to be involved in
transcriptional regulation. More recently, intersections of the
UPP and transcription have been discovered that are not pro-
teolytic in nature and appear to revolve around the chaperonin-
like activities of the ATPases in the 19 S regulatory subunit of
the proteasome.Moreover,monoubiquitylation,whichdoes not
signal degradation, has been found to be a key modification of
many transcription factors and histones. These various non-
proteolytic roles of the UPP in transcription are reviewed here,
and plausible mechanistic models are discussed.

Most non-lysosomal protein degradation occurs via the
UPP2 in eukaryotic cells (1). In most cases, the protein targeted
for degradation ismodifiedwith a Lys48-linked poly-Ub chain, a
modification catalyzed by ULs, of which there are three types.
E1 and E2ULs are involved in activating the ubiquitinmolecule
for conjugation, whereas E3 ULs act as matchmakers between
the activated Ub-E2 intermediate and substrate proteins.
Polyubiquitylated proteins interact with the proteasome, a
large multiprotein complex with three proteolytic active sites
sequestered inside a barrel-like core 20 S complex (2). The
opening to the interior of the barrel is so small that the substrate
protein must be unfolded and “fed” through by the action of six
AAA class ATPases, now called Rpt1–6. These are part of the
19 SRP that sits immediately atop the 20 SCP.The 19 SRP itself
can be dissociated by high salt buffers into a base, which
includes the six ATPases, Rpn1, Rpn2, and a “lid” subcomplex
(3). All six of the genes that encode these proteins are essential
in yeast, indicating that they have non-identical functions. The
classical proteolytic activity of the UPP has long been known to
regulate transcription indirectly, e.g. by keeping the levels of
gene-specific transactivators low under basal conditions. More
recently, a more intimate relationship between UPP-mediated
turnover of activators, coactivators and other transcription

actors has been found to be highly stimulatory for the expres-
sion of some genes (4–6). However, this minireview focuses on
a rather different intersection of the UPP and eukaryotic tran-
scription, which involves non-proteolytic activities of UPP
proteins.
The first hint of such a radical idea was the finding by

Johnston and co-workers in 1992 (7) that specific alleles of the
Saccharomyces cerevisiae SUG1 and SUG2 genes (sug1-1 and
sug2-1), which encode Rpt6 and Rpt4, respectively, suppress
the “no growth on galactose” phenotype of gal4D. gal4D
encodes a truncated version of the yeast Gal4 activator (8) that
lacks about two-thirds of the C-terminal AD (Fig. 1) (7). At the
time of this study, it was thought that Sug1 and Sug2 were
coactivators whose interaction with Gal4 was weakened by the
truncation in Gal4D and reconstituted by a point mutation.
When it was discovered soon thereafter that SUG1 and SUG2
encode Rpt6 and Rpt4, respectively (9), most of the community
wrote off this result as likely an indirect effect of reducing the
rate of proteolysis of a weakly functional Gal4D protein, thus
allowing the yeast to limp along.However, other alleles of SUG1
and SUG2 isolated in other genetic screens did not rescue
growth of the gal4D strain, despite the fact that these alleles
allowed theGal4Dprotein to increase to a level higher than that
observed in the sug1-1 and sug2-1 backgrounds. Eventually,
experiments were published that directly refuted this altered
proteolysis model (10), leaving the true mechanism of this
effect a mystery.

Proteasomal ATPases Stimulate Transcriptional
Initiation and Elongation without Engaging in Protein
Degradation

With strong evidence in hand that altered proteolysis could
not explain the suppression of gal4D by sug1-1 or sug2-1,
Ferdous et al. (11) performed experiments designed to investi-
gate whether the proteasomal ATPases might have a direct
non-proteolytic role in transcription. An important clue in this
regard was an earlier finding that a different allele of SUG1,
sug1-20, suppressed a mutation in CDC68 (12), which encodes
one of the components of an elongation factor called FACT
(13). FACT facilitates elongation through nucleosomes. Fur-
thermore, Rpt6 and FACT co-immunoprecipitate (14).
It was found that a sug1-20 strain was highly sensitive to

6-azauracil, a classic indicator of elongation defects (15), but
strains with mutations in 20 S proteasome core component-
encoding genes were not (11). Moreover, inactivation of the
temperature-sensitive Sug1-20 protein or addition of anti-Rpt6
or anti-Rpt4 antibodies to a transcriptionally active yeast whole
cell extract strongly inhibited transcription, whereas inhibition
of the proteolytic activity of the proteasome had no effect.
Addition of purified 19 S RP completely lacking the 20 S CP to
the inactivated extract reconstituted transcriptional activity.
These data argued strongly for a direct and non-proteolytic role
of the 19 S RP in elongation (11).
This conclusion was highly controversial at the time. Since

this time, however, other studies have appeared that demon-
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strated non-proteolytic roles for the proteasomal ATPases in
driving the expression of other genes (16–18). Further support
came from studies of the physical interaction of the Gal4 AD
with the 26 S proteasome (19). In vitro, when a GST-Gal4 AD
fusion protein was mixed with immunopurified 26 S protea-
some, the GST-AD protein retained Rpt1–Rpt6, Rpn1, and
Rpn2 but excluded the 20 S core CP and the lid subcomplex of
the 19 S RP (Fig. 2), even though the input 26 S proteasome was
100% intact as judged by pulldown with GST-Rad23 protein,
which binds the entire proteasome. Additionally, when the
association of different proteasomal proteins with GAL or heat
shock promoters was analyzed by ChIP, it was found that gene
activationresulted in theassociationof theATPases,butnot the20
S CP or lid constituents, with the promoter (19, 20). Moreover,
strong ChIP signals were observed for the ATPases, but again
not the 20 S CP or lid proteins, throughout the gene, consistent
with this subcomplex, called APIS, playing an important role in
elongation (19).APIS includes the base of the 19SRPbutmay also
contain additional proteins besides Rpt1–6, Rpn1, and Rpn2.
The presence of the ATPases at the GAL enhancer also

suggests a possible role in initiation of transcription, consis-

tent with the observed interaction
of the Rpt proteins with initiation
factors (14, 21–23). Indeed,Work-
man and co-workers (24) have
demonstrated that the proteaso-
mal ATPases stimulate the re-
cruitment of the SAGA complex
to promoters in yeast.

Monoubiquitylation Stimulates
the Function of Many Activators

While the line of experimenta-
tion described above was proceed-
ing, Tansey and co-workers (25)
reported a remarkable and unex-
pected finding that revealed yet
another odd connection between

the UPP and transcription. Previous reports had already sug-
gested a positive role of E3ULs in transcriptional activation. For
example, a general inverse correlation between the activity of
transactivators and their protein levels in cells had been noted.
In addition, the knock-out or knockdown of several E3 ULs
strongly suppressed the activated transcription of certain genes
(26), but the mechanism underlying these observations was
unclear. The breakthrough was the realization that this stim-
ulatory effect was due, at least in part, to the monoubiquity-
lation of transactivators (25) and, as was realized later, coac-
tivators as well (27). Their study was directed toward
identification of the E3 UL that operates on the artificial
transactivator LexA-VP16 in S. cerevisiae. Using a candidate
gene approach, they found that deletion of MET30 strongly
suppressed LexA-VP16-mediated transcription. In these
cells, the levels of the activator were quite high, but its activ-
ity was low. Remarkably, when a monoubiquitin moiety was
fused to the N terminus of the artificial activator genetically,
the activity of the protein was reconstituted. These data sug-
gested that monoubiquitylation of the transactivator was the
critical event mediated by Met30, although the isolation of a
bona fide, natively ubiquitylated activator was not accom-
plished in this study.
This study was soon followed by similar reports of stimula-

tory monoubiquitylation of other activators, and in some of
these cases, the natively monoubiquitylated proteins were
observed directly (28–30). Because degradation of a protein
generally requires its modification with a Lys48-linked poly-
ubiquitin chain of at least four monomers (31), these studies
argued strongly for yet another non-proteolytic effect of the
UPP on activated gene transcription.
As is described in other reviews, there is now evidence that in

some, but not all, systems, thismonoubiquitylationmay be cou-
pled inextricably to polyubiquitylation events that result in the
subsequent destruction of functional transactivators by the
proteasome (5, 26). This coupling between “licensing” of acti-
vator function by monoubiquitylation and its subsequent
proteolysis provides an elegant mechanism for the cell to
keep the transcription of critical activated genes under tight
control.

FIGURE 1. Schematic representation of the truncation mutant Gal4D. The crude domain structure of the
yeast Gal4 protein is shown at the top. The 34-residue core AD is truncated to a 12-amino acid peptide in Gal4D.
All other domains of the 881-amino acid protein are unchanged. This protein has only 3% the activity of
wild-type Gal4 when expressed at physiological levels. DIM, dimerization domain; COOP, cooperativity domain.

FIGURE 2. Gal4 extracts a subcomplex called APIS from the 26 S protea-
some. APIS contains at least Rpt1–Rpt6, Rpn1, and Rpn2. See text for details.
Sug1 � Rpt6, and Sug2 � Rpt4. The green rectangles represent the ADs of the
Gal4 dimer.
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How Does Monoubiquitylation Stimulate Activated Gene
Expression?

For quite some time after its initial discovery, themechanism
by which activator monoubiquitylation stimulates its function
remained amystery. The LexA-VP16 study (25) provided some
interesting hints. The VP16 AD does not contain any lysine
residues, so monoubiquitylation must have occurred on the
LexA DBD. Because this is a bacterial protein, one cannot
invoke a model in which this modification alters the conforma-
tion of the protein in some specific fashion, thus allowing it to
interact with some other transcription factor. Instead, it
seemed that the ubiquitin moiety itself must interact directly
with something that is rate-limiting for transcription. The
experiments that led to at least a partial answer to this question
emerged from an unlikely direction.
As described above, efforts to understand the suppression of

the gal4D mutation by sug1-1 and sug2-1 eventually led to the
discovery of a role for the proteasomal ATPases in transcrip-
tional elongation. Ironically, however, the suppressor muta-
tions were cleanly recessive (7), suggesting that they alleviated
some inhibitory activity that antagonized the function of the
Gal4D protein. This seemed difficult to reconcile with a posi-
tive role of Rpt4 and Rpt6 in elongation (11). Another troubling
aspect of the findings to that point was that the proteasomal
ATPases are recruited to the promoter through direct interac-
tions of Rpt6 and Rpt4 with the ADs of the Gal4 homodimer. In
proteolysis, the ATPases function to unfold proteins that inter-
act with the 19 S RP. Why do they not unfold Gal4?
Indeed, when the effect of purified 19 S RP or 26 S protea-

some on immobilized Gal4-VP16�DNA complexes was exam-
ined, it was found that the activator was dissociated rapidly
from the DNA, although not proteolyzed (32). This reaction
required ATP hydrolysis and direct binding of the ATPases to
the VP16 AD. Because the proteasomal ATPases are highly
abundant proteins in the nucleus (33), how do native activators
resist this presumably highly inhibitory activity? Possible expla-
nations included a post-translational modification or perhaps
the presence of some activator-binding protein that protects it.
An experiment designed to probe the former possibility was
highly illuminating. When the Gal4-VP16�DNA complex was
incubatedwithHeLanuclear extract, an essentially quantitative
monoubiquitylation of the activator was observed (32). More-
over, this event was found to be dependent on a preceding
phosphorylation event at Ser22, located in the same domain
(34). Remarkably, a DNA complex containing phosphorylated
andmonoubiquitylated Gal4-VP16 was completely resistant to
disruption by the proteasomal ATPases (32).
Could this stripping activity be the putative inhibitory activ-

ity of the proteasomal ATPases suggested by the recessive
nature of the sug1-1 and sug2-1 alleles in suppressing gal4D?
And was ablation of this stripping activity by the point muta-
tions in sug1-1 and sug2-1 the molecular basis of this suppres-
sion? To address this hypothesis, Gal4D function at the level of
promoter occupancy was tested. Standard views of how activa-
tors work would certainly not anticipate that truncation of part
of the AD would compromise DNA-binding activity. Indeed, a
Gal4D derivative binds well to promoters in vitro (35). Remark-

ably though, ChIP experiments showed clearly that the Gal4D
protein fails to occupy GAL promoters in otherwise wild-type
cells or in strains carrying sug1 or sug2 alleles that do not sup-
press gal4D. In the sug1-1 strain, Gal4D occupied the promoter
�60% as well as native Gal4, and the Gal4D-stimulated output
of GAL gene expression was �60% of that driven by the wild-
type activator. This demonstrated that the defect in Gal4D
activity was due entirely to reduced promoter occupancy.
Moreover, when the proteasome was purified from sug1-1
yeast, this complex showed a sharply reduced ability to strip
Gal4 AD constructs from DNA in vitro, although the Sug1-1
protein-containing proteasome remained competent in prote-
olysis and the ability to bind to ADs. These data (36) argue that
Gal4D is indeed hypersensitive to the stripping activity of the
wild-type proteasomal ATPases and that the point mutations
encoded by sug1-1 and sug2-1 down-regulate this activity with-
out affecting other functions of the ATPases or the proteasome
in general.

Part of the Gal4 AD Is Critical for Activator
Monoubiquitylation

Is the molecular basis of the hypersensitivity of Gal4D to the
stripping activity of the ATPases due to poor monoubiquityla-
tion of the truncated activator? Several lines of evidence sup-
port this (36). First, genetic fusion of a monoubiquitin to the N
terminus of Gal4D resulted in the rescue of significant GAL
gene transcription in a SUG1/SUG2 strain. Second, when a
Gal4 derivative containing the entire DNA-binding and activa-
tion domains was immobilized on DNA in vitro and then
treated with HeLa nuclear extract, it was monoubiquitylated
almost quantitatively, and the protein remained bound to
DNA. However, when the same experiment was conducted
with the Gal4D-like protein (i.e. lacking two-thirds of the Gal4
AD), no ubiquitylation was observed, and the protein was
stripped off of the DNA. Perhaps most convincing were ChIP
experiments carried out with anti-Gal4 and anti-Ub antibodies
in various genetic backgrounds. In wild-type cells, a strong Ub-
dependent ChIP signal was observed on the enhancer region of
the GAL7 promoter, as was a strong Gal4-dependent signal.
Both signals were absent in a gal4D strain. Importantly, the
Gal4-dependent ChIP signal, but not the Ub-dependent signal,
was observed in a gal4D/sug1-1 strain. This showed that, in the
suppressing background, the Gal4D protein is not monoubiq-
uitylated but can occupy the promoter due to the reduced strip-
ping activity of the Sug1-1-containing APIS complex.
These experiments demonstrated that deletion of the C-ter-

minal two-thirds of the Gal4 AD ablates monoubiquitylation of
theDBDand thus exposes the activator to the unfolding activity
of the proteasomal ATPases. Is this region of the AD the dock-
ing site for the E3UL that targetsGal4 (or the kinase that carries
Ser22 phosphorylation, a prerequisite for ubiquitylation)? Con-
sistent with this idea, a soluble peptide representing the region
deleted in Gal4D was able to strongly suppress monoubiquity-
lation of a Gal4 construct in vitro, but control peptides or a
peptide corresponding to the N-terminal region of the AD still
present in Gal4D had no effect (36). Unfortunately, the E3 UL
and kinase that mediate these modifications of Gal4 have not
been identified. The E3 UL Dsg1/Mdm30 ubiquitylates Gal4,
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but this event does not affect Gal4-mediated transcription, so
Dsg1 cannot be the E3UL responsible for stabilizingGal4-DNA
interactions in vivo (37).

It is interesting to note that whether the C-terminal subre-
gion of the Gal4 AD is a kinase- or E3 UL-docking site, it is
clearly not a classical AD required for binding to other tran-
scription factors. If Gal4D can hang onto the promoter, then it
is a perfectly good activator. Moreover, Gal4-(1–841) is com-
pletely devoid of activity, although it can bind to DNA in vivo
(7). Thus, these data reveal that the 12-amino acid peptide that
is present in Gal4D but absent in Gal4-(1–841) is the core AD
of the activator. Remarkably, this short fragment appears to be
sufficient to interact with coactivators and APIS. The other 22
residues of the classical Gal4 AD are apparently required only
for phosphorylation/ubiquitylation.

How Does Activator Monoubiquitylation Protect against
“Stripping?”

A clue as to the mechanism of this protective effect of ubiq-
uitin was the surprising finding that the addition of high levels
of free ubiquitin to a test tube containing purified proteasome
and a Gal4�DNA complex blocked stripping even though the
Gal4 derivative was not monoubiquitylated (32, 38). This
strongly suggested either a direct interaction between ubiquitin
and the activator, which somehow rendered it insensitive to
stripping, or a ubiquitin-APIS interaction, which somehow dis-
rupted the ability of the complex to strip the activator from the
DNA. Note that the concentration of free ubiquitin required to
observe this effect was quite high (several �M), but the total
cellular concentration of ubiquitin is at about this level, leading
one towonder how these data could be physiologically relevant.
After all, if untethered ubiquitin can quench the stripping pro-
cess and if total cellular concentration is at or above the IC50 for
this effect, how can stripping be an important cellular process?
A resolution to this dilemma was suggested by the further
observation that Lys48-linked ubiquitin chains did not exhibit a
protecting effect in this assay, arguing that a surface on ubiq-
uitin that is sequestered in the Lys48-linked chains is responsi-
ble for the effect (32, 38). In addition, there are many different
known ubiquitin-binding proteins in the cell. Thus, the free
monoubiquitin concentration in the cell at any one time is likely
far less than the low �M concentrations required to see this in
trans effect in vitro.

But how is protection achieved? In a series of in vitro exper-
iments that relied, in part, on a novel label transfer technology
ideal for probing interactions in multiprotein complexes,
Archer et al. (38) demonstrated that monoubiquitin, but not
Lys48-linked Ub chains, binds directly to Rpt1 and Rpn1, two
components of the APIS complex. Moreover, these Ub-Rpn1/
Ub-Rpt1 contacts allosterically dissociate the binding of Rpt4
and Rpt6 to the Gal4 or VP16 AD. In other words, Ub interac-
tionwith the APIS complex drives it to release the activator. No
interactions whatsoever could be detected between mono-Ub
and the 26 S proteasome, arguing that the Ub-binding surfaces
of Rpn1 and Rpt1 are occluded until the Gal4 or VP16 AD
extracts APIS from the proteasome.
These protein interaction data are therefore consistent with

a beautiful “hand-off” model (38) that explains how a mono-

ubiquitylated activator can engage in a dangerous liaison with
the APIS complex without becoming a victim to its unfolding
activity (Fig. 3). The trick is to hold on only briefly. The first step
in recruitment of the APIS complex to an active gene is for the
ADs of the activator to extract the ATPases, Rpn1, and Rpn2
(APIS) from the 26 S proteasome. Association of APIS with the
AD presumably initiates an unfolding reaction that, left
unchecked, would result in processive unfolding of the activa-
tor beginning at the C-terminal AD of the protein (39, 40),
eventually reaching the DBD and resulting in dissociation from
the promoter. When Gal4 is monoubiquitylated, however, the
appended ubiquitin molecules (Gal4 is a dimer (41)) bind to
Rpt1 and Rpn1, driving APIS to release the activator before
unfolding proceeds far enough to disrupt activator function. In
the context of the preinitiation complex, Ub-mediated
AD-APIS disruption may allow APIS to transfer to the nearby
polymerase II holoenzyme, but there are no direct data to sup-
port this hypothesis.

FIGURE 3. Model for the interaction of the Gal4 transactivator with the
proteins in the UPP. It is proposed that the piece of the Gal4 AD missing in
the truncated Gal4D protein (green rectangles) interacts with an (uncharacter-
ized) E3 UL that mediates monoubiquitylation (red circle) of the Gal4 DBD
(purple ovals). Upon interaction with the proteasome, Gal4 extracts the APIS
complex (see Fig. 2) through interactions between the 12 amino acids
remaining in the Gal4D AD (black rectangles). This initiates an unfolding reac-
tion that, if not terminated quickly, would result in the unfolding of the Gal4
DBD and disruption of the protein�DNA complex (left side). This occurs if Gal4
is not ubiquitylated. However, the appended Ub moieties bind to Rpt1 and
Rpn1 after the APIS complex has been extracted from the proteasome. These
interactions mediate dissolution of the binding of the Gal4 AD to Rpt6 and
Rpt4 (Sug1 and Sug2, respectively). It is proposed, but not proven, that this
allows the APIS complex to move into the polymerase II (PolII) complex, where
it is important for stimulating elongation, perhaps by helping to manipulate
chromatin structure on the template.
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Remaining Questions and Challenges

The work on the yeast Gal4 system has provided a satisfying
and relatively detailed picture of how this particular activator
interacts with the proteasome to recruit the ATPases and other
associated proteins to stimulate transcription via non-proteo-
lytic mechanisms. To the best of my knowledge, the models
presented in this minireview are consistent with all of the avail-
able biochemical and genetic data for theGAL system. There is
some evidence that these conclusions will be fairly general.
Genome-wide ChIP-chip studies have shown that the protea-
somal ATPases, but not the 20 S core complex, are resident on
hundreds of different yeast genes (42, 43), consistent with the
idea that the non-proteolytic stimulation of promoter escape
and elongation seen in detailed studies of the GAL and heat
shock (20) systems is likely operative on many other genes in
yeast. However, it is important to point out that the same
genomic data show clearly that hundreds of genes are tran-
scribed efficiently without the involvement of APIS. A much
smaller amount of data suggests that this may also be true in
mammalian cells. What distinguishes APIS-dependent from
APIS-independent genes is completely unclear.
A major unresolved issue is to determine exactly how APIS

stimulates the elongation process. Ezhkova and Tansey (44)
have reported a link between histone ubiquitylation, Rpt6, and
histone methylation. Moreover, as mentioned above, we dem-
onstrated that the proteasomal ATPases co-immunoprecipi-
tate with the histone chaperone FACT (14), consistent with the
known genetic interaction between these factors (12). Thus, an
attractive model is that the unfolding activity of the proteaso-
mal ATPases acts to transiently disrupt chromatin structure in
the path of an elongating RNA polymerase II complex in col-
laboration with FACT. But this model remains to be tested
seriously.
The effects of APIS recruitment and transcription factor

monoubiquitylation could be broader than those uncovered in
the studies reviewed above. The remarkable connection
between monoubiquitylation and the APIS-mediated stripping
reaction would appear to be sufficient to explain all of the
observations in the GAL system. However, p53 has long been
known to be a target for several different monoubiquitylation
events, some of which are stimulatory (29, 30) and some inhib-
itory (45–47) to the transcription of its target genes, so clearly
context effects will be important in many cases. Even for the
clearly stimulatory events, monoubiquitylation may mediate
events downstream of promoter occupancy. Kurosu and Peter-
lin (48) have provided evidence that Ub and the VP16 AD can
collaborate to allow LexA-VP16 to more efficiently recruit the
elongation factor P-TEFb to promoters. Indeed, it is not clear if
the protection-from-stripping model applies to the artificial
activator LexA-VP16 because, in �met30 cells, the presumably
non-ubiquitylated form of LexA-VP16 was found to be associ-
ated with its target promoter by ChIP (25) but nonetheless acti-
vated transcription only weakly, again arguing for an important
role of monoubiquitylation downstream of promoter occu-
pancy. It should be noted that the LexADBD�operator complex
is an unusually tight protein�DNAcomplex and thusmay be less

vulnerable toAPIS-mediated stripping than physiologically rel-
evant eukaryotic activators.

Conclusion

In summary, it is now clear that non-proteolytic activities of
theUPP play an important and integral role in the transcription
of many genes. There was a great deal of resistance to this idea
at first, given the prevailing view at the beginning of this century
that the only role of the 19 S RP in the cell was as a piece of the
26 S proteasome, devoted entirely to proteolysis. This is clearly
not the case. Ironically, a direct precedent for this kind of idea
was available from the prokaryotic world. ClpX, anATPase that
plays a 19 S RP-like role in bacterial proteolysis, operates inde-
pendently of the ClpP protease in phage Mu transposition and
functions to actively disrupt otherwise very stable protein�DNA
complexes non-proteolytically (49). More generally, I would
argue that unfoldases such as the APIS complex will be gener-
ally required for many, if not all, cellular processes driven by
multiprotein complexes that must alter their composition and
quaternary structure over the course of the catalytic cycle. The
cell cannot rely on equilibrium processes to drive these transi-
tions. Thus, we anticipate that the discoveries described here
probably represent the tip of the iceberg in learning how ATP-
dependent unfoldases participate non-proteolytically in
nucleic acid metabolism.
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Hypertension, or high blood pressure, is a serious health
problem worldwide and is operationally defined as a resting
systolic/diastolic blood pressure greater than 140/90 mm Hg.
The Joint National Committee on the Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure recently
issued guidelines defining people with systolic blood pressures
between 120 and 139 mm Hg and diastolic pressures between
80 and 89 mm Hg as “pre-hypertensive.” Those who fall into
this category are more likely to develop frank hypertension and
thus require active clinical intervention.
Nearly one-quarter of the world’s adult population is hyper-

tensive! More than 75million people in the United States alone
are hypertensive, and an additional 50 million lie in the pre-
hypertensive range. Most often, hypertension displays no overt
symptomatology, hence the moniker “the silent killer.” In
many, if not most, cases, the underlying etiology of the disease
is unknown (essential hypertension). To complicate matters
more, hypertension is a multifactorial disease, rarely resulting
from a single identifiable cause or single gene mutation. Many
factors influence blood pressure: whole-body salt and volume
load, autonomic nervous system output, lipid and cholesterol
metabolism, kidney disease, medications, and lifestyle activi-
ties, such as smoking, drinking, and exercise (or lack thereof).
There is a multitude of genetic influences as well; some candi-
date high blood pressure genes include 11-�-hydroxysteroid
dehydrogenases B1 andB2; apolipoproteinsA1,A2, andC2-C4;
chloride-bicarbonate exchangers 1, 2, and 3; endothelin-1, -2,
and -3; and vascular endothelial growth factors A, B, and C, just
to mention a few. (At present, more than 150 genes are listed as
potentially contributory to hypertension.) There is a plethora of
sequelae that result from uncontrolled hypertension, and none
of them is good: cardiovascular problems (e.g. heart failure),
cerebral vascular problems (e.g. stroke), and renal problems (e.g.
end-stage renal disease requiring dialysis and, ultimately,
transplantation).
Many biochemical processes are affected by hypertension;

abnormalities or dysregulation of many biochemical pathways
can contribute to the development of hypertension. This the-
maticminireview series will explore several novel aspects of the
biochemistry of hypertension and how this biochemistry inter-
faces at the physiological and clinical levels.
The first minireview, by Joseph A. Hill of the Division of

Cardiology, Department of Medicine, University of Texas
Southwestern Medical Center, explores the role of cardiac cell
autophagy in hypertension. The mechanisms of autophagy as
related to hypertension-induced cardiac remodeling, ulti-

mately contributing to ischemic heart disease and failure, will
be examined.
In the second minireview, Curt D. Sigmund, a professor of

medicine and molecular physiology and biophysics at the Uni-
versity of Iowa and Director of the Center on the Functional
Genomics of Hypertension at the university’s Carver College of
Medicine, summarizes the role that the peroxisome prolifera-
tor-activated receptor � transcription factor plays in the endo-
thelium and vascular smooth muscle cells using genetically
altered mouse models of hypertension.
The third minireview in this series is by Rebecca P. Hughey

andThomas R. Kleyman, both of the Renal-ElectrolyteDivision
at the University of Pittsburgh School of Medicine. They exam-
ine the central position that a specific ion channel, namely ENaC
(or theepithelialNachannel)has inLiddledisease.This autosomal
recessive genetic disease produces severe hypertension and is
caused by gain-of-function mutations within the genes encoding
the C-terminal regions of the �- and/or �-subunits of this renal
distal tubular collecting duct-located ion channel.
James K. Bubien, associate professor of physiology and bio-

physics at the University of Alabama at Birmingham, continues
this theme in the fourth minireview by summarizing evi-
dence that the hormonal stimulation of ENaC by aldosterone
and insulin, two hormones elevated in obese individuals with
therapy-resistant hypertension, may contribute to the hy-
pertension that accompanies obesity. He also proposes a dif-
ferent paradigm in which the serum potassium level plays an
important, if not critical, role in hypertension.
The fifth and final minireview of this series is by John E. Hall,

AssociateViceChancellor for research at theUniversity ofMis-
sissippi Medical Center and Editor-in-Chief of the journal
Hypertension. The focus of his article is also obesity and hyper-
tension. He discusses the obesity-induced activation of the
sympathetic nervous system by the leptin-melanocortin 4
receptor pathway. Thus, this minireview series explores several
major biochemical axes that, when gone awry, contribute to the
development of or are a consequence of hypertension. These
include the sympathetic nervous system, the vascular and car-
diac systems, and critical transport systems in the kidney.
It is the overall goal of this thematic minireview series to link

biochemical processes to the understanding of the important
clinical problem of hypertension. By emphasizing a strong con-
nection between laboratory research and clinical medicine, we
hope to stimulate interest in this specific translational topic
among biochemists, clinicians, and graduate and medical stu-
dents. It is also hoped that an appreciation of the biochemical
underpinnings of this disease will be realized and that clarity
and a strong rationale for why basic biochemical research is so
important will ensue.

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.
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In response to hypertension, the heart manifests robust hyper-
trophic growth, which offsets load-induced elevations in wall
stress. If sustained, thishypertrophic response is amajor risk factor
forsystolicdysfunctionandheart failure.Extensiveresearchefforts
have focused on the progression fromhypertrophy to failure; how-
ever, precise understanding of underlying mechanisms remains
elusive. Recently, autophagy, a process of cellular cannibalization,
has been implicated. Autophagy is activated during ventricular
hypertrophy, serving to maintain cellular homeostasis. Excessive
autophagy eliminates, however, essential cellular elements and
possibly provokes cell death, which together contribute to hyper-
tension-related heart disease.

Hypertension is a leadingrisk factor formortalityworldwide (1).
Astonishingly, in 2000, �25% of the world’s adult population was
hypertensive (2). The hypertensive population is projected to
reach 1.56 billion in 2025, a 60% increase over 25 years. Based on
data from the latest National Health and Nutrition Examination
Survey, 27% of American adults have hypertension as defined by a
systolic blood pressure of 140mmHg or higher and/or a diastolic
blood pressure of 90mmHgor higher (3).Moreover, recent stud-
ies highlight an important association between cardiovascular
event rates and pre-hypertension, a state affecting �30% of the
American population and defined as a systolic blood pressure
between 120 and 139 mm Hg and/or a diastolic blood pressure
between 80 and 89 mm Hg (3, 4). Because of the fact that hyper-
tensionprovokesno symptoms, it is oftenneglected; it is estimated
that one-third of hypertensive patients are not aware of their con-
dition. Incomplete awareness plus barriers to treatment on both
the patient and the care provider sides of the healthcare equation
together add up to a disease with extraordinarily high prevalence
and rising incidence. Indeed, it is difficult to conceive of an illness
(hypertension plus pre-hypertension) that afflicts �60% of adults
in the United States.
Mounting epidemiological evidence demonstrates a linear and

independent relationship between hypertension and CVD,2 the

leading cause of death worldwide (5). Ischemic heart disease and
cerebrovascular disease account for more than one-fifth of mor-
tality in both developing and developed countries (5). In the
United States, one in three adults has one or more types of CVD,
and a death results every 37 s (6). In 2008, the direct and indirect
costs of CVDwere estimated at $450 billion, an enormous burden
to our economic and public health systems.

Mechanisms of Remodeling in Hypertensive Heart
Disease

Increased afterload precipitates increases in systolic wall stress
within the pumping left ventricle. According to Laplace’s law, wall
stress is directly proportional to pressure and chamber size and
inversely proportional to ventricular wall thickness (7). In
response to high blood pressure, left ventricular wall thickness
increases, normalizing wall stress. As post-mitotic cells, cardiom-
yocytes show negligible, if any, potential for proliferation (8), and
hypertrophic growth is the only means to increase cardiac mass.
Thephenotypeof thehypertrophiedhearthasbeendivided into

twobroadcategories. In the settingofpressureoverload, suchas in
hypertension and aortic stenosis, new sarcomeres are added in
parallel, and this lateral myocyte growth leads to wall thickening
and preserved chamber volume, a process termed concentric
hypertrophy (9). Under conditions of volume overload, such as in
aortic insufficiency or arteriovenous shunting, sarcomeres are
added in series, resulting in longitudinal cell growth. The result is
ventricular wall thickening accompanied by chamber dilation, a
process termed eccentric hypertrophy.
LVH is thought to be an adaptive short-term response that off-

sets elevations in ventricular wall stress and consequent excessive
oxygen demand. Like many things in biology, however, the long-
term consequences of a short-term fix are maladaptive; chronic
LVH is amajor risk factor for systolic dysfunction andheart failure
(10). Despite extensive studies to deciphermechanisms governing
the transition fromLVHtoheart failure, they remain elusive.On a
bright note, numerous preclinical studies have demonstrated that
abrogation of the hypertrophic response iswell tolerated and even
beneficial (11).
Remodeling of the adult heart entails alterations in the equilib-

rium between protein synthesis and protein degradation. In post-
mitotic cardiomyocytes, which are largely irreplaceable, the fidel-
ity of protein quality control is critical; accumulation ofmisfolded
molecules and protein aggregates is toxic, triggering adverse
responses and cell death. Themajor cellularmechanism for clear-
ing toxic protein aggregates, along with long-lived proteins and
dysfunctional organelles, is autophagy. In the context of cardiol-
ogy, autophagy and lysosomal pathways have been recognized for
many years both in human heart failure and in a variety ofmodels
of heart disease (12–16).
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Autophagy, Cellular Self-eating

Autophagy is an evolutionarily conserved catabolicmechanism
thatmaintainscellularhomeostasis inavarietyof contexts (17, 18).
Under basal conditions, autophagy is required to degrade long-
lived proteins and dysfunctional organelles. Under conditions of
stress, such as starvation and hypoxia, autophagy is activated, pro-
moting cell survival by releasing energy substrates via degradation
of cellular constituents and by eliminating defective or damaged
organelles (19). However, taken too far, excessive and uncon-
trolled autophagic activation can lead to depletion of essential
molecules andorganelles, triggering autophagic cell death (20, 21).
Three distinct types of autophagy have been described (17).

Microautophagy refers to lysosome-mediated direct engulfment
and degradation of cytosolic materials. In chaperone-mediated
autophagy,misfoldedproteinsare translocated to the lysosomevia
the cytosolic chaperone HSP70. Among all types of autophagy,
macroautophagy (hereafter termed autophagy) is the most com-
mon and important pathway to degrade long-lived proteins and
the only means to clear dysfunctional organelles.
In the presence of ample extracellular nutrients, growth factors,

such as insulin and insulin-like growth factor 1, stimulate glucose
uptake andpromote anabolic reactions. In this context, autophagy
is suppressed. In response to starvation, induced either by the
shortage of nutrients or by defects in growth factor pathways,
autophagy is rapidly activated to replenish ATP. In addition to
conditions of nutrient deprivation, enhanced levels of autophagy
are seen in microbial invasion, misfolded protein accumulation,
cancer, neurodegenerative disorders, and cardiac diseases (19).
Autophagy is a complex process that occurs in a stepwiseman-

ner divided into four stages: induction, nucleation, expansion, and
maturation/retrieval (Fig. 1) (22, 23).Todate, genetic screenings in
yeast have identified 32 autophagy-related (ATG) genes that

together regulate autophagosome formation (23). First, an isolated
membrane (phagophore) is localized to the phagophore assembly
site, where induction and nucleation take place. Expansion of the
phagophore involves addition of several regulatory elements and
engulfment of cytoplasmic constituents. The autophagosome, the
hallmark of autophagy, is formed as a distinctive double-mem-
brane vesicle 0.5–1.5 �m in diameter.
One of themost important upstream regulators of autophagy is

the protein TOR (24). In the presence of abundant nutrients and
intact insulin signaling, class I PI3K is activated to phosphorylate
itsdownstreamtargetAKT.AKTthenactivatesTOR.ActiveTOR
phosphorylates Atg13, inhibiting its interaction with Atg1, a criti-
cal stepduringautophagy induction (25).During starvation,Atg13
binds Atg1 and Atg17 to promote induction of autophagy.
The Atg1-Atg13-Atg17 complex is best characterized in yeast;

themammaliancounterpartmanifests slightlydifferentproperties
(26). Under nutrient-rich conditions, mTOR interacts with the
ULK1 (mammalian ATG1), mammalian ATG13, and FIP200
complex and phosphorylates ULK1 and mammalian ATG13 to
inhibit autophagy. In starvation, dissociation of mTOR causes
activation of ULK1, which phosphorylates mammalian ATG13
and FIP200 to promote autophagy. A class III PI3K complex is
then recruited to the assembly site to stimulatenucleation, and the
lipid kinase Vps34 is attached to the phagophore membrane
through Vps15. Additionally, Beclin 1/ATG6 and ATG14 in this
complex regulate Vps34 kinase activity. The activity of this lipid
kinase complex is crucial for recruitment of additional ATG pro-
teins to complete autophagosome formation.
Two ubiquitin-like systems contribute to the formation of the

autophagosome. ATG12 is activated by a ubiquitin E1-like
enzyme, ATG7, and transferred to a ubiquitin E2-like enzyme,
ATG10. ATG12 is then covalently conjugated to ATG5, and the

FIGURE 1. Autophagic machinery. In the absence of the suppressive influence of TOR kinase, dephosphorylated ATG13 interacts with ATG1 and ATG17,
forming a kinase complex that initiates autophagy. The class III PI3K complex comprises the lipid kinase Vps34, the regulatory subunits Beclin 1/ATG6 and
ATG14, and Vps15, which together generate phosphatidylinositol 3-phosphate, leading to nucleation of the autophagosome. Following this, two ubiquitin-
like conjugation systems generate ATG16-ATG5-ATG12 and LC3-II-PE complexes, expanding the phagophore and forming the autophagosome. Before fusion
with a lysosome to form an autolysosome, most ATG proteins are recycled under the regulation of ATG9 and ATG18. Beclin 1/ATG6 also interacts with UVRAG,
Vps34, and Vps15 to form another complex, which is involved in the maturation and trafficking of the autophagosome. Hydrolases within the lysosome
degrade the inner membrane of autophagosome and the engulfed cargo. The resulting constituents, including sugars, amino acids, and lipids, are then
released to the cytosol. IGF1, insulin-like growth factor 1; 3-MA, 3-methyladenine.
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resulting ATG12-ATG5 complex interacts with ATG16. In the
other ubiquitin-like system, LC3 (mammalian homolog of ATG8)
is first cleaved by ATG4 to expose a C-terminal glycine. This pro-
cessed LC3-I is then activated byATG7, the E1-like enzyme.After
being transferred by the E2-like enzyme ATG3, LC3-I is attached
to a PE molecule and localized to the phagophore membrane
(LC3-II). Lipidated LC3-II migrates faster than LC3-I upon SDS-
PAGE, and its abundance is commonly used to assess autophagic
activity.Most of theATGproteins areultimately recycled after the
maturation of the autophagosome through a pathway involving
ATG2, ATG9, and ATG18 (22).
Finally, the autophagosome fuses with a lysosome to form an

autolysosome.There, the engulfed cargo and the innermembrane
of the former autophagosome are degraded by acid hydrolases.
The resulting small molecules, including sugars, amino acids, and
lipids, are released to the cytosol through permeases. Thus, work-
ing in concert, two kinase systems (ATG1-ATG13 and class III
PI3K), twoubiquitin-like systems (ATG5-ATG12andLC3-II-PE),
and a retrieval/maturation system complete the autophagy flux
pathway.

Autophagy under Basal Conditions and in Setting of
Starvation

The critical importance of autophagy under basal conditions is
highlighted by cell death in its absence. Using an small interfering
RNA approach, Nakai et al. (27) depleted ATG7 from NRVMs.
With reduced autophagic activity, NRVMs manifested a classical
hypertrophic response, including increased cell size and enhanced
expressionofatrialnatriuretic factor.The investigators then found
that loss of autophagy in the heart in vivo triggered LVH, cardiac
dysfunction, and eventually heart failure (27). The importance of
basal autophagy is highlighted further by three reports addressing
Danon disease (28–30). In this disorder, cardioskeletal myopathy
arisesdue todeficiencyofLAMP2,a lysosomalmembraneprotein.
In the absence of LAMP2, fusion of autophagosomes with lyso-
somes is blocked, leading to accumulation of long-lived proteins
and consequent myopathy. Together, these results point to the
important housekeeping role in the heart of constitutive
autophagy.
During fasting for 3 days, progressive declines in heart weight

areobserved, consistentwithactivationof catabolicpathways (31).
Using autophagy reportermice, Kanamori et al. (31) reported that
autophagy is induced progressively during this period. Although
partial inhibition of autophagy does not affect cardiac function
under fed conditions, autophagy suppression during starvation
results in reduced cardiac ATP content and impaired heart per-
formance. Similar findings have been reported for NRVMs in cul-
ture (32).Collectively, these results indicate that autophagyplays a
critical protective role during nutrient deprivation in
cardiomyocytes.

Autophagy in Progression from Hypertrophy to Failure

Growth of myocytes is accomplished by increases in protein
synthesis, formation of new sarcomeres, and remodeling of exist-
ing cellular elements. In initial phases, anabolicprocessespredom-
inate; indeed, someevidence suggests that catabolicprocessesmay
be suppressed early on. For example, in a short-term study by
Pfeifer et al. (16), a 10-min infusion of the �-adrenergic agonist

isoproterenol in rat hearts reduced the cellular content of autoph-
agic vacuoles by 50%. Similarly, in anothermodel of pressure over-
load, autophagy was reported to be suppressed 1 week after TAC
(27).
Eventually, a new anabolic/catabolic steady-state equilibrium is

established, albeit at a higher level, with balance achieved between
synthetic and degradative processes. In this context, increases in
autophagy have been reported. Our group, for example, reported
that pressure overload induces autophagy as early as 24 h post-
TAC(33).Wefoundthatpartial suppressionofautophagicactivity
using Beclin 1�/� animals blunted load-induced pathological
remodeling. Conversely, overexpression of Beclin 1, with associ-
ated increases in autophagy, amplified adverse remodeling (33).
Along these same lines, Porrello et al. (34) reported that autophagy
is up-regulated, alongwithhypertrophic growthofNRVMs, in the
settingof long-termtreatmentwithangiotensin II.Nakai etal. (27)
reported that autophagy is increased 4 weeks after TAC inmice.
At one level, it seems paradoxical that a mechanism of protein

degradation would be activated during cell growth. However,
hypertrophic remodeling involves more than simply the addition
of proteins; there are substantial alterations in the content of
numerous sarcomeric components, for example. Thus, although
theoverall result is an increase incell size, activationofdegradative
pathways may be required in the processing of existing cellular
elements.
The kinetics of autophagic activation in load-inducedhypertro-

phy is poorly defined. As noted above, different groups have
reported different time courses of change, although up-regulated
autophagy is a consistent finding. Differences in surgical model,
animal strain, and genetic manipulation all likely contribute. For
example, Nakai et al. (27) performed banding using a 26-gauge
needle andobserved cardiac dysfunction andmortality at 4weeks.
Inour studies, a smaller 28-gaugeneedlewasused to induce severe
TAC, and cardiac dysfunction and increased mortality were
observed within days (33). It is possible that severe pressure stress
leads to emergence of more robust autophagy and quicker transi-
tion into a zone where autophagy is maladaptive (Fig. 2).
A number of theories have been espoused to explain the transi-

tion from stable compensated hypertrophy to systolic dysfunction
and decompensated heart failure. A common element among
these theories is myocyte dropout by cell death. Kostin et al. (35)
examined explanted hearts from 19 patients with end-stage heart
failure and found evidence for each of the threemajor types of cell
death, with autophagic death as the prominent one. Similar find-
ings have been made by Knaapen et al. (36), who reported that as
many as 0.3%of cardiomyocytes in end-stage failinghumanhearts
display features of autophagic cell death.
However, despite accumulating evidence linking autophagic

cell death to the pathogenesis of heart failure, some uncertainty
remains regardingwhether increasedautophagy is anepiphenom-
enon or a causative factor. Recent studies using animal models
havebeenperformedtoaddress this importantquestion. Inaham-
ster model of spontaneous cardiomyopathy, Miyata et al. (37)
found significant accumulations of autophagic vacuoles within
cardiomyocytes. Administration of granulocyte colony-stimulat-
ing factor suppressed autophagy and partially rescued the cardiac
phenotype. Using a Beclin 1 haploinsufficiencymodel, we showed
that decreased autophagic activity protects cardiomyocytes from
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death and preserves cardiac performance post-TAC (33). Con-
versely,Beclin1 transgenicoverexpression in theheart accelerated
the transition fromhypertrophy to failure.Our results suggest that
autophagy is a maladaptive process in response to hemodynamic
stress. Conversely, Nakai et al. (27) reported deteriorated cardiac
function post-TAC in the setting of ATG5 inactivation, and they
proposed that autophagy plays a protective role.
Whereas eachof these studies reported load-induced activation

of cardiomyocyte autophagy, the experimental findings led to
opposing conclusions regardingwhether autophagy is adaptive or
maladaptive. At one level, this is not surprising, as the dual nature
of autophagy is a recurring theme in other organ systems and dis-
ease states (38). However, important insights can be gleaned from
careful comparison of these two studies (39).
First, we have postulated that the physiological impact of auto-

phagy exists as a continuum, and awindow of optimal autophagic
activation is critical to the maintenance of cellular homeostasis
and function (Fig. 2) (39). Indeed, several lines of evidence suggest
that basal levels of autophagy are adaptive (40–42), whereas
stress-related increases in autophagy can be maladaptive. Nakai
et al. (27) employed a model in which Atg5 inactivation presum-
ably led to near-complete elimination of constitutive autophagy.
In contrast, Beclin 1�/� mice have only a 50% reduction in auto-
phagic flux. Thus, important functions carried out by basal levels
of constitutiveautophagywere lost inAtg5-deficientheartsbutnot
in Beclin 1�/� hearts. We have proposed that in the setting of
pressure overload, wild-type mice mount an autophagic response
that is sufficiently robust to elicit a maladaptive response (39).

Atg5-deficient mice cannot increase autophagy and remain in the
autophagy-deficient maladaptive range. In Beclin 1�/� mice, the
increase in autophagic activity is blunted, maintaining activity
closer to the adaptive zone. In Beclin 1 transgenic mice, load-in-
duced autophagic activity shifts yet further into the maladaptive
range. Consistent with this notion, some evidence suggests that
increased Beclin 1 expression, as occurs in hearts subjected to
pressureoverload (33), is indicativeofmaladaptiveautophagy (32).
Multiple mechanisms have been proposed to explain the acti-

vationof cardiacautophagy (39, 43).Okada etal. (44) reported that
ER stress is triggered in response to TAC-induced increases in
hemodynamic load.Klionsky and co-workers (45) showed that ER
stress per se is sufficient to stimulate Atg1 kinase activity and
induce autophagy in yeast. Kouroku et al. (46) found that the
PERK/eukaryotic initiation factor 2�branchof theER stress path-
way mediates autophagy induction in a model of neurodegenera-
tive disease.
On the other hand, aggregated protein complexes alonemay be

a proximal trigger of cardiac autophagy.We have observed robust
accumulation of polyubiquitinated proteins co-localized to auto-
phagic active sites in the left ventricle (47). We showed that poly-
ubiquitinated proteins are sufficient to induce autophagy in
NRVMs. Consistent with our findings, Depre et al. (48) found
increased proteasome expression and activity in load-stressed
heart.Collectively, accumulationofproteinaggregatesmay induce
ubiquitination pathways and ER stress, which, in turn, trigger
autophagy.

Autophagy in Myocardial Ischemia

Ischemic heart disease is a major contributor to the aggregate
burden of heart disease around the world (2, 6), and hypertension
is a major risk factor in its development (2). As part of this, evi-
dence suggests that myocyte ischemia contributes to the patho-
genesis of hypertensive heart disease in the absence of coronary
atherosclerosis. During cardiac growth, coronary angiogenesis is
induced robustly to meet increased metabolic and oxygen
demands. Indeed, intricate coordination between cell growth and
angiogenesis is critical to the entire remodeling process. Izumiya
et al. (49) attenuated angiogenesis using adecoy vascular endothe-
lial growth factor receptor and found that heartswerepredisposed
to decompensation after TAC. Similarly, Shiojima et al. (50)
reported defective angiogenesis in response to prolonged hyper-
trophic stimulation. Using a model of inducible cardiomyocyte-
specific expression of a constitutively active AKT1 mutant, these
investigators found that expression of AKT1 for 2 weeks induced
cardiac hypertrophy with preserved contractility. However, the
transgenic mice developed dilated cardiomyopathy at 6 weeks,
coincident with decreases in capillary density (50). In this setting,
autophagy may be suppressed initially by AKT1-mediated
increases inmTORactivity.However, continued growthmayulti-
mately exhaust angiogenic potential, resulting in limitations in
nutrient and oxygen supply; these latter events may, in turn,
induce autophagy.
Autophagy is activated in response to myocardial ischemia.

Studying an ex vivo rabbit heart model 30 years ago, Decker and
Wildenthal (51) showed that 40minof hypoxia triggers significant
autophagosome and autolysosome formation. Ultrastructural
analysis revealed autophagosomes in close proximity to swollen

FIGURE 2. Model of the role(s) of autophagy in hypertensive heart dis-
ease. In the basal state, constitutive levels of autophagy are required for cell
survival, especially in post-mitotic cells that must survive decades without
replication. Near-total inactivation of autophagic activity is maladaptive, pro-
moting cell death. Conversely, less drastic decreases (or conversely,
increases) in autophagic activity are not associated with untoward events. In
the setting of growth stimulation, both anabolic and catabolic processes are
activated. During the initial phase, the former predominates, and cell growth
ensues. In fact, some evidence suggests that the catabolic autophagic path-
way may be transiently suppressed in early phases of growth. Ultimately,
however, a new steady state emerges where levels of autophagic flux are
increased. Depending on the strength of the growth stimulus (and the
genetic context where autophagy is suppressed either completely or partially
or amplified), the resulting autophagic activity is either adaptive or maladap-
tive. In some contexts, hypoxia may contribute to the induction of maladap-
tive autophagy, as well. WT, wild type; Tg, transgenic.
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and fragmentedmitochondria (51). In rodents in vivo,Matsui etal.
(32) reported dramatic up-regulation of autophagosome forma-
tion 30 min after ischemia-inducing surgery. Together, these
results strongly suggest that autophagy is activated by myocardial
ischemia.Going further, these investigators reported that suppres-
sion of autophagy using 3-methyladenine enhanced myocyte
death triggered by glucose deprivation, an in vitromimic of tissue
ischemia (32). These observations suggest that ischemia-induced
autophagy is protectiveby replenishingdepletedenergy stores and
ridding the cell of dysfunctional potentially toxic organelles.
Recentworkhas revealed that inactivationofhypoxia-inducible

factor 1� in fibroblasts blunts hypoxia-induced autophagy (52). A
role for AMPK (AMP-activated protein kinase) in ischemia-in-
duced autophagy has been posited, as well (32). Thus, thesemole-
cules may participate in autophagy that promotes cell survival by
eliminating dysfunctional mitochondria, which would otherwise
release reactive oxygen species and pro-apoptotic mediators.

Autophagy in I/R

Mounting evidence suggests that reoxygenation following
ischemia triggers a second wave of autophagic activation. Decker
andWildenthal (51) detected numerous autophagosomes after 20
minofhypoxiaand30minof reperfusioncomparedwith20minof
hypoxia alone. In a chronic I/R model in swine, Yan et al. (53)
reported that six episodes of reduced coronary flow followed by
12hof reperfusion elicited increased expressionof elements of the
autophagy pathway. In addition, they found that apoptosis was
suppressed when autophagy was up-regulated. Similar findings
have been reported in the cardiac myoblast cell line H9c2, HL-1
cells, NRVMs, and isolated rat hearts (54–56).
Divergent resultshaveemerged regardingwhether autophagy is

adaptive or maladaptive in the context of I/R injury. Matsui et al.
(32) found dramatic up-regulation of Beclin 1 following I/R in
mice. In Beclin 1�/� animals, autophagy was significantly attenu-
ated compared with wild-type controls. Interestingly, Beclin 1�/�

mice manifested less infarction and suppressed apoptosis (32).
Consistent findings were reported by Valentim et al. (55) in both
NRVMs and adult cardiomyocytes; I/R activated cell death and
autophagy, and suppression of autophagy with 3-methyladenine
improved cell viability. Collectively, these data lend support to the
notion that autophagy induced by I/R is detrimental.
In contrast,Hamacher-Brady et al. (56) reported that simulated

I/R induced cell death in HL-1 cells in concert with increases in
autophagy. Augmentation of autophagy with rapamycin or by
Beclin 1 overexpression was protective. Gurusamy et al. (54)
reported that adaptation by repeated brief episodes of ischemia
activated autophagy and that wortmannin blocked autophagy
induction and abolished the cell-protective effects. Yitzhaki et al.
(57) used an adenosine receptor agonist to mimic simulated I/R
and found that autophagy is required for cardioprotection in both
HL-1 cells andNRVMs. In aggregate, these data suggest that auto-
phagy during simulated I/R is a prosurvival adaptive response.
Clearly,morework iswarranted to elucidate the role of autophagy
as protective or detrimental during I/R.
The functional role of autophagy in I/R injury is likely to be

complex (58), and several mechanisms have been proposed (59).
Structural studies identified Beclin 1 as a BH3-only protein, which
raises an important issue, as BH3-only proteins are generally pro-

apoptotic (60).This is consistentwith theobservation thatBeclin1
interacts with the prosurvival molecule Bcl-2 to inhibit its action.
Basedon this, it is tempting to speculate thatBeclin 1 induction, as
occurs in I/R, stimulates autophagy and possibly cell death
through its BH3 domain.
Another molecule involved in I/R-induced cell death is

Bnip3, a downstream target of hypoxia-inducible factor 1�. In
the heart under basal conditions, Bnip3 is expressed at negligi-
ble levels, but its abundance ismassively up-regulated following
I/R (61). Ablation of Bnip3 does not elicit an obvious cardiac
phenotype (61). However, Diwan et al. (61) reported preserved
left ventricular systolic performance and diminished I/R-in-
duced cardiac dilatation in Bnip3-deficient mice. In contrast,
overexpression of Bnip3 induced progressive ventricular dila-
tion and impaired systolic performance possibly due to
increased apoptosis. These results suggest that Bnip3 promotes
I/R-induced cell death. Consistent with this, Hamacher-Brady
et al. (62) provided evidence that Bnip3 induces mitochondrial
fragmentation and autophagy. Suppression of Bnip3 using a
dominant-negative mutant protected against I/R injury. Col-
lectively, these findings suggest that Bnip3 contributes to cell
death during I/R injury, positioning Bnip3 as a potential thera-
peutic target.

Conclusions and Perspective

The association between hypertension and cardiovascular dis-
ease is long-established. Aspects of the underlying pathogenesis
are starting to be unveiled, and autophagy has emerged as a signif-
icant contributor. Whereas basal constitutive autophagy is indis-
pensable to maintain cellular homeostasis, autophagy is activated
in response to the cellular stresses occurring in hypertensive heart
disease. In some contexts, autophagy is protective and adaptive,
providing energy resources andmolecular building blocks to pro-
mote cell function and survival. Under other circumstances, how-
ever, autophagic activity ismaladaptive, promoting disease patho-
genesis and cell death (Fig. 2).
Precedent exists (for example, in oncology) for a requirement of

finely tuned autophagic activation; too little autophagy and too
much autophagy can each be detrimental. Despite considerable
progress in our understanding of the molecular machinery of
autophagy, our understanding of its adaptive versus maladaptive
effects lags. Looking to the future, detailed elucidation of the
mechanisms and effects of autophagy in hypertensive heart dis-
ease will be essential to our long-term goal of targeting thismech-
anism for therapeutic gain.
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15. Dämmrich, J., and Pfeifer, U. (1983) Virchows Arch. B Cell Pathol. Incl.

Mol. Pathol. 43, 287–307
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Peroxisome proliferator-activated receptor-� (PPAR�) is a
ligand-activated transcription factor of the nuclear hormone
receptor superfamily. Increasing evidence suggests that PPAR�
is involved in the regulation of vascular function andbloodpres-
sure in addition to its well recognized role in metabolism. Thia-
zolidinediones, PPAR� agonists, lower blood pressure and have
protective vascular effects through largely unknown mecha-
nisms. In contrast, loss-of-function dominant-negative muta-
tions in human PPAR� cause insulin resistance and severe early
onset hypertension. Recent studies using genetically manipu-
lated mouse models have begun to specifically address the
importance of PPAR� in the vasculature. In this minireview,
evidence for a protective role of PPAR� in the endothelium and
vascular smooth muscle, derived largely from studies of geneti-
cally manipulated mice, will be discussed.

Expression and Mechanism of Action

Two PPAR�2 isoforms termed PPAR�1 and PPAR�2, which
differ by a 28-amino acid (30-amino acid in human) extension
at the N terminus due to differential promoter usage and alter-
native splicing, have been identified (1). Despite nearly exclu-
sive expression of PPAR�2 (the longer isoform) in adipose tis-
sue, PPAR�1 is found in many tissues but at lower levels (1).
Although a number of putative endogenous ligands have been
identified, many exhibit low affinity, and thus, PPAR� may still
be considered an orphan nuclear receptor. Proposed ligands
include polyunsaturated fatty acids, oxidized fatty acids, and
prostaglandin J2 (1). TZDs are high affinity synthetic PPAR�

ligands that have been used to treat patients with insulin resist-
ance and type 2 diabetes.
Mechanistically, in the absence of ligand, PPAR�/RXR

heterodimers are bound with a complex of co-repressors to
PPREs in the regulatory region of target genes, resulting in
active transcriptional silencing. Ligand activation induces a
conformational change that stimulates dissociation of co-
repressors and replacement with a complex of co-activators
to facilitate transactivation of PPAR� target genes (Fig. 1)
(1). The co-activator complex includes proteins that modulate
chromatin structure and bridge PPAR�with the transcriptional
machinery. Genomic deletion of PPAR� results in higher basal
target gene expression (2), consistent with a mechanism of
active repression. PPAR� also controls expression of genes
through an alternative mechanism termed “transrepression.”
PPAR�-mediated transrepression occurs via interaction with
other transcription factors (such as NF-�B and AP1), and
although it is ligand-dependent, it apparently does not require
binding of PPAR� to a PPRE. It has been suggested that the
transrepression process plays important roles in inhibiting
inflammatory gene expression (Fig. 1) (3). The transrepression
pathway for PPAR� has been most intensively studied in mac-
rophages as reported previously (3) and reviewed recently (4).

PPAR� Mutations and Hypertension

Given that PPAR� is a critical regulator of adipogenesis, it
is not surprising that mutations or polymorphisms of PPAR�

in humans are often associated with impaired adiposity.
However, rare mutations in PPAR� have been reported to
cause HT. For instance, patients with heterozygous muta-
tions (P467L or V290M) in the ligand-binding domain of
PPAR� develop severe insulin resistance and HT at an early
age (5). Mechanistic studies revealed that these mutants
retain the ability to bind to DNA at consensus PPREs but
exhibit impaired basal and ligand-induced transcriptional
activity. Moreover, they can inhibit the transcriptional acti-
vation of coexpressed wild-type PPAR�. Consequently, it
was concluded that they act in a DN manner. We reported
recently that expression of DN PPAR� (mouse P465L, which
is equivalent to human P467L) in aorta inhibits the expres-
sion of genes that are normally stimulated by TZDs (6). It
remains unclear if these mutations affect the transrepression
pathway. Another mutation in the ligand-binding domain
(F360L) associated with HT has also been identified. How-
ever, the F360L mutant does not possess DN activity (7). In
addition, other patients with rare heterozygous mutations
(C114R, C131Y, or C162W) in the DNA-binding domain of
PPAR� exhibit increased BP (8). These mutations also act in
a DN manner but block transcriptional activation via a
mechanism involving sequestration of RXR and co-activa-
tors. Although the prevalence of patients carrying these
mutations is low, the evidence clearly implicates a significant
role of PPAR� or PPAR� target genes in BP regulation.

* This is the second of five articles in the “Biochemistry in Medicine: Hyper-
tension Minireview Series.” This minireview will be reprinted in the 2010
Minireview Compendium, which will be available in January, 2011.
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some proliferator response element; HT, hypertension/hypertensive; DN,
dominant-negative; BP, blood pressure; EC, endothelial cell; ET-1, endo-
thelin-1; VSMC, vascular smooth muscle cell; RZ, rosiglitazone; PIO, piogli-
tazone; Ang II, angiotensin II; SHR, spontaneous hypertensive rat; DOCA,
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Endothelial PPAR�

Endothelial dysfunction is a marker of cardiovascular disease
and is closely associatedwith inflammation.PPAR� is expressed in
ECs, and it exerts anti-inflammatory effects through various
mechanisms (Fig. 2) (9). Expressionof constitutively activePPAR�

in cultured ECs reduces adhesionmolecule expression and leuko-
cyte recruitment via suppression of NF-�B and AP1 activation
(10), presumably through a transrepression pathway similar to
thatoccurring inmacrophages (3).PPAR�also inhibits the inflam-
matory responses to other cytokines (interferon-� and tumor
necrosis factor-�) in human EC cultures (11). Inhibition of the
protein kinase C pathway has also been reported as an anti-in-
flammatory target of PPAR� (12).

ECs regulate vascular tone in part through the production of
vasoactive agents. Activation of PPAR� enhances NO production
(13), whereas disruption of PPAR� in ECs causes a reduction in
NOrelease (14).Moreover, PPAR� ligand reduces reactiveoxygen
species production in ECs by decreasing expression of the
NADPH oxidase subunits nox1, gp91phox, and nox4 and by in-
creasing activity and expression of copper/zinc superoxide dis-
mutase (15). These data suggest that activation of endothelial
PPAR� can increase NO bioavailability. Besides modulation of
NO, activation of PPAR� can affect vascular tone through sup-
pressionof ET-1 synthesis inECs (16).Consequently, activationof
PPAR� is beneficial for endothelial function by promoting an
anti-inflammatory and antioxidant milieu and by maintaining
the proper balance of vasodilators and vasoconstrictors, which
would influence vascular tone.

Vascular Smooth Muscle PPAR�

Activation of PPAR� by TZDs can directly affect smooth
muscle-mediated constriction. As reported in both VSMC cul-
ture and rat aortic rings, TZDs can inhibit the L-type Ca2�

current (17), thereby reducing vascular contraction (Fig. 2).
Similar findings were also reported in a resistance vessel. Non-
TZD PPAR� agonists blunt myogenic tone in pressurized mes-
enteric artery perhaps through inhibition of L-type Ca2� chan-
nels (18). Interestingly, TZDs may promote vasorelaxation
through stimulation of Ca2�-activated K� channels, but the
mechanism remains unclear (19). Cautionmust be taken before
concluding that the vasodepressor action of these compounds
occurs through PPAR�-dependent mechanisms because phar-
macological concentrations of RZ (�1000 �M) can cause relax-
ation in isolated arteries, effects that are not blocked by a
PPAR� antagonist (20).

Activation of PPAR� can also affect Ca2� sensitization. In
primary rat VSMCs, PIO promotes the activation of myosin
light chain phosphatase, thus reducing phosphorylation of
myosin light chain (21). Similarly, Wakino et al. (22) demon-
strated that PIO and troglitazone treatment suppresses Ang
II-stimulated Rho kinase activity in vitro. PIO treatment lowers
BP in SHRs, which is associated with inhibition of Rho kinase
activity in the vasculature. As discussed in detail below, we
reported recently that aortas from mice with vascular smooth
muscle-targeted expression of the DN PPAR� mutation P467L
exhibit a marked contraction response to ET-1, which is signif-
icantly blunted by Rho kinase inhibition (23). Taken together,
these data indicate that PPAR� may have a profound effect on
vasoconstrictor pathways.

Evidence from Human Studies

TZDs moderately decrease BP in individuals with insulin
resistance, presumably, but not exclusively, by improving insu-

FIGURE 1. Summary of PPAR� transcriptional mechanisms. In the transac-
tivation pathway (top), unliganded PPAR� (green) and RXR (red) complex with
co-repressors (CoR; blue) on the PPRE of a PPAR� target gene. This leads to
active repression in the absence of PPAR� ligands. The level of repression and
thus the level of basal transcription will depend on the cycling of co-repres-
sors on and off the chromatin. Addition of endogenous or exogenous ligands
induces a change in the complex that dismisses the co-repressors and recruits
a complex of co-activators (CoA; green), leading to an increase in transcription
of the target gene. This complex has many components, including enzymes
that modify histones and mediators linking the PPAR� complex with the tran-
scriptional machinery. In the transrepression pathway (bottom), an inflamma-
tory stimulus activates the transcription of pro-inflammatory genes via
NF-�B, AP1, and other pathways through an association of these factors with
their cognate response element (inflammatory response element (IRE)).
PPAR� ligands exert their anti-inflammatory action by association of liganded
PPAR� with an “inhibitory complex” (IC; red), which decreases expression of
the pro-inflammatory genes. Apparently, this does not require a PPRE or part-
nership with RXR. Components of the complex include post-translationally
modified PPAR�, SUMO (small ubiquitin-like modifier)-protein ligases, ubiq-
uitin-conjugating enzymes, and proteins that link these with co-repressors
targeting AP1 and/or NF-�B. A comprehensive review of this pathway has
been published recently (4). FA, fatty acid; 15d-PGJ2, 15-deoxy-�12,14-prostag-
landin J2.

FIGURE 2. Summary of PPAR�-mediated effects on pathways in the endo-
thelium and vascular smooth muscle. PPAR� affects gene expression and
consequently the vascular phenotype via PPRE-dependent transactivation
and the transrepression mechanism as shown in Fig. 1. In ECs, activation of
PPAR� reduces inflammation, reactive oxygen species, and ET-1 release while
increasing NO bioavailability. In VSMCs, PPAR� ligand mediates inhibition of
Ca2� influx through the voltage-dependent Ca2� channel (VDCC) and blunts
Rho kinase activation. Moreover, TZDs prevent VSMC proliferation by inhib-
iting growth factor signaling. Therefore, PPAR� may control BP homeostasis
by regulating the balance between vasodilation and vasoconstriction. SOD,
superoxide dismutase; MAPK, mitogen-activated protein kinase.
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lin sensitivity. However, when comparing the effects of TZDs
with other insulin-sensitizing drugs or insulin secretagogues on
BP in insulin-resistant individuals (24), only TZDs were associ-
ated with a reduction in BP. These observations suggest that
TZDs may exert vasodepressor effects independently of their
insulin-sensitizing properties. As observed in the PROactive
Trial (Prospective Pioglitazone Clinical Trial in Macrovascular
Events), a PIO-mediated reduction inmean systolic BP of 3mm
Hg is associated with a significant reduction in cardiovascular
mortality in patients with type 2 diabetes (25). Therefore,
although TZDs cause a small reduction in BP, it appears that
this is sufficient to lower cardiovascular risk (24).
Interestingly, the beneficial cardiovascular effects of TZDs

might extend beyond the lowering of BP. In the DREAM Trial
(Diabetes Reduction Assessment with Ramipril and Rosiglita-
zoneMedication), RZ substantially reduced the risk of diabetes
or death (26, 27). Ramipril, an inhibitor of the renin-angioten-
sin system (an angiotensin-converting enzyme inhibitor), did
not reduce risk despite superior BP reduction. The substudy of
the DREAM Trial (STARR, Study of Atherosclerosis with
Ramipril and Rosiglitazone) that evaluated carotid-intima
media thickness, a measure of vascular disease progression,
demonstrated that RZ modestly reduces carotid-intima media
thickness progression (28). Consequently, PPAR� may play a
role in vascular structure and growth (discussed below).
It is important to recognize that although TZDs appear to

have some cardiovascular protective actions, the beneficial
effect of TZDs may be counterbalanced by an increase in the
incidence of heart failure and systemic edema. For example, RZ
is associatedwith a higher risk of heart failure as reported in the
DREAM Trial and the interim report from the RECORD Trial
(Rosiglitazone Evaluated for CardiacOutcomes and Regulation
of Glycemia in Diabetes) (29). The caution regarding the effects
of RZ on the risk of myocardial infarction and cardiovascular
death remains under debate.

Evidence from Animal Studies

TZDs have been reported to reduce BP in both insulin-resis-
tant and non-insulin-resistant models of HT. For example, RZ
reduces the development of HT in insulin-resistant models,
fructose-fed rats (30) and obese Zucker rats (31). The BP-low-
ering effect of TZDs in these models may be due in part to
metabolic improvements. Although results from non-insulin-
resistant HT animal models are somewhat controversial, most
studies have demonstrated beneficial effects of TZDs on HT
and vascular function.
In Ang II-induced HT, TZDs attenuate the development of

HT without affecting the lipid profile. Activation of PPAR� by
TZDs reduces vascular inflammation, prevents up-regulation
of theAng II type 1 receptor, and improves endothelium-depen-
dent dilation in mesenteric artery (32). Interestingly, RZ lowers
the BP and improves the vascular function of a lifelongHTmouse
model expressing both human renin and human angiotensinogen
transgenes.However, RZhasno effect on expression of endothe-
lial nitric-oxide synthase, Ang II type 1 receptor, or prepro-
ET-1 (20). In addition, neurologic HT induced by injection of
Ang II into the rostral ventral lateral medulla of the brain is
prevented by RZ (33).

Four-week treatment with PIO lowers BP in SHRs (34). It is
notable that expression of PPAR� in mesenteric arteries is
increased in the SHR (35), which may facilitate a greater vaso-
depressor response to TZDs. Similarly, RZ reduces BP and
improves vascular relaxation responses to NO in SHRs by a
mechanism associated with a reduction in oxidative stress (36).
In DOCA-salt-induced HT rats, treatment with RZ partially
prevents the increase in BP and preserves endothelial function.
Prepro-ET-1 mRNA is significantly increased in mesenteric
arteries and aortas of DOCA-salt-treated rats, and this is abro-
gated by RZ (37).

Unique Insights from Genetic Mouse Models

Taken together, accumulating evidence from humans and
animal models supports the hypothesis that activation of
PPAR� may promote antihypertensive effects and prevent vas-
cular dysfunction. However, most previous studies investigat-
ing PPAR� have relied heavily, if not exclusively, on systemic
treatmentwithTZDs. Because of its role as an insulin sensitizer,
caution must be taken to conclude that the cardioprotective
effects of TZDs are attributable to the direct actions of PPAR�
in the vasculature. Moreover, the majority of studies using
TZDs have not demonstrated whether the vasodepressor effect
is mediated through PPAR�. To resolve these issues, investiga-
tors have developed genetic models causing either ablation or
interference with PPAR�. In initial studies, this was performed
systemically, but in later studies, it was targeted specifically to
the endothelium or vascular smooth muscle. These studies
have now provided unique insights into the specific vascular
role of PPAR� (summarized in Table 1).

Systemic Models

Ablation of PPAR�—Classic PPAR�KOmice die in uterodue
to embryonic defects in placental vascularization and myocar-
dial thinning (38), suggesting a critical role for PPAR� first in
early fetal and then in later cardiovascular development. Sub-
sequently, viable PPAR�KOmicewere generated by preserving
PPAR� expression in trophoblasts (39). Despite severe lipodys-
trophy and insulin resistance in this mouse model, total loss of
PPAR� surprisingly leads to hypotension. These findings are
counterintuitive because insulin resistance is normally associ-
ated with increased BP, and PPAR� activation lowers BP (39).
High salt treatment increases BP in both wild-type and PPAR�
KO mice similarly, and the BP in PPAR� KO mice remains
lower than that inwild-typemice. These data suggest that other
mechanisms rather than salt handling could account for lower
BP. It is notable that aortas from these mice exhibit a blunted
contraction response to PE and an enhanced relaxation
response to ACh, which may explain the hypotensive pheno-
type (39). What remains unresolved is how to reconcile the
contradiction that PPAR� activators lowerBP and improve vas-
cular function, whereas PPAR� deficiency does the same.
DN Mutation of PPAR�—Patients heterozygous for DN

mutations in PPAR� were noted to have severe insulin resis-
tance, partial lipodystrophy, and early onset HT (5). Homozy-
gous knock-inmice carrying the equivalent to the P467Lmuta-
tion in humans (P465L inmice) die in utero, consistentwith this
allele lacking transactivation capacity (40). Similar to P467L
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patients, heterozygous P465L/� (one normal and one mutant
allele) mice have abnormal fat distribution and have HT. How-
ever, the knock-in mice do not exhibit insulin resistance as
observed in humanpatients. Further studies have indicated that
renal salt andwater handling is normal (40). These observations
provide evidence that the effects of PPAR� on BP regulation
may be uncoupled from its effects on insulin sensitivity. We
therefore tested the hypothesis that P465L knock-in mice
would exhibit vascular dysfunction. We reported that cerebral
arteries and arterioles exhibit severe endothelial dysfunc-
tion, which is restored by a scavenger of superoxide (41).
This suggests that PPAR� protects vascular function by pre-
venting oxidative stress. We also observed vascular remod-
eling and hypertrophy in cerebral arterioles from these mice
(41). Both of these structural changes and impaired vasodi-
lation could reduce vasodilator capacity and cerebral blood
flow and could potentially contribute to increased peripheral
vascular resistance and thus BP. These studies also suggest
that cerebral vessels are particularly sensitive to effects of
PPAR� interference (41).

Tissue-specific Models

Todifferentiate the specific role of PPAR� in the vasculature,
cell-specific promoters have been used to modulate PPAR�
expression in either the endothelium or vascular smooth
muscle.

Genetic Models of Endothelial PPAR�

Ablation of Endothelial PPAR�—Most studies investigating
the role of PPAR� in ECs are based on the use ofTie2promoter-
drivenCre recombinase. This promoter is widely utilized as “an
EC-specific promoter.” However, the data obtained from the
models must be interpreted cautiously because expression of
Tie2-Cre is also found in hematopoiesis-derived cell types.
Indeed, ablation of PPAR� by Tie2-Cre results in osteopetrosis
(42) and production of toxic milk in pregnancy (43), effects
unlikely to be directly attributable to EC PPAR�. Therefore,
loss of PPAR� in non-EC types inwhichTie2 is active could lead
to confounding results.
Nicol et al. (44) first reported that disruption of PPAR� in

ECs (E-PPAR� null mice) does not alter base-line BP. However,
E-PPAR� null mice exhibit HT after being fed a HF diet. RZ
decreases BP in wild-type mice during a HF diet but fails to
reduce BP in E-PPAR� null mice (44), suggesting that endothe-
lial PPAR� is required for the BP-lowering effects of TZDs in
response to HF. Further studies from the same mouse model
have addressed the role of endothelial PPAR� in systemic
metabolism. The investigators in this study recognized the
potential confounding influence of Tie2-Cre expression in
hematopoietic cells and performed bone marrow transplanta-
tion to ensure that the effects were due to endothelial PPAR�.
The results were surprising, as loss of PPAR� specifically in
ECs protected against HF diet-induced adiposity and insulin
resistance (45). Endothelium-dependent relaxation remained
impaired in carotid arteries from these mice after a HF diet,
suggesting a complicated mechanism by which endothelial
PPAR� regulates both systemic metabolism and vascular func-
tion. These data suggest the provocative hypothesis that EC
PPAR� may be beneficial in the vessel but have some other
detrimental effects in other cell types.
The mechanisms responsible for the BP actions of endothe-

lial PPAR� are not completely understood. The following stud-
ies proposed potential mechanisms. PPAR� deletion in ECs
causes hypercontraction responses to PE, Ang II, andKCl in the
femoral artery without altering ACh-mediated relaxation. This
is accompanied by a loss of rhythmicity of the clock geneBmal1
in the blood vessel (46). It remains unclear how changes in the
rhythmicity of gene expression in the blood vessel could play a
role in the reduction of BP during the dark phase. In a separate
study by the same group, the HT caused by DOCA-salt was
similar between E-PPAR� nullmice and control littermates. RZ
significantly lowers BP only in DOCA-treated control mice but
not in E-PPAR� null mice (47), consistent with the earlier
report byNicol et al. (44) that endothelial PPAR� is required for
the BP-lowering effect of TZDs.
Using the same E-PPAR� null mouse model, Kleinhenz et al.

(14) reported quite different findings. Here, E-PPAR� null mice
exhibited significantly increased base-line BP, although the BP
response to Ang II infusion was similar in E-PPAR� null and
control mice. Vascular reactivity of the aorta in response to
ACh was markedly impaired, whereas the response to NO
donor was normal, indicating endothelial dysfunction. As
expected, lack of PPAR� in ECs diminishedNOproduction and
caused oxidative stress. Elevated NF-�B binding activity was

TABLE 1
Summary of BP and vascular phenotypes of different genetic models
used to study the role of PPAR� in the vasculature
5-HT, 5-hydroxytryptamine (serotonin); PGF2�, prostaglandin F2�; SNP, sodium
nitroprusside; hPPAR�, human PPAR�; SMMHC, smooth muscle myosin heavy
chain.
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also found in aortas from these mice, suggesting a loss of the
anti-inflammatory actions of PPAR�. This study provides addi-
tional compelling evidence that endothelial PPAR� exerts vas-
cular protection by reducing oxidative stress and inflammation.
DN Mutation of Endothelial PPAR�—The roles of endothe-

lial PPAR� in regulating vascular function have been explored
by targeting expression of DN mutant PPAR� (P467L or
V290M) specifically in ECs under the control of the vascular
endothelial cadherin promoter (48). These are the same muta-
tions that cause HT in human patients (5). Neither the aortas
nor basilar arteries from transgenic mice fed a normal diet
exhibited vascular dysfunction.However, after 12weeks of aHF
diet, basilar arteries from transgenic mice exhibited markedly
impaired endothelium-dependent dilation, which was reversed
by a superoxide scavenger. Endothelial dysfunction became evi-
dent in aortas from transgenic mice after prolonged HF diet
treatment (25 weeks) (48). These data suggest that interference
of PPAR� in ECs is clearly deleterious. An array of genes related
to oxidative stress such as NADPH oxidase subunits was found
to be increased in ECs derived from transgenic mice. Although
there was no difference in BP between transgenic and control
mice, the pressor response to Ang II was augmented in trans-
genic mice carrying endothelium-specific DN PPAR� (48). All
of these data support the notion that PPAR� in ECs plays a
critical role in protecting the blood vessel against dysfunction in
response to aHF diet.Moreover, cerebral vessels appear partic-
ularly susceptible to vascular dysfunction after the combination
of interference of EC PPAR� and a HF diet.

Genetic Models of Smooth Muscle PPAR�

Ablation of Smooth Muscle PPAR�—Recent studies by
Chang et al. (49) demonstrated that VSMC-selective PPAR�
deficiency leads to hypotension.Again, this is particularly inter-
esting because ligand-mediated activation of PPAR� typically
reduces BP, suggesting that genes related to BP regulation
could be suppressed by PPAR�. �2-Adrenergic receptor
expression is increased by PPAR� deficiency, which may
account for the increased dilation in response to �-adrenergic
receptor agonists and the hypotensive phenotype observed in
thesemice (49). In contrast,Wang et al. (46) demonstrated that
loss of smooth muscle PPAR� leads to abnormalities in circa-
dian rhythm andHT during the resting phase. The discrepancy
between these two studies may be attributable to differences in
engineering of SMC-targeted Cre recombinase mice, with the
former model being a knock-in allele with very accurate SMC
targeting. Moreover,Wang et al. (47) reported that DOCA-salt
treatment increases BP similarly in wild-type and VSMC-tar-
geted PPAR� null mice and that RZ successfully reduces BP in
both. On the basis of this study, the authors concluded that
smooth muscle PPAR� is not required for the antihypertensive
actions of TZDs, unlike the results from the E-PPAR� null
mice. Unexpectedly, the relaxation response to ACh in femoral
arteries from VSMC-targeted PPAR� null mice was improved,
whereas the contraction response to PE was slightly reduced
(47).
DNMutation of SmoothMuscle PPAR�—Wehave generated

transgenic mice harboring a DN PPAR� mutation under the
control of the smooth muscle myosin heavy chain promoter.

These mice exhibit HT and severe aortic dysfunction (23).
Relaxation in response to ACh and sodium nitroprusside is sig-
nificantly impaired in the thoracic aorta in vitro, and reduced
relaxation in response to a cGMP analogue provides evidence
that the PPAR�-mediated defect is downstream of cGMP.
Strikingly, the contractile responses of aortas from transgenic
mice to agonists such as ET-1 and serotonin are markedly ele-
vated despite a normal receptor-independent contraction
response to KCl (23). These transgenic mice display an eleva-
tion of BP, consistent with mice and humans carrying these
mutations. Interestingly, cerebral arterioles in S-P467L mice
show hypertrophy and inward remodeling (23). Our data high-
light a critical role of smoothmuscle PPAR� in the regulation of
vascular structure and function.

Concluding Remarks

Most of the evidence clearly demonstrates that vascular
PPAR� plays an important role as a regulator of vascular func-
tion and BP. However, there is substantial conflict in the liter-
ature regarding the importance and role of PPAR� as gleaned
from cell-specific knock-out studies. The reason for these con-
flicts may include differences in the specificity of Cre recombi-
nase models employed, the genetic background, the specific
vessels studied, and the measurements of BP. Each of these
factors could affect interpretation of the data. Indeed, our stud-
ies of endothelium-specific interference with PPAR� illustrate
that there is differential susceptibility to dysfunction among
vascular beds.
One aspect of these studies that requires additional analysis

is whether genetic ablation (Cre-loxP) is functionally identical
to genetic interference (thoughDNmutations). It is quite likely
that these models of PPAR� ablation are not identical. For
example, PPAR� deficiency may cause a loss of active repres-
sion of certain target genes that occurs in the absence of ligand.
In contrast, DN PPAR� causes increased repression due to
increased occupancy of PPAR�/RXR�co-repressor complexes
at PPREs (50). Therefore, the mode of ablation needs to be
considered in the further development of models designed to
interrogate PPAR�. Our choice of theDNmutant approachwas
motivated by the observation that these are bona fidemissense
mutations causing early onset HT in human patients.

REFERENCES
1. Bensinger, S. J., and Tontonoz, P. (2008) Nature 454, 470–477
2. Guan, H. P., Ishizuka, T., Chui, P. C., Lehrke, M., and Lazar, M. A. (2005)

Genes Dev. 19, 453–461
3. Pascual, G., Fong, A. L., Ogawa, S., Gamliel, A., Li, A. C., Perissi, V., Rose,

D. W., Willson, T. M., Rosenfeld, M. G., and Glass, C. K. (2005) Nature
437, 759–763

4. Perissi, V., Jepsen, K., Glass, C. K., and Rosenfeld, M. G. (2010) Nat. Rev.
Genet. 11, 109–123

5. Barroso, I., Gurnell, M., Crowley, V. E., Agostini, M., Schwabe, J.W., Soos,
M. A., Maslen, G. L., Williams, T. D., Lewis, H., Schafer, A. J., Chatterjee,
V. K., and O’Rahilly, S. (1999) Nature 402, 880–883

6. Keen, H. L., Halabi, C.M., Beyer, A.M., de Lange,W. J., Liu, X.,Maeda, N.,
Faraci, F. M., Casavant, T. L., and Sigmund, C. D. (2010) Arterioscler.
Thromb. Vasc. Biol. 30, 518–525

7. Hegele, R. A., Cao, H., Frankowski, C., Mathews, S. T., and Leff, T. (2002)
Diabetes 51, 3586–3590

8. Agostini, M., Schoenmakers, E., Mitchell, C., Szatmari, I., Savage, D.,
Smith, A., Rajanayagam, O., Semple, R., Luan, J., Bath, L., Zalin, A., Labib,

MINIREVIEW: PPAR� and Blood Pressure

MARCH 26, 2010 • VOLUME 285 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9315



M., Kumar, S., Simpson, H., Blom, D., Marais, D., Schwabe, J., Barroso, I.,
Trembath, R.,Wareham,N., Nagy, L., Gurnell,M., O’Rahilly, S., andChat-
terjee, K. (2006) Cell Metab. 4, 303–311

9. Duan, S. Z., Usher, M. G., and Mortensen, R. M. (2008) Circ. Res. 102,
283–294

10. Wang, N., Verna, L., Chen, N. G., Chen, J., Li, H., Forman, B. M., and
Stemerman, M. B. (2002) J. Biol. Chem. 277, 34176–34181

11. Lombardi, A., Cantini, G., Piscitelli, E., Gelmini, S., Francalanci,M.,Mello,
T., Ceni, E., Varano, G., Forti, G., Rotondi, M., Galli, A., Serio, M., and
Luconi, M. (2008) Arterioscler. Thromb. Vasc. Biol. 28, 718–724

12. Verrier, E., Wang, L., Wadham, C., Albanese, N., Hahn, C., Gamble, J. R.,
Chatterjee, V. K., Vadas,M. A., andXia, P. (2004)Circ. Res. 94, 1515–1522

13. Polikandriotis, J. A., Mazzella, L. J., Rupnow, H. L., and Hart, C. M. (2005)
Arterioscler. Thromb. Vasc. Biol. 25, 1810–1816

14. Kleinhenz, J.M., Kleinhenz, D. J., You, S., Ritzenthaler, J. D., Hansen, J.M.,
Archer, D. R., Sutliff, R. L., and Hart, C. M. (2009) Am. J. Physiol. Heart
Circ. Physiol. 297, H1647–H1654
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The kidney has a central role in the regulation of blood pres-
sure, in large part through its role in the regulated reabsorption
of filtered Na�. Epithelial Na� channels (ENaCs) are expressed
in the most distal segments of the nephron and are a target of
volume regulatory hormones. A variety of factors regulate ENaC
activity, including several aldosterone-inducedproteins that are
present within an ENaC regulatory complex. Proteases also reg-
ulate ENaC by cleaving the channel and releasing intrinsic
inhibitory tracts. Polymorphisms or mutations within channel
subunits or regulatory pathways that enhance channel activity
may contribute to an increase in blood pressure in individuals
with essential hypertension.

Role of Na� in the Control of Blood Pressure

Hypertension, often labeled “the silent killer,” affects one in
three adults in theUnited States and is amajor independent risk
factor for cardiovascular disease, stroke, and renal failure.
Approximately 50% of hypertensive individuals are salt-sensi-
tive (1), and dietary Na� has a significant effect on blood pres-
sure (2). These numbers are higher in African Americans and
obese individuals.
The kidney has a primary role in the regulation of extracel-

lular fluid volume and blood pressure by regulating the total
body Na� content. Given the facts that Na� is largely excluded
from cells due to theNa�,K�-ATPase and that the extracellular
Na� concentration is maintained at a constant level via water
regulatory mechanisms, total body Na� content is the main
determinant of extracellular fluid volume. Changes in extracel-
lular fluid volume will be reflected in changes in intravascular
volume and blood pressure.
Mature human kidneys normally filter on the order of one

pound of Na� on a daily basis. The vastmajority of filteredNa�

is reabsorbed in various nephron segments to achieve a rate of
urinary Na� excretion that matches rates of Na� intake. It is in

the distal nephron where fine-tuning of the absorption of fil-
tered Na� occurs. The epithelial Na� channel (ENaC)2 is a key
Na� transporter in this segment of the nephron (3).
Aldosterone is one of the key hormones involved in the reg-

ulation of extracellular fluid volume and blood pressure, pri-
marily through its effects on renal Na� handling in the distal
nephron (for review, see Ref. 4). Aldosterone is secreted from
the adrenal cortex in response to a decrease in extracellular
fluid volume or effective arteriolar volume, as well as in
response to an increase in plasma [K�]. The distal nephron is an
aldosterone target tissue, defined by the presence of mineralo-
corticoid receptors and �-hydroxysteroid dehydrogenase type
II, an enzyme that degrades cortisol, a steroid hormone that
binds to and activates mineralocorticoid receptors. The activa-
tion of mineralocorticoid receptors by aldosterone in the distal
nephron eventually results in the activation of transport pro-
teins that facilitate Na� reabsorption (see below).

Increased Na� reabsorption occurs in a number of disorders
associated with hypertension. These include disorders associ-
ated with increased aldosterone secretion in the absence of the
normal physiologic activators of secretion, disorders associated
with inhibition or loss of function of �-hydroxysteroid dehy-
drogenase type II, and inherited disorders associated with acti-
vation of distal nephron Na� transporters, such as Liddle syn-
drome and familial hyperkalemic hypertension (for reviews, see
Refs. 5 and 6).
Liddle syndrome reflects gain-of-function mutations within

ENaC that lead to hypertension and volume expansion (7–9).
These mutations reside largely in the cytoplasmic C-terminal
tails of the �- and �-subunits of ENaC (7), resulting in loss of a
key adaptor Pro-Tyrmotif that interacts withTrp-Trp domains
withinNedd4-2 (neural precursor cell-expressed, developmen-
tally down-regulated 4-2), an E3 ubiquitin ligase. Nedd4-2-de-
pendent ubiquitination of ENaC subunits targets channels for
internalization from the plasmamembrane (10).Once internal-
ized, channels may be targeted for degradation (11–13). Alter-
natively, the release of ubiquitin by deubiquitinating enzymes
allows channels to recycle to the plasmamembrane (14). Loss of
the Pro-Tyrmotif leads to increased channel surface expression
and channel processing by proteases that enhance its activity
(see below).
Hypertension and associated sequelae are key clinical find-

ings in individuals with Liddle syndrome and hyperaldosteron-
ism. Although the primary etiology of hypertension in these
disorders is well established, reflecting activation of renal Na�

reabsorption via ENaC and the Na�/Cl�-coupled cotrans-
porter (NCC) with hyperaldosteronism, for the vast majority of
individuals with hypertension, the etiology of hypertension is
unknown. Both genetic and environmental factors such as Na�

intake contribute to an increase in blood pressure in this
population with what is commonly referred to as essential
hypertension.
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Given the role of the kidney and, in particular, the role of
ENaC in the regulation of extracellular fluid volume and blood
pressure, it is quite likely that polymorphisms or mutations
within the channel or within key cellular regulatory processes
that lead to an increase in channel activity contribute to
increased blood pressure in this population with essential
hypertension. If so, this would suggest that therapy targeted at
inhibiting ENaC or associated regulatory processes might be
beneficial in the management of blood pressure in a subset of
individuals with essential hypertension. Our minireview
addresses some of the sites within the channel where polymor-
phisms or mutations would be predicted to increase channel
activity, as well as several of the key regulatory mechanisms
where polymorphisms ormutationswithin these pathwaysmay
result in increased channel activity.

ENaC Structure

ENaC is an apically located Na�-selective ion channel
expressed primarily in polarized epithelia of the distal nephron,
lung, and distal colon. It is highly selective forNa� and Li� over
K� and is inhibited by K�-sparing diuretics such as amiloride
(15, 16). Inmost tissues, ENaC is composed of three structurally
related subunits, �, �, and �. Each subunit has two membrane-
spanning domains separated by a large extracellular region and
short N- and C-terminal cytoplasmic tails (17, 18). The ENaC
subunits are members of a family of ion channels that include
the acid-sensing ion channels (ASICs). Channel subunits
undergo post-translational modifications by terminal process-
ing of N-glycans and by proteolytic cleavage at defined sites
within their extracellular domains (see below) (19–23). The
recently resolved crystal structure of ASIC1 has provided
important insights into the structural organization of ENaCs
(24). ASIC1 is a homotrimer, suggesting that ENaCs have an
�1:�1:�1 subunit stoichiometry. The extracellular region of
ASIC1 is a highly ordered structure that resembles an out-
stretched hand containing a ball and has clearly defined
domains termed wrist, finger, thumb, palm, knuckle, and
�-ball. It is likely that the extracellular regions within ENaC
subunits have a similar domain organization.

ENaC Gain-of-function Polymorphisms and Mutations

Polymorphisms or mutations that enhance ENaC activity
have been described in cytoplasmic, membrane-spanning, and
external sites within the channel. For example, two polymor-
phisms that have been described in the C-terminal tail of the
�-subunit, C618F and A663T, are associated with enhanced
ENaC activity, reflecting an increase in channel surface expres-
sion (25, 26). A T594M polymorphism in the C-terminal tail of
the �-subunit was reported to be associated with enhanced
cAMP activation and reduced protein kinase C-dependent
inhibition of endogenous amiloride-sensitive Na� currents in
human lymphocytes (27, 28). These currents are presumably
mediated by ENaC. However, similar levels of channel activity
have been reported with the T594M polymorphism when
expressed in heterologous systems (29).
The primary gate and cation selectivity filter of the channel

are located within the membrane-spanning domains (15,
30–32). Selectedmutations ormodifications of introduced Cys

residues at a key site within the gate, referred to as the
degenerin site, activate ENaC (31–33).Mutations in the vicinity
of this site also activate the channel (31). For example, a �-sub-
unit N530Kmutation that activates ENaC has been reported in
an individual with diabetic nephropathy (32).
The extracellular domains of ENaC subunits have an impor-

tant role in the regulation of channel activity by external factors.
For example, channels are inhibited by external Na�, a process
referred to as Na� self-inhibition (34). Na� presumably binds
to sites within the extracellular domains of the channel, leading
to a reduction in channel open probability (35–38). Mutations
have been described that are associated with loss of Na� self-
inhibition, resulting in an increase in channel activity, reflecting
an increase in channel open probability. For example, muta-
tions of a Met residue in the periphery of the thumb domain
(Met438) (38) andmutation of aHis residue in the finger domain
(His239) (35) of the mouse �-subunit led to loss of Na� self-
inhibition. A W493R mutant in the human �-subunit is also
associated with loss of Na� self-inhibition (39). External Cl�

inhibits ENaC by enhancing Na� self-inhibition. Mutations of
residues within a putative Cl�-binding site in the thumb
domain of the �-subunit (His418) and �-subunit (Arg388) of
human ENaC activate the channel by reducing inhibition by
external Cl� (40).

Are channel-activating polymorphisms associated with an
increase in blood pressure in humans? This is a difficult ques-
tion to address. The effects on blood pressure may be modest
and may be dependent on other variables that influence blood
pressure. The effects of these polymorphisms onbloodpressure
may be limited to specific populations, reflecting inherent
genetic or environmental factors, including dietary Na� con-
sumption. Activation of ENaC may lead to compensatory
changes in other renal Na� transporters that may dampen any
effects on blood pressure. Finally, a change in one allelemay not
be sufficient to exert an effect on blood pressure. Given these
constraints, it has been challenging to demonstrate a link
between ENaCpolymorphisms and hypertension. For example,
the �T594M polymorphism has been reported to be associated
with increased blood pressure in an English population with
African ancestry (41, 42), but an associationwas not observed in
a South African population (43). It has been suggested that
amiloridemight help in controlling blood pressure in hyperten-
sive individuals with the �T594M polymorphism (41, 44).
Regarding the �A663T polymorphism, one study reported an
association with blood pressure that was opposite of that pre-
dicted from functional studies (45, 46), whereas other studies
found no correlation with blood pressure (47, 48).
In addition to affecting blood pressure, gain-of-function

ENaC mutations may also affect airway surface liquid volume
and mucociliary clearance. For example, individuals who are
heterozygous for the �F508 mutation in CFTR (cystic fibrosis
transmembrane conductance regulator) lack overt pulmonary
symptoms. Mutations in ENaC have been reported in individ-
uals with atypical cystic fibrosis who are heterozygous for the
�F508 CFTR mutation (49, 50). For example, an activating
ENaC mutation (�W493R) that has loss of Na� self-inhibition
has been described in this population (39, 49). At present, it is
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unclear whether individuals with atypical cystic fibrosis and
activating ENaC mutations have elevated blood pressures.

ENaC Regulatory Pathways

ENaC is regulated by a variety of extrinsic and intrinsic fac-
tors through changes in plasma membrane abundance or
inherent activity (for reviews, see Refs. 23, 51, and 52). Plasma
membrane abundance is controlled primarily through changes
in intracellular trafficking, and ENaC activity is controlled pri-
marily through changes in open probability, which is pro-
foundly influenced by proteolytic processing and by interac-
tions with cytoplasmic domains with specific membrane acidic
phospholipids. Regulatory effects on open probability and
membrane abundance are not mutually exclusive and raise the
interesting possibility that both could be operative and linked
through trafficking-dependent events (53). Transcriptional regu-
lation of ENaC subunit expression constitutes another important
regulatory mechanism, particularly for consolidation of aldoste-
rone-stimulated Na� transport (reviewed in Ref. 54).
RenalNa� reabsorption is highly controlled by themineralo-

corticoid aldosterone, which acts primarily through the miner-
alocorticoid receptor to alter the transcription of a set of target
genes (4). As with other steroid-regulated processes (55), two
major classes of target genes have been identified: early and late.
Early response genes appear to be required for initiation of the
response, whereas late response genes participate in consolida-
tion (56). The latter include components of the ion transport
machinery itself, including ENaC and Na�,K�-ATPase sub-
units. The late response genes also encode regulatory proteins
that likely act to limit the extent of the aldosterone response,
such as activators of the MAPK cascade, including the epider-
mal growth factor receptor (57). Early response genes include
primarily signaling molecules implicated in pathways that con-
trol ENaC activity and/or trafficking (4).

SGK1

The best characterized of these aldosterone-regulated genes
is the serine/threonine kinase SGK1 (serum- and glucocorti-
coid-induced kinase-1) (4). To become competent to activate
ENaC, SGK1 must itself undergo two activating phosphoryla-
tions: first bymTOR (mammalian target of rapamycin) (58) and
second by PDK1 (PI3K-dependent kinase-1) (4). Themolecular
mechanisms of ENaC stimulation by activated SGK1 can be
divided into three known categories: (i) post-translational
effects on the E3 ubiquitin ligase Nedd4-2, (ii) post-transla-
tional Nedd4-2-independent effects, and (iii) transcription of
gene products, i.e.�ENaC.Nedd4-2 interacts with theC-termi-
nal tails of ENaC subunits, decreases surface expression of the
channel via channel ubiquitination, and hence inhibits Na�

currents (10). SGK1 physically interacts with Nedd4-2, phos-
phorylates and inhibits it (59, 60), and hence indirectly
enhances cell-surface expression of ENaC (61, 62).
Nedd4-2-independent mechanisms of SGK1 stimulation of

ENaC have also been proposed. SGK1 was shown to directly
phosphorylate a serine residue in the intracellular C-terminal
tail of �ENaC, which directly activates channels at the cell sur-
face (63). Recently, SGK1 has been implicated in the stimula-
tion of ENaC via phosphorylation of WNK4 (with no lysine-4),

a kinase mutated in familial hyperkalemic hypertension (64,
65). SGK1may also indirectly enhance ENaC Po through effects
on membrane-bound channel-activating serine proteases (53,
66). Furthermore, in addition to its effects on ENaC, SGK1 has
been shown to stimulate the activity of the basolateral Na�,K�-
ATPase, which separately increases ENaC-mediated Na�

transport (67, 68). The relative importance of these effects com-
pared with the Nedd4-2-dependent inhibition has, however,
not been determined (63).
A third mechanism of ENaC stimulation by SGK1 involves

up-regulation of components of the Na� transport machinery
per se. SGK1 has been shown to regulate the expression of
late aldosterone-responsive genes, primarily �ENaC (69). Ac-
tive SGK1 is an important mediator of aldosterone-sensitive
�ENaC transcription in vivo via inhibition of a transcriptional
repression element, the Dot1a (disruptor of telomeric silencing
alternative splice variant 1a)-Af9 (ALL1-fused gene from chro-
mosome 9) complex (70). SGK1 phosphorylates Af9 and
reduces interaction between Dot1a and Af9. This releases sup-
pression of ENaC transcription by this complex. Thus, SGK1
not only acts on ENaC channels to rapidly enhance Na� chan-
nel activity by an increase in active channels at the apical sur-
face and an increase in Na�,K�-ATPase activity at the basolat-
eral surface but also stimulates transcription of elements of the
machinery for Na� transport to promote a sustained response
to aldosterone.
The ability of SGK1 to regulate in vivo renal Na� reabsorp-

tion is well illustrated by the impaired Na� retention of gene-
targeted mice lacking functional SGK1 (71, 72). On a low Na�

diet, these mice have a significant decrease in blood pressure
compared with their wild-type littermates (71). These sgk1�/�

mice are also particularly resistant to the salt-sensitizing effect
of hyperinsulinemia on blood pressure (73). SGK1 further
mediates the stimulating effect of mineralocorticoids on salt
appetite (74). Thus, SGK1 influences salt balance, and hence
blood pressure, by affecting both Na� intake and renal Na�

reabsorption. It is notable that two independent SGK1 knock-
out models demonstrate the same key feature of failure to
respond normally to NaCl restriction despite markedly
increased aldosterone levels (71, 72), suggesting a mild form of
the aldosterone resistance seen in themineralocorticoid recep-
tor knock-outmouse (75). Although some features of these two
SGK1 knock-outs may diverge, evidence from both also sup-
ports the idea that both ENaC and NCC are regulated by SGK1
(72, 76). NCC is localized in kidney tubule segments upstream
of ENaC (distal convoluted tubule) andmediates electroneutral
uptake of NaCl. This transporter is regulated by aldosterone in
a manner that appears to be controlled at least in part byWNK
kinases (77). SGK1 phosphorylates WNK4 (64, 65), leading to
the interesting speculation that SGK1 and WNK4 may act in
concert to determine the degree to which Na� is exchanged for
K� (which is favored when ENaC is the principal route for Na�

reabsorption) or alternatively is reabsorbed with Cl� without
triggering K� secretion (when NCC is used) (65, 78). It is nota-
ble in this context that SGK1 null mice on a high K� diet are
hyperkalemic despite markedly increased aldosterone (79).
Finally, mouse knock-out models also have provided support
for a role of SGK1 in regulating a variety of other processes,
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which could be implicated in the pathogenesis of metabolic
syndrome and hypertension (80).
The connection between SGK1, salt balance, and blood pres-

sure regulation in mice prompted the hypothesis that SGK1
might play a role in human blood pressure variation. Genetic
studies in twins indeed revealed a specific SGK1 risk haplotype
associated with moderately elevated blood pressure in individ-
uals who simultaneously carry a homozygous genotype for a
variant in intron 6 (I6CC) and a homozygous or heterozygous
genotype for the C allele of a polymorphism in exon 8 (E8CC/
CT) (81, 82). This SGK1 risk haplotype was later confirmed to
be associated with hypertension in a large-scale population
study of �4800 Swedish subjects (83).

GILZ1 and the ENaC Regulatory Complex

Renal ENaC function and renal mineralocorticoid action are
only partially dependent on SGK1. Other aldosterone-regu-
lated mediators provide stimulatory input into the system (84).
Besides SGK1, aldosterone stimulates the expression of a num-
ber of other regulatory proteins, several of which impact on
PI3K- orMAPK-dependent signaling (4). One of these isGILZ1
(glucocorticoid-induced leucine zipper protein 1), a small
chaperone protein that has been found to stimulate ENaC sur-
face expression by disruptingMAPK signaling (84, 85). ENaC is
inhibited by the Raf-MEK-ERK1/2MAPK pathway (57, 86, 87).
GILZ1 physically interacts with and inhibits Raf-1 (88, 89),
leading to ENaC activation. Remarkably, GILZ1 also physically
interacts with Nedd4-2 and SGK1, and it synergizes with SGK1
in the inhibition of Raf-1 and Nedd4-2. All of these factors are
associated with ENaC within an ENaC regulatory complex
(ERC), the composition of which is controlled by GILZ1
(depicted schematically in Fig. 1) (90). In the absence of aldo-
sterone with low levels of GILZ1 and SGK1, the complex is
likely composed of Nedd4-2 and Raf-1, along with other com-
ponents of the Raf-MEK-ERK signaling pathway that are
known to be tightly associated with Raf-1. In the presence of
aldosterone, GILZ1 recruits SGK1 into the complex. Together,
they cooperatively inhibit Nedd4-2 and Raf-1 and synergisti-
cally stimulate ENaC surface expression and activity (Fig. 1)
(90). It is interesting to note that GILZ1 has a strikingly differ-
ent effect on FOXO3A, another important target of SGK1 that
is implicated in triggering apoptosis. Like Nedd4-2 and Raf-1,
FOXO3A is inhibited by SGK1. However, rather than cooper-
ating with SGK1, GILZ1 blunts SGK1-mediated inhibition of
FOXO3A (90). These divergent effects of GILZ1 are consistent
with selective recruitment of SGK1 into the ERC and away from
FOXO3A. Through this type of mechanism, pleiotropic signal-
ing pathways (such as the PI3K and Raf-MEK-ERK1/2 cas-
cades) are selectively “pressed into service” in the context of
regulating a particular output (in this case, Na� transport)
without influencing others.

Proteases

Other factors have important roles in the activation of ENaC
and have been highlighted in recent reviews (23, 51, 91, 92). For
example, proteolytic cleavage has an important role in activat-
ing ENaC by cleaving at specific sites within the finger domains
of the�- and�-subunits and releasing intrinsic inhibitory tracts

(Fig. 2) (23). Furin is a member of a family of proprotein con-
vertases that reside primarily in the trans-Golgi network and
process proteins transiting through the biosynthetic pathway,
including ENaC. Furin cleaves the �-subunit twice, releasing a
26-residue inhibitory tract. In contrast, furin cleaves the �-sub-
unit at a single site. Subsequent cleavage of the �-subunit at
sites distal to the furin cleavage site also releases an inhibitory
tract. The sequential release of inhibitory tracts from the�- and
�-subunits results in channels transitioning from a very low
open probability to an increasingly high open probability.
One of the proteases that cleaves the �-subunit and activates

ENaC is the serine protease plasmin (93, 94). This protease is
not present in the nephron lumen under normal conditions.
However, recent studies suggest that in the setting of glomeru-
lar diseases associated with proteinuria, plasminogen is filtered
by the glomerulus and is converted to plasmin by urokinase that
is presentwithin the tubular lumen (93, 94). Activation of ENaC
by plasmin in proteinuric states may contribute to the Na�

retention, extracellular volume expansion, and increased blood
pressure that are observed in nephrotic syndrome. Activation

FIGURE 1. Aldosterone regulation of ENaC activity: role of the ERC. In the
“basal/no-hormone” state, ENaC is associated with and inhibited by an ERC,
which contains Nedd4-2, as well as Raf-1, MEK, and ERK. ERK phosphorylates
the channel (small yellow circles), which in turn stimulates recruitment of
Nedd4-2 and hence channel ubiquitination (orange trapezoids). ENaC inter-
nalization, endocytic trafficking, and lysosome-mediated degradation are
thus augmented. Aldosterone coordinately induces the expression of SGK1
and GILZ1. In turn, GILZ1 (a) recruits SGK1 to the ERC; (b) increases interaction
of SGK1 with its substrates Nedd4-2 and Raf-1; (c) augments SGK1 inhibition
of Nedd4-2 and Raf-1 within the ERC, which results in the recruitment of
inhibitory 14-3-3 proteins; and (d) synergizes with SGK1 to selectively stimu-
late its ENaC-specific functions (90). The net effect is “dual disinhibition” of
ENaC (by SGK1 and GILZ1), resulting in increased channel surface expression
and activity. Blue arrows represent Na� movement through the channel,
whereas black arrows represent proteins recruited to the complex. The top
ellipse shows ENaC in the “inhibited” state (endocytosis and degradation
favored), whereas the bottom ellipse shows the activated or “disinhibited”
state (favoring accumulation at the plasma membrane).
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of ENaC by proteases also likely contributes to the increase in
channel activity in response to aldosterone, as well as in indi-
viduals with Liddle syndrome (22, 23, 53, 95).

Summary

It is important to understand how these multiple modes of
regulation of expression, protein-protein interactions, and
processing of ENaC are integrated to result in net membrane
incorporation and activity of the channel. Essential to under-
standing the mechanistic basis of ENaC regulation by the ERC
is knowledge ofwhere the various interactions occur.Where do
Raf-1 and Nedd4-2, on the one hand, and GILZ1 and SGK1, on
the other, come into association with the channel? In which
compartment(s) do they alter channel trafficking and poten-
tially processing. Along these lines, it is of particular interest
that although unprocessed �- and �-subunits predominate in
whole cell lysates, it is the processed forms that associate with
GILZ1 (90). This is consistentwith the idea thatGILZ1 joins the
ERC after ENaC has been processed within the biosynthetic
pathway, e.g. in the trans-Golgi network (where furin-mediated
processing occurs) (96), at the plasma membrane (where pros-
tasin-dependent processing occurs) (16), or in early (97) or
recycling (12) endosomes. It is also possible, but seems less
likely, that GILZ1 has higher affinity for the processed forms.
The molecular identities of players that facilitate this process
and the specific subcellular compartments wherein these inter-
actions occur are key areas for future research in ENaC regula-
tion. It is interesting to speculate that other aldosterone-in-
duced proteins that function as scaffolds, such as CNKSR3 (a
member of the “connector enhancer of kinase suppressor of
Ras” family of scaffolding proteins), might play a role in ERC
formation.
Further studies are needed in the context of whole animals

and eventually in humans to determine the relevance of poly-

morphisms and mutations within ENaC subunits and regula-
tory pathways in the population of individuals with essential
hypertension. ENaC may have a central role in Na� retention
and volume expansion in individuals with nephrotic syndrome.
It will be important to identify individuals at risk for developing
ENaC-dependent hypertension, as well as individuals with
ENaC-dependent hypertension who would likely benefit from
therapy with K�-sparing diuretics.
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This minireview examines both the basic science and clinical
observations over the past 20 years to show how and why over-
stimulation of the amiloride-sensitive epithelial Na� channel
(ENaC) expressed by epithelial principal cells of the renal col-
lecting duct may be responsible for a large portion of hyperten-
sion inmodern society. This idea is based on the finding that, in
Liddle syndrome, a mutation of the �- and/or �-subunits of
ENaC produces an activated ion channel, in turn resulting in
severe hypertension that is resistant to most forms of conven-
tional antihypertensive therapy. ENaC can also be stimulated to
conduct sodium by two hormones: aldosterone and insulin.
These hormones are both often elevated in obese individuals
with therapy-resistant hypertension. Thus, overstimulation of
ENaC by metabolic abnormalities in obese individuals may be a
likely cause of the hypertension that accompanies obesity. The
molecular mechanisms underlying both Liddle syndrome and
obesity-related hypertension are different (i.e. genetic and hor-
monal, respectively), but both have the same end result, namely
increased ENaC activity.

In 1994, Shimkets et al. (1) found a mutation in the amilo-
ride-sensitive epithelial Na� channel (ENaC)2 that is expressed
on the apical membrane of epithelial cells in the renal cortical
collecting duct. This mutation was present in members of a
family afflicted with the genetic disease known as Liddle syn-
drome (2–4). This discovery was important for several reasons.
One reason was that it spawned a large number of studies that
elucidated the mechanisms of channel insertion and retrieval
from the plasma membrane (5–14). Physiologically, it was
important because it demonstrated that improper function or
regulation (unhindered by any complicating factors such as
metabolic and hormonal processes) of ENaC was indepen-
dently capable of producing sustained severe hypertension. The
mutation that is responsible for Liddle syndrome produces
constitutively hyperactive ENaC (15–18), and this abnormality
is the biochemical basis for the pathophysiology of Liddle syn-
drome. Liddle syndrome is characterized by severe hyperten-
sion and low plasma potassium concentrations in combination
with low levels of renin and aldosterone (2–4, 19). Two other

notable characteristics of Liddle syndrome are that the hyper-
tension is resistant to conventional antihypertensive therapies,
even in high doses and combinations,3 and that individualswith
Liddle syndrome are not always volume-expanded in propor-
tion to the severity of the elevated blood pressure (20). These
pathophysiological features highlight some potential deficien-
cies in our understanding of the underlying physiological
mechanism that involves ENaC. The renal collecting duct reab-
sorbs salt and water and is under hormonal regulation (13, 17).
In Liddle hypertension, the presumption is that increasedNaCl
retention leads to volume expansion with increased mean cir-
culatory filling pressure and a concomitant increase in blood
pressure. In turn, Na� excretion is increased by pressure natri-
uresis, so a new steady state of Na� balance is achieved with an
elevated blood pressure. However, to my knowledge, an extra-
cellular fluid volume expansion has not been observed or
reported in any Liddle patient using precise fluid compartment
measurements. As indicated previously, many of these individ-
uals do not appear to be volume-expanded or, in some cases,
even volume-contracted (20, 21). In otherwords, the high blood
pressure appeared to be independent of volume status. In cases
in which volume expansion is noted, furosemide (commonly
used to reduce volume) would be counterindicated (undiag-
nosed) in Liddle hypertension because this drug would exacer-
bate the hypokalemia already typical in this disease (3, 4, 22, 23).
To understand the pathology of Liddle syndrome, another
interpretation of the physiological and biochemical involve-
ment of ENaC may be needed.

Physiological Mechanism

ENaC participates in a process that involves transepithelial
ionic transport between the lumen of the renal collecting duct
and the blood. ENaC is expressed in the apical membrane of
renal tubule principal cells (24–30). When ENaC opens,
sodium flows from the lumen into the cell powered by the neg-
ative electrical potential lumen-to-intracellular and steep Na�

concentration gradient across the apical membrane. Subse-
quently, Na� is actively transported across the basolateral
membrane by theNa�/K�-ATPase, in exchange for potassium.
In turn, potassium exits the apical membrane via potassium
channels (24, 25) and recycles across the basolateral membrane
through a different set of potassium channels. When the apical
membrane potential becomes depolarized, e.g. by increased
sodium entry through activated ENaC, potassium secretion
across this membrane increases, and K� is lost to the urine. A
primary function of this process is the reabsorption of salt
(NaCl). However, this may not be the only function. Consider
that the normal serum potassium concentration is between 3.5
and 5 mM, whereas the sodium concentration ranges from 135
to 145 mM (25). It is true that all cells have a high potassium
concentration, so the intracellular component acts as a large

* This is the fourth article in the “Biochemistry in Medicine: Hypertension
Minireview Series.” J. K. B. has an equity interest in Hemodynamic Thera-
peutics, a subsidiary of Cato Biosciences. This minireview will be reprinted
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repository for potassium.However, this intracellular potassium
concentration must be maintained to produce the electrical
chemical gradient that is vital to many cellular functions. Thus,
a continuous drain of the body potassium stores would eventu-
ally be fatal. Also, the plasma potassiummust be maintained in
a narrow range for the proper functioning of nerve and muscle
cells, including the heart. Therefore, a critical homeostatic
function is maintenance of the plasma potassium concentra-
tion in its narrow range. It follows that plasma [K�] requires
precise regulation. It is probably not regulated by the auto-
nomic nervous system because transplanted kidneys with no
nerve connections function normally. Therefore, the regula-
tion must be chemical and, most likely, hormonal.

Role of Aldosterone in the Regulation of ENaC

The mineralocorticoid hormone aldosterone functions in
the regulation of salt and water balance. The question is, which
salt: sodium or potassium? For the reasons explained above,
it is likely that the regulation is aimed at potassium. As
plasma potassium concentrations rise, plasma aldosterone
concentrations rise concurrently. In fact, elevation of serum
potassium is considered the most powerful agonist for aldo-
sterone secretion (24). Pratt et al. (31) showed that, over
time, plasma potassium concentrations and plasma aldoste-
rone levels precisely matched, with aldosterone concentra-
tions rising and falling with increases and decreases in the
serum potassium concentration.
Much of what we know about the effects of aldosterone

comes from studying animal models, especially rodents (32,
33). There are advantages and drawbacks to the use of these
models. One advantage is that experimental organs and tissues
are readily available. One potential drawback is the possibility
that information learned from animalmodelsmay not be appli-
cable to humans because findings obtained for one species may
not apply to other. In 2001, Zhou and Bubien (34) demon-
strated such species differences directly using whole cell patch-
clamped cells from five different species. One such example is
the effect of aldosterone on ENaC activity. It is well known that
aldosterone binds intracellularly to the mineralocorticoid
receptor and that this interaction causes genomic activation
and increased expression of the Na�/K�-ATPase. This process
occurs in all species and can increase ENaC-mediated reab-
sorption due to increased removal of sodium from the cells by
pumping it into the blood as well as increasing the number of
active ENaCs in the apical membrane (29). In whole cell patch
clamp experiments using freshly isolated collecting duct prin-
cipal cells from rats and mice, aldosterone had no direct effect
on ENaC itself (34). Thus, these findings demonstrate a major
difference between rat andmousemodels and the other species.
Also, spironolactone (a compound used to inhibit the miner-
alocorticoid receptor) does not inhibit the acute aldosterone-
stimulated current in these rodent tissues.

Biochemical Mechanism

The biochemical effects of aldosterone on the mechanism of
sodium reabsorption and potassium excretion are illustrated in
Fig. 1. The genomic effects and biochemical pathways of aldo-
sterone have been extensively studied, but the non-genomic

effects of aldosterone have been underappreciated. Not only
has the non-genomic acute activation of ENaC by aldosterone
been observed, but a number of other non-genomic effects of
aldosterone have been observed anddocumented. These effects
have been reviewed recently by Sowers et al. (35). With respect
to blood pressure regulation, this non-genomic effect of aldo-
sterone on ENaC may be of considerable importance. Cur-
rently, no plasma membrane aldosterone receptor has been
identified. Also, the intracellular signaling pathways that have
been linked to this postulated receptor are unknown. Thus, no
biochemical process exclusive to non-genomic aldosterone-
mediated cellular signaling has been identified. Nonetheless,
the non-genomic cellular responses to aldosterone are numer-
ous and include activation of ENaC.

Insulin-mediated ENaC Activation

It has long been known that insulin contributes to hyperten-
sion by its effects on renal Na� retention (36–40). In 1998,
Blazer-Yost et al. (41) demonstrated that insulin also has the
ability to activate ENaC. In patch clamp experiments, Bubien
et al. (58) demonstrated that insulin in physiological concentra-
tions was a potent acute activator of ENaC in human lympho-
cytes (as a proxy for renal principal cells), with an IC50 of 27

FIGURE 1. Model of the genomic and non-genomic effects of aldoste-
rone in renal principal cells. Left panel, this illustration identifies the
cellular components that mediate the mechanism of salt reabsorption by
principal cells in the renal cortical collecting duct. Without stimulation,
this mechanism is relatively inactive. Thus, there is little or no reabsorp-
tion of salt and water and very little loss of potassium. Right panel, when
aldosterone (Aldo) is secreted, there are two major effects on the principal
cell reabsorptive mechanism. There is a non-genomic activation of ENaC,
and after binding to the mineralocorticoid receptor (MCR), there is a
genomic effect that results in the increased expression of the Na�/K�-
ATPase in the basolateral membrane of the principal cells. Both of these
mechanisms work concurrently to increase the reabsorption of sodium
and the excretion of potassium. If this mechanism is overstimulated
because of metabolic alterations, elevated blood pressure is the result.
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�IU/ml (Fig. 2). This IC50 falls well within the normal range of
serum insulin concentrations, which is �6 �IU/ml (fasting)
and can exceed 100 �IU/ml minutes after ingestion of sugar
(41–43). This information is important for two reasons. First, it
demonstrates directly that the renal collecting duct reabsorp-
tive mechanism can be activated indirectly by dietary sugar

intake. Second, insulin imbalance is
a common disorder. Thus, if the
serum insulin concentration remains
elevated or receives constant stimula-
tion, the reabsorptivemechanismwill
be overstimulated, with concomitant
pathophysiological consequences.
Hence, both aldosterone and

insulin stimulate ENaC. Aldoste-
rone can function as an acute ENaC
agonist in human, rabbit, and
canine cells but not in rat andmouse
principal cells (34). Also, aldoste-
rone can act via the mineralocorti-
coid receptor to produce genomic
effects. Of particular interest is
aldosterone-mediated stimulation
of expression of the Na�/K�-
ATPase because this transporter
plays in integral role in collecting
duct reabsorption on the basolateral
membrane of renal collecting duct
principal cells. The end result is that
both insulin and aldosterone act
on ENaC to produce excessive and
physiologically inappropriate reab-
sorption of K� with the concurrent
loss of potassium from the extracel-
lular fluid.

Obesity and Hypertension

More Americans are becoming
obese daily. National health statis-
tics for 1999 state that 26% of the
entire United States population was
obese, having a body mass index of
�30. Obesity has increased since
1999. Obesity is the most visually
obvious symptom of a serious med-
ical situation. Obesity is often
accompanied by significantly ele-
vated blood pressure. As obese indi-
viduals progress into the fourth and
fifth decades of life, hypertension
becomes an overridingmedical con-
cern. One not-so-obvious problem
with obesity-related hypertension is
that it is often resistant to conven-
tional antihypertensive therapy, pri-
marily consisting of a beta blocker, a
diuretic (usually hydrochlorothia-
zide), and an angiotensin-convert-

ing enzyme inhibitor or an angiotensin II receptor blocker (43).
Currently, the situation for many obese hypertensive individu-
als is that they take the standard medical therapy and their
blood pressure remains uncontrolled. As a consequence, these
individuals are at an elevated risk for left ventricular hypertro-
phy that could lead to fatal arrhythmias, overt heart failure,

FIGURE 2. Effect of insulin on ENaC in renal M1 cells. Upper panel, these whole cell clamp current records
show the specific activation of inward sodium current via activation of ENaC by insulin and the subsequent
complete inhibition of the activated current by amiloride. The low concentration of amiloride confirms the
activation because amiloride is not known to inhibit any other ion channels at a concentration of 2 �M. Mouse
M1 cells are an immortalized cell line derived from principal cells isolated from the collecting ducts of mice.
Data are from Ref. 58. CCD, cortical collecting duct. Lower panel, this graph shows the dose effect of insulin-
mediated activation of ENaC in human lymphocytes. The experiments with concentrations of insulin that were
insufficient for complete activation were performed by first exposing the whole cell patch-clamped cells to
insulin, followed by complete activation of ENaC by independent means using 40 �M 8-(4-chlorophenylthio)-
cAMP to elicit the maximum current activation and calculation of the percent activation based upon this
independent control. It should be noted that very high concentrations of insulin failed to activate ENaC. This
finding is consistent with the observation that individuals with very high circulating insulin concentrations due
to insulinomas do not have high blood pressure (59 – 61). Thus, the agonist effect of insulin on ENaC is most
potent in the normal physiological range. Data are from Ref. 58.
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heart attack, stroke, and/or renal failure, not to mention non-
insulin-dependent diabetes mellitus, which adds a whole other
dimension to the pathophysiological state and medical treat-
ment problems for these individuals.

What Molecular Similarities Link Liddle Syndrome and
Obesity-related Hypertension?

The question then is, what physiological mechanisms are
operating that cause blood pressure to rise concurrently with
weight gain in obese individuals and in those individuals with
Liddle syndrome? The standard answer to this question is that
blood pressure regulation is a multifactorial complex process,
and therefore, there is no single underlying cause. Thus, it is
said that a large fraction of all hypertension is essential hyper-
tension, meaning that there is no identifiable etiology. How-
ever, in many ways, individuals with obesity-related hyperten-
sion share a pathophysiological profile similar to individuals
with Liddle syndrome. Notably, the hypertension in both
groups is not well controlled with standard medical treatments
(43, 44). Also, obesity in dogs and humans produces the same
low serum potassium levels as seen in individuals with Liddle
syndrome (45, 46), although studies in humans are confounded
by other factors. There are, however, some differences. Individ-
ualswith Liddle syndromehave low circulating aldosterone lev-
els. In contrast, many obese individuals have elevated levels of
circulating aldosterone (43–47). Also, individuals with Liddle
syndrome have normal insulin and blood glucose levels. Obese
individuals often have elevated blood sugar and insulin levels.
Thus, it is likely that, in many instances, overactivated ENaC
may be the underlying mechanism responsible for the elevated
blood pressure in both sets of individuals. In the case of Liddle
syndrome, the cause is a mutation of ENaC itself; in the case of
obese individuals, the overstimulation of ENaC occurs because
of the hormonal imbalances (i.e. elevated insulin and aldoste-
rone) that are common in obese individuals.
The common features of both hypertensive clinical situa-

tions are that (a) ENaC is active, and (b) in many (but not all)
cases, patients display lowered serum [K�]. How then can
chronically low serum potassium result in hypertension in the
context of normal volume?The answer is not known, but itmay
be due in part to lowered production of nitric oxide (NO) in
vascular smooth muscle cells. A relationship exists between
serum K� and NO production: NO production drops as ambi-
ent [K�] decreases because of a decrease in endothelial NO
synthase activity (48, 49). Thus, as NO levels decrease, vascular
smoothmuscle tone increases with a decrease in vascular com-
pliance and a rise in central blood pressure. By fostering a pre-
oxidative state, hypokalemia results in endothelial and renal
tubular dysfunction, contributing to the hypertensive state (50).
Chronic hypokalemia seen in Liddle syndrome, obesity, and
other conditions like Cushing syndrome, primary aldosteron-
ism, and pheochromocytoma, all with associated hypertension,
may be a prime (but certainly not the only) contributor to the
process (51–54).

Summary

Resistant hypertension is operationally defined as blood
pressure that remains high (�140/90 mm Hg) despite the

simultaneous use of three or more antihypertensive drugs of
different mechanistic classes (43). Although the prevalence is
unknown, resistant hypertension is a common clinical disorder
(43). Because genetic screening of people with resistant hyper-
tension is infrequent, many patients with Liddle syndrome or
obesity-related hypertension fall into this group. The similari-
ties between the hypertension observed in Liddle syndrome and
obese individuals suggest the possibility that the underlying eti-
ology is the same (overactive ENaC) but produced by different
sources: mutation of ENaC in Liddle syndrome and a hormonal
imbalance in obese individuals. To control blood pressure in
these individuals, the activity of ENaC must be controlled (55).
Carter et al. (56) demonstrated that individuals with hyperac-
tive ENaC responded positively to therapy using the ENaC
inhibitor amiloride. Saha et al. (57) subsequently showed that
blocking ENaC reduced blood pressure in African Americans
(all of whom were clinically obese). This simple therapy may
significantly reduce the severity and occurrence of obesity-re-
lated hypertension because is not that the hypertension is
resistant to therapy, but rather the standard therapy does not
address the underlying etiology of the high blood pressure.
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Excess weight gain contributes to increased blood pressure in
most patients with essential hypertension. Although the mech-
anisms of obesity hypertension are not fully understood,
increased renal sodium reabsorption and impaired pressure
natriuresis play key roles. Several mechanisms contribute to
altered kidney function and hypertension in obesity, including
activation of the sympathetic nervous system, which appears to
bemediated in part by increased levels of the adipocyte-derived
hormone leptin, stimulation of pro-opiomelanocortin neurons,
and subsequent activation of central nervous system melano-
cortin 4 receptors.

The worldwide prevalence of obesity and associated cardio-
metabolic diseases have increased dramatically in the past 2–3
decades, rapidly becoming major challenges to the health care
systems of most industrialized countries. Current estimates
indicate that �1 billion people in the world are overweight or
obese (1). In the United States, at least 65% of adults are over-
weight, and approximately one-third of adults are obese with a
body mass index (defined as kilograms of weight/m2 of height)
of �30 (2). In children, the prevalence of obesity has also risen
rapidly in parallel with increasing obesity in adults; a recent
report indicates that 18.4% of 4-year-old children in the United
States are obese, with significantly higher rates of obesity in
Hispanic, black, and Native American children (3).
Associated with obesity is a cascade of metabolic and cardio-

vascular disorders, including hypertension, a primarymediator
of obesity-induced cardiovascular disease. Population studies
show that excess weight gain predicts future development of
hypertension, and the relationship between body mass index
and blood pressure (BP)2 appears to be nearly linear in diverse

populations throughout the world (4). Some studies suggest
that excess weight gain may account for 65–75% of human
essential hypertension (5). Moreover, clinical studies indicate
that weight loss is effective in primary prevention of hyperten-
sion and in reducing BP in most hypertensive subjects (6).
Although the importance of obesity as amajor cause of essential
hypertension is well established, the physiological and molecu-
lar mechanisms that mediate the BP effects of excess weight
gain are only beginning to be elucidated.

Excess Weight Gain Increases Renal Sodium
Reabsorption and Impairs Pressure Natriuresis

Table 1 summarizes some of the changes in cardiovascular,
neurohormonal, and renal function that occur in obese
humans and experimental animals (4, 7, 8). Notable changes,
in addition to increased BP, include increases in cardiac out-
put and heart rate as well as activation of the sympathetic
nervous system (SNS) and renin-angiotensin-aldosterone
system (RAAS). Rapid weight gain also stimulates renal
tubular sodium reabsorption, and obese subjects require
higher than normal BP to maintain balance between intake
and renal excretion of sodium, indicating impaired renal
pressure natriuresis (4).
Three factors are especially important in increasing renal

sodium reabsorption, impairing pressure natriuresis, and caus-
ing the initial rise in BP during rapid weight gain: 1) increased
SNS activity, 2) activation of the RAAS, and 3) physical com-
pression of the kidneys by fat accumulation within and around
the kidneys and by increased abdominal pressure due to accu-
mulation of excess visceral fat. These mechanisms are closely
interrelated and interact to raise BP in obese subjects. For
example, SNS activation and physical compression of the kid-
neys both cause activation of the RAAS, and pharmacological
blockade of either the RAAS or the SNS attenuates obesity-
induced hypertension by at least 50–60% (7, 8). When obesity
is prolonged over many years, however, renal injury may exac-
erbate hypertension and make it more difficult to control with
antihypertensive drugs (9). In this minireview, we focus on the
SNS, discussing its overall importance andmechanisms of acti-
vation in obesity hypertension.

Sympathetic Activation Contributes to Obesity
Hypertension

Several observations indicate that increased SNS activity
contributes to obesity hypertension (4, 8). 1) SNS activity, espe-
cially renal sympathetic nerve activity (RSNA), is increased in
obese subjects; 2) pharmacological blockade of adrenergic
activity lowers BP to a greater extent in obese compared with
lean subjects; and 3) denervation of the kidneysmarkedly atten-
uates sodium retention and hypertension in obese experimen-
tal animals.
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Administration of�- and�-adrenergic blockers or clonidine,
a drug that stimulates central �2-receptors and reduces SNS
activity, preventsmost of the rise in BP in dogs fed a high fat diet
(8). In obese hypertensive patients, combined �- and �-adre-
nergic blockade for 1 month reduced ambulatory BP signifi-
cantly more than in lean essential hypertensive patients (10).
These findings suggest that increased adrenergic activity
contributes to the development and maintenance of obesity
hypertension in experimental animals and humans (4, 8).
The renal sympathetic nerves mediate most, if not all, of the

chronic effects of SNS activation on BP in obesity. Bilateral
renal denervation greatly attenuates sodium retention and
hypertension in obese dogs fed a high fat diet. Thus, obesity
increases renal sodium reabsorption and causes hypertension
in large part by increasing RSNA (4, 7, 8).

Differential Activation of Tissue SNS Activity in Obesity
and Possible Role of Visceral Adiposity

Obesity does not cause mass activation of the SNS. Instead,
increased SNS activity in various tissues is modest and appears
to be differentially controlled in obesity. For example, cardiac
SNS activity is normal or reduced in obese compared with lean
subjects, and increased heart rate is due mainly to decreased
parasympathetic activity rather than increased SNS activity
(11). In contrast, SNS activity is increased in the kidneys and
skeletal muscles of obese hypertensive subjects (7, 8). However,
obesity-induced increases in SNS activity are mild and not suf-
ficient to cause vasoconstriction of the kidneys or other organs,
although they do stimulate renin secretion and increase renal
sodium reabsorption (4, 7, 8).
SNS responses in obesity may also depend on ethnicity and

other factors suchas fatdistribution (8). InPima Indians,whohave
a high prevalence of obesity but a relatively low prevalence of
hypertension,muscle SNSactivity is lower than inwhites anddoes
not track well with adiposity. Black men have higher muscle SNS
activity, and hypertension is more prevalent than in white men
with comparable levels of obesity.Adiposity is also associatedwith
sympathetic hyperactivity in youngoverweight blackwomen. Fac-
tors such as differences in fat distributionmay contribute to some
of these variations in SNS responses. For reasons that are still
unclear, abdominal obesity elicits much greater SNS activation
than does subcutaneous or lower body obesity (12).
The mechanisms that link visceral obesity and SNS activa-

tion in humans have not beenwidely studied, and inmost cases,
muscle SNS activity has been measured rather than renal SNS
activity, the primary pathway by which the SNS causes chronic
hypertension (4, 8). Because of the heterogeneity in the control
of autonomic outflow to different organs, measurements of
muscle SNS activity may not reflect RSNA. Thus, additional
studies are needed to assess the factors that influence the rela-

tionships among visceral obesity, RSNA, and hypertension in
different populations.

Mechanisms of SNS Activation in Obesity Hypertension:
Role of Leptin

Severalmediators of SNS activation in obesity have been sug-
gested, including 1) hyperinsulinemia; 2) angiotensin II; 3)
impaired baroreceptor reflexes; 4) activation of chemorecep-
tor-mediated reflexes associated with sleep apnea; and 5) cyto-
kines released from adipocytes (i.e.“adipokines”) such as leptin,
tumor necrosis factor-�, and interleukin-6. These mechanisms
have been reviewed previously, and there is scant evidence to
support cause and effect relationships for most of these factors
and obesity-induced SNS activation (8).
A promising mediator of obesity-induced SNS activation is

leptin, a peptide hormone secreted by adipocytes in proportion
to the degree of adiposity. Leptin crosses the blood-brain bar-
rier (BBB) via a saturable receptor-mediated transport system
(13). The short form of the leptin receptor (LRa), highly
expressed in brain microvessels, is believed to be one of the
important transporters (13). However, other factors modulate
leptin transport across the BBB, and in obesity, the efficiency of
leptin uptake by the brain is reduced (13). High levels of triglyc-
erides, which inhibit BBB leptin transport, may at least partially
explain this reduced efficiency of leptin transport in obesity, but
the mechanisms involved are still uncertain (13).
Leptin binds to its receptors in various regions of the central

nervous system (CNS), including the hypothalamus and brain-
stem, where it activates neural pathways that decrease appetite
and increase SNS activity and energy expenditure (Fig. 1) (8,
14). Evidence that leptin is a powerful controller of energy bal-
ance comes from studies inmice and humans that demonstrate
that missense mutations of the leptin gene or leptin receptor
(LR) cause extreme early-onset obesity (15). However, muta-
tions of the leptin gene in humans are rare, and there is little
evidence that LR mutations contribute significantly to excess
weight gain inmost obese people. Yet, obesitymay cause “resis-
tance” to the anorexic effects of leptin, perhaps analogous to
obesity-induced resistance to the metabolic effects of insulin
(16). To the extent that resistance to the anorexic effects of
leptin occurs in obese subjects, impaired feedback regulation of
appetite could perpetuate or amplify weight gain.

Acute and Chronic Effects of Leptin on BP

Acute injections of leptin have little effect on BP despite SNS
activation perhaps due in part to counterbalancing vasodilator
effects of nitric oxide, which is stimulated by leptin (17). Also,
leptin-mediated increases in SNS activity may not be great
enough to cause marked peripheral vasoconstriction and
acutely raise BP.

TABLE 1
Hemodynamic, neurohumoral, and renal changes in experimental obesity caused by a high fat diet and in human obesity

Model Arterial
pressure

Heart
rate

Cardiac
output

Renal sympathetic
activity

Plasma renin
activity Na� balance Renal tubular

reabsorption GFRa Insulin
resistance

Obese rabbits (high fat diet) 1 1 1 1 1 1 1 1 1
Obese dogs (high fat diet) 1 1 1 1 1 1 1 1 1
Obese humans 1 1 1 1 1 1 1 1 1

a GFR, glomerular filtration rate. The GFR changes refer to the early phases of obesity before major loss of nephron function has occurred.
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However, chronic increases in plasma leptin, comparable
with those found in severe obesity, can raise BP. Leptin-medi-
ated increases in BP occur over a period of several days and are
completely abolished by�- and�-adrenergic blockade, indicat-
ing that they are mediated by SNS activation (8, 17). The fact
that the rise in BP occurs slowly during hyperleptinemia sug-
gests that there is not amassive increase in SNS activity capable
of causing marked peripheral vasoconstriction; instead,
increased adrenergic activity raises BP through slowly acting
mechanisms, including its renal effects.
The hypertensive effects of leptin in lean animals are modest

but occur despite decreased food intake and weight loss that
would otherwise tend to lower BP (8, 17). Moreover, the
chronic hypertensive effects of leptin are greatly exacerbated by
reduced NO synthesis, as often occurs in obese subjects with
endothelial dysfunction (8, 17). Thus, increased leptin, compa-
rable with that found in obese subjects, can raise BP by adre-
nergic activation especially when NO synthesis is impaired.
Further support for a possible role of leptin in linking obesity

and hypertension comes from the observation that leptin-defi-
cient mice are not hypertensive despite severe obesity, insulin
resistance, and dyslipidemia (18). Similar results have been
found in obese children with leptin gene mutations who have
normal BP despite early-onset morbid obesity and many other
features of the metabolic syndrome, including insulin resis-
tance and dyslipidemia (19). These children had decreased
rather than increased SNS activity as well as postural hypoten-
sion and attenuated RAAS responses to upright posture (19).

Thus, the functional effects of leptin may be important in link-
ing obesity with SNS activation and hypertension in humans as
well as in rodents.

Does Obesity Cause “Selective” Leptin Resistance?

The fact thatmost obese humans have high circulating leptin
and continue to ingest excess calories is consistent with the
notion that obesity is associated with resistance to the anorexic
effects of leptin. Experimental studies have shown that acute
injections of leptin are less effective in suppressing appetite in
obese than in leananimals (16).Although the specificmechanisms
of leptin resistance are still unclear, there is evidence for decreased
transport of leptin across the BBM and impaired post-receptor
signaling in obese compared with lean rodents (16).
To the extent that obesity induces global leptin resistance,

including the SNS response to leptin, the chronic hypertensive
effects of leptin would also be attenuated in obese subjects.
However, obesity may induce selective leptin resistance,
whereby the RSNA responses to leptin are maintained while the
appetite suppressant effects of leptin are attenuated (20). This
hypothesis is supportedby the finding that increases inRSNAdur-
ingacute infusionof leptinarepreserved inobese rodents,whereas
the anorexigenic effects of leptin are attenuated (14, 20).

Possible Molecular Mechanisms of the Differential
Effects of Leptin on Energy Balance and BP

In rodents, there are at least six isoforms of the LR, which are
termed LRa to LRf. All of the major known physiological
actions of leptin, including regulation of appetite, thermogen-
esis, and SNS activity, are mediated by activation of the long
form of the receptor, LRb (21).
LRb is a cytokine receptor that activates Jak2 (Janus tyrosine

kinase 2) (21, 22). Jak2 then associates with specific C-terminal
domains of the LR, resulting in transphosphorylation of Jak2
and phosphorylation of specific Tyr residues located within the
C-terminal domain of LRb (Fig. 1). In the CNS, LRb-activated
Jak2 phosphorylates three Tyr residues and three main signal-
ing pathways: 1) Tyr1138, which recruits latent Stat3 (signal
transducers and activators of transcription 3) to the LRb-Jak2
complex, resulting in phosphorylation and nuclear transloca-
tion of Stat3, where it regulates transcription; 2) IRS2 (insulin
receptor substrate 2) phosphorylation, which activates phos-
phatidylinositol 3-kinase (PI3K); and 3) Tyr985 phosphoryla-
tion, which recruits the tyrosine phosphatase Shp2, which then
activates the MAPK pathway.
CNS Stat3 phosphorylation clearly mediates much of the

anorexigenic effects of LR activation. Neuron-specific deletion of
Stat3 causes hyperphagia and greatly attenuates leptin-mediated
appetite suppression (23). However, to our knowledge, there have
been no studies that have assessed the role of Stat3 signaling in
mediating leptin-induced increases in RSNA and BP.
The Shp2-MAPKpathway appears tomediatemajor part of the

effects of leptin to stimulate thermogenesis and energy expendi-
ture. Selective deletion of Shp2 in forebrain neurons causes a
prominent phenotype that includes early-onset obesity, insulin
resistance, and some other characteristics of the metabolic syn-
drome (24). Surprisingly, the mutant mice were not hyperphagic,
suggesting that forebrain deletion of Shp2 may cause obesity

FIGURE 1. Leptin-melanocortin activation in distinct areas of the brain
and through multiple intracellular signaling pathways may differen-
tially regulate appetite, energy expenditure, and arterial pressure. LH,
lateral hypothalamus; DMV, dorsal motor nucleus of the vagus; �-MSH,
�-melanocyte-stimulating hormone.
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mainly by reducing thermogenesis andmetabolic rate. Consistent
with this hypothesis, the body temperature of these mice was
lower compared with wild-type controls, and thermogenesis was
impaired (24). Whether forebrain Shp2 deletion attenuates the
effects of leptin on RSNA activity and BP is unknown, however.
Activation of the IRS2-PI3K pathway may not play a major

role inmediating the effects of leptin on energy balance because
mice with IRS2 deleted in the entire brain have normal body
weight or onlymild obesity (25). However, the IRS2-PI3K path-
way may be critical for leptin-mediated increases in RSNA
because pharmacological blockade of PI3K almost completely
abolishes the acute effects of leptin onRSNA (25). Further stud-
ies are needed, however, to assess the role of the IRS2-PI3K
pathway inmediating the chronic effects of leptin onRSNAand
BP. Thus, the molecular pathways by which the anorexogenic
effects of leptin are attenuated while the effects on SNS activity
and BP remain intact in obesity are still poorly understood and
remain an important area for further investigation.

Multiple CNS Sites for Leptin-mediated Effects on Energy
Balance and BP

Deletion of the LR in the entire brain recapitulates all of the
known metabolic phenotypes of leptin-deficient mice, includ-
ing obesity, hyperphagia, decreased thermogenesis, and
impaired glucose homeostasis, indicating that the CNS actions
of leptin play a dominant role inmediating itsmetabolic actions
(16). High levels of LR mRNA and protein are expressed in the
forebrain, especially in the ventromedial hypothalamus, arcu-
ate nucleus (ARC), and dorsomedial areas of the hypothalamus,
as well as in vasomotor centers of the brainstem (16).
The effects of leptin on the ARC appear to be important for

controlling energy balance but provide only a partial explanation
of the roleof leptin inbodyweight regulationbecause rescueof the
LR specifically in the ARC of db/db mice only partially reverses
hyperphagia (26). Also,mice lacking leptin signaling specifically in
pro-opiomelanocortin (POMC) neurons are only mildly obese
(27). This suggests that other neuronal populations may contrib-
ute to the effects of leptin on body weight regulation.
Supporting this idea is the finding that leptin activates c-Fos

and Stat3 at several sites beyond the ARC and POMC neurons,
including the paraventricular nucleus (PVN) and the nucleus
solitary tract (NTS) of the brainstem (16). Although the specific
functions of each of the CNS centers in mediating the various
actions of leptin are largely unknown, studies in which leptin
was injected into specific brain regions (e.g. ARC and NTS)
suggest differential regulation of appetite and SNS activity (16).
Thus, emerging evidence suggests that LR activation of differ-
ent intracellular signaling cascades in different CNS centers
may provide a basis for the phenomenon of selective leptin
resistance and divergent regulation of appetite, energy expend-
iture, and BP in obesity.

Role of CNS Melanocortins in Mediating Obesity-induced
SNS Activation and BP Effects of Leptin

Neurons that express POMC play a major role in regulating
energy balance by reducing food intake and stimulating ther-
mogenesis in experimental animals and humans (28, 29).
Located in the ARC of the hypothalamus, these neurons send

projections to the PVN and lateral hypothalamus, where they
release�-melanocyte-stimulating hormone, which in turn acti-
vates melanocortin 3 andmelanocortin 4 receptors (MC3/4Rs)
(Fig. 1). Other regions of the brain, especially the NTS, also
contain POMC neurons and MC3/4Rs, which may be impor-
tant in regulating energy balance (28, 29).
Increased food intake and rapidweight gain stimulate POMC

neuronal activity and MC3/4R signaling, whereas negative
energy balance inactivates POMCneurons andMC3/4R signal-
ing. The importance of this pathway in regulating energy bal-
ance and body weight is clearly demonstrated by the observa-
tion that defects of POMC neuronal function or MC3/4R
signaling cause severe obesity in humans and experimental ani-
mals (15). Mutations of the MC4R have been suggested to be
responsible for up to 5% of severe childhood obesity, making
this one of themost common single gene disorders known (30).

Chronic Activation of the CNS POMC-MC3/4R Pathway
Causes SNS Activation and Hypertension, whereas
Blockade of POMC-MC3/4 Signaling Reduces BP

In addition to regulating energy balance, the CNS POMC-
MC3/4R systemmay be essential for obesity to cause SNS acti-
vation and hypertension. Chronic pharmacological activation
of CNS MC3/4Rs in rats increases BP while reducing appetite
and causing weight loss, effects that would normally decrease
BP (31). Conversely, blockade of CNSMC3/4Rs in rodents causes
voracious feeding and rapid weight gain and reduces rather than
increases BP (31). Similarly, mice with MC4R deficiency are
hyperphagic and obese and have many features of the metabolic
syndrome but are not hypertensive on normal or high salt diets
(32).
The effects of MC3/4R antagonism to lower BP are especially

pronounced in spontaneously hypertensive rats (SHRs), a genetic
model of hypertension characterized by increased SNS activity
(33).ChronicCNSantagonismofMC3/4Rscausedamuchgreater
reduction inBP in SHRs than innormotensive Sprague-Dawley or
Wistar-Kyoto rats despitemarked increases in food intake, weight
gain, and insulin resistance; the fall in BP in SHRs after MC3/4R
blockade was similar to that achieved with �-and �-adrenergic
blockade (33).Theseobservations suggest thatMC3/4Ractivation
may contribute to tonic activation of the SNS and may be neces-
sary for rapid weight gain to increase BP.
A recent study in humans also suggests thatMC4R activation

may contribute to obesity-induced hypertension. The preva-
lence of hypertension was markedly lower in MC4R-deficient
humans compared with control subjects despite severe obesity
and its associatedmetabolic disorders (34). Even after exclusion
of patients taking antihypertensive medications, BP, heart rate,
and 24-h norepinephrine excretion were significantly lower in
MC4R-deficient subjects than in control subjects. Moreover,
subcutaneous administration of a syntheticMC4R agonist for 7
days increased BP, similar to the responses found in rodents.
Thus, in humans as well as in rodents, chronic activation of the
MC4R raises BP, and the presence of a functional POMC-
MC4R system appears to be necessary for obesity to increase
SNS activity and arterial pressure.
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Activation of the POMC-MC3/4R Pathway Mediates the
Chronic Effects of Leptin on SNS Activation and BP

POMC-containing neurons co-localize with the LR or lie in
close proximity to hypothalamic neurons containing the LR
(28). Leptin increases POMC expression in the hypothalamus,
resulting in increased production of �-melanocyte-stimulating
hormone, the endogenous ligand for MC3/4Rs (28).
Evidence that activation of the POMC-MC3/4R pathway

mediates amajor part of the BP effects of leptin comes from the
observation that LR deletion specifically in POMC neurons
abolished the rise in BP, but not anorexia, associated with
chronic leptin infusions (35). Also, pharmacological antago-
nism of MC3/4Rs completely abolished the effects of leptin to
stimulate RSNA (36) and to raise BP (37).
The BP effects of leptin-POMCactivation appear to bemedi-

ated mainly by activation of the MC4R rather than the MC3R
because chronic leptin infusions did not increase BP in obese
MC4R�/� mice or in nonobeseMC4R�/� mice that were pair-
fed to match the body weight of control wild-type mice; these
findings indicate that MC4R deficiency, not obesity-induced
leptin resistance, abolished the chronic BP effects of leptin in
MC4R�/� mice (38). In contrast, pharmacological blockade of
the CNS MC4R did not attenuate the effect of leptin to stimu-
late brown adipose tissue sympathetic nerve activity, suggesting
differential control of brown adipose tissue sympathetic nerve
activity and thermogenesis compared with RSNA and BP (36).

Possible Divergent Control of Cardiovascular Function
and Metabolic Functions by the CNS POMC-MC3/4R
Pathway

Although the CNS melanocortin system appears to be
important in regulating BP, appetite, and thermogenesis, the
specific actions of theMC4R located in distinct brain centers is
still unclear. The MC4R is a G-protein-coupled receptor that,
when stimulated in the brain, appears to exert almost all of its
known physiological effects by activating adenylate cyclase and
increasing cAMP formation (28). Therefore, any differential
control of cardiovascular and metabolic functions through
MC4R activation is probably related to different levels of acti-
vation in various areas of the brain.
POMC neurons are located in the forebrain and hindbrain,

especially the ARC and the NTS. Expression of the MC4R is
especially dense in the PVN, although significant expression of
the MC4R is also found in the NTS and the dorsal motor
nucleus of the vagus (29). The PVN is an area of the hypothal-
amus that is important for control of autonomic function as
well as food intake.However,most studies investigating the role
of theMC4R in distinct areas of the brain have been performed
by acute injection of pharmacological agonists and antagonists.
Although these studies provide important information, they
are also limited by the specificity and efficacy of the drugs, pos-
sible spillover of the drugs to surrounding areas, and physiolog-
ical relevance when concentrations of agonists greatly exceed
the endogenous levels of MC4R stimulation. Also, the acute
effects of MC4R activation may not reveal the mechanisms for
chronic effects on BP and metabolic functions. Further studies
are therefore needed to assess whether physiological activation

of the MC4R in different areas of the brain may contribute to
independent regulation of BP and energy balance in obesity.
In summary, excess weight gain is a major cause of human

essential hypertension. Activation of the SNS plays a key role in
increasing renal sodium reabsorption, impairing pressure
natriuresis, and raising BP in obese subjects. SNS activation in
obesity is mediated in part by increased leptin, stimulation of
POMC neurons, and subsequent activation of theMC4R in the
CNS. The molecular pathways by which the CNS leptin-mela-
nocortin system differentially regulates energy balance, SNS
activity, and BP in obesity are still unclear, however, and remain
an important area for further investigation.
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What is the difference between “biological chemistry” and
“chemical biology?” One of us (J. M. G.) received his Ph.D. at an
institution where the biochemistry building was called the Lab-
oratory of Chemical Biology, but that was a long time ago, and
things have changed. Biological chemistry (or biochemistry),
that is the study of life processes at the molecular level, is now
quite distinct from chemical biology. According to Wikipedia,
“Chemical biology is a scientific discipline spanning the fields of
chemistry and biology that involves the application of chemical
techniques and tools, often compounds produced through syn-
thetic chemistry, to the study and manipulation of biological
systems.”
Throughout the 105-year history of the Journal of Biological

Chemistry, papers using techniques of chemistry to understand
biological processes have appeared in the Journal, and in fact,
many papers describing the development of chemical reagents
and small molecule enzyme inhibitors top the all-time most-
cited list of Journal papers (www.jbc.org/reports/most-cited).
However, several new journals have now emerged to emphasize
the growing importance of chemical biology as a unique disci-
pline, albeit within the bounds of biological chemistry. The fol-
lowing minireviews emphasize the importance of uniting syn-
thetic chemistry with biochemistry toward understanding
complex biological processes, in other words, how relevant
chemical biology is to biological chemistry. These minireviews
highlight both the application of chemical techniques toward
understanding life processes at the molecular level (i.e. bio-
chemistry) and the development of synthetic compounds either
as tools for research or as candidate therapeutics for human
diseases. These topics are naturally within the scope of interest
of the Journal.
In the minireview by LoriW. Lee and Anna K. Mapp, “Tran-

scriptional Switches: Chemical Approaches to Gene Regula-
tion,” the authors describe the development of synthetic small
molecules to control transcription in eukaryotic cells. These
studies underscore both of the approaches described above,
namely development of molecules to probe the mechanisms
underlying transcriptional regulation and identification of
potential drug candidates. Both screening of chemical libraries
and rational synthesis based on known protein structures have
been used in the development of novel small molecule tran-
scriptional regulators.One example discussed by Lee andMapp
concerns the important transcription factor and tumor sup-
pressor protein p53. About 50% of human cancers involve mis-
regulation of p53, mainly by mutations in the p53 gene. Mole-
cules that disrupt the interactions between this important

transcriptional regulatory protein and its protein partners, or
molecules that restore normal function to mutant p53, may
serve as novel cancer therapeutics. This is just but one example
of the exciting potential for small molecule gene regulators in
human health.
In their minireview “Beyond the Canonical 20 Amino Acids:

Expanding the Genetic Lexicon,” Travis S. Young and Peter G.
Schultz describe efforts to introduce non-natural amino acids
into proteins. Nature does this in the case of selenocysteine
through conversion of serine to selenocysteine, but researchers,
through the use of orthogonal aminoacyl-tRNA synthetase/
tRNA pairs, have been able to introduce a myriad of unnatural
amino acids into recombinant proteins in bacteria, yeast, and
mammalian cell lines. Amino acid side chains that contain fluo-
rophores, post-translational modifications (such as acetyll-
ysine and phosphoserine), metal ion-binding ligands, reactive
moieties, and photocross-linking reagents, among others, have
been successfully and site-specifically incorporated into a host
of proteins. These modifications have been a boon to the NMR
and x-ray crystallography research communities and have pro-
vided valuable probes for protein function within living cells.
Whereas the techniques discussed by Young and Schultz can

be applied to study the role of post-translational modifications
of the histone proteins (lysine acetylation), in their minireview
“Chemical Approaches for Studying Histone Modifications,”
Champak Chatterjee and Tom W. Muir describe complemen-
tary approaches using techniques of native chemical ligation
and related syntheticmethods to generate histoneswith unique
post-translational modifications, such as lysine methylation
and acetylation. These modifications are known to regulate
gene expression, but functional studies have been limited by the
availability of uniquely and homogeneously modified histones.
Thus, these chemical methods have allowed investigators to
probe chromatin structure and function in ways that could not
have been achievedwithmixed populations of histones isolated
from biological sources. These studies have led to the identifi-
cation of particular lysine residues in histones that mediate
internucleosome interactions and chromatin condensation and
likely regulate gene expression.
Gabriel M. Simon and Benjamin F. Cravatt describe

“Activity-based Proteomics of Enzyme Superfamilies: Serine
Hydrolases as a Case Study.” Activity-based protein profiling
relies on chemical probes, consisting of a ligand for the enzyme
or protein family under study linked to a reactive group for
covalent modification of the protein, and a reporter tag to
either enrich (such as biotin) or visualize (a dye) and identify
the targets of this probe. This technique offers investigators
the opportunity to identify the targets of existing small mol-
ecules, to characterize members of enzymes families en
masse (as in the present example), or to screen for inhibitors.

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.
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The importance of this work for basic research is under-
scored by the fact that only a fraction of the predicted pro-
teins in the human genome have actually been characterized
and are of known function. Additionally, this approach
offers the opportunity to screen for inhibitors, which may
lead to potential drugs.
In the minireview “Chemical Inducers of Targeted Protein

Degradation,” KanakRaina andCraigM.Crews describe chem-
ical alternatives to RNA interference strategies to probe the
function of selected protein targets in living cells. Common
drawbacks to short hairpin RNA and small interfering RNA
approaches are off-target effects and the difficulty in dealing
with long-lived proteins. To circumvent these limitations,
Crews and others have developed methods to target proteins
for destruction by the proteasome by targeted linkage of ubiq-
uitin to the protein of interest either through chemical tags or
by introducing specific recombinant versions of the protein in
cells, which can be degraded in a programmable fashion. Raina
and Crews review the many successful applications of this
technology.
Finally, in a complementary approach to that described by

Raina and Crews, David C. Rubinsztein and co-workers

describe “Chemical Inducers of Autophagy That Enhance the
Clearance of Mutant Proteins in Neurodegenerative Diseases.”
Many of the inherited and sporadic neurodegenerative dis-
eases, such as amyotrophic lateral sclerosis, Alzheimer disease,
Parkinson disease and Huntington disease, involve protein
aggregation, and small molecules that would effectively remove
such mutant proteins would likely be of tremendous therapeu-
tic benefit. To this end, a number of groups have focused on the
development ofmolecules to up-regulate autophagy or the spe-
cific clearance of aggregated proteins.
Althoughwe recognize that theseminireviews provide only a

limited snapshot of the bustling field of chemical biology, the
topics were chosen to highlight recent successes in the applica-
tion of chemicalmethods to important problems in biology and
show how such approaches may even improve human health.
We certainly apologize to members of the chemical biology
research community whose work could not be covered in this
brief minireview series, as space limitations precluded includ-
ing many important areas of chemical biology research. We
hope that these minireviews convey the excitement felt in the
research community for the application of chemicalmethods to
important biological problems.
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Transcriptional Switches:
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Regulation*
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Given the role of transcriptional misregulation in the patho-
genesis of human disease, there is enormous interest in the
development of molecules that exogenously control transcrip-
tion in a defined manner. The past decade has seen many excit-
ing advancements in the identification of molecules that mimic
or inhibit the interactions between natural transcriptional acti-
vators and their binding partners. In this minireview, we focus
on four activator�target protein complexes, highlighting recent
advances as well as challenges in the field.

Just as specific transcriptional patterns signify the differenti-
ation of stem cells into individual tissues, unique transcrip-
tional signatures are associatedwith every humandisease either
as a cause or as an effect. For example, �50% of human cancers
exhibit loss-of-functionmutations in the tumor suppressor and
transcriptional activator p53 (1, 2). There is thus enormous
interest in identifying exogenous agents that one can use to
influence transcriptional events in a predefined manner. One
attractive strategy is the design or discovery of molecules that
reconstitute the function of a natural transcription factor that
can then be used to directly impact the transcriptional state of
predefined genes. A second, related approach is to identifymol-
ecules that mimic one aspect of the structure of a particular
transcription factor and in doing so serve as competitive inhib-
itors of important binding interactions. For both of these strat-
egies, transcriptional activators of the amphipathic class have
served as the inspiration, and molecules that reconstitute one
or more of the functions of these complex transcription factors
have been outstanding mechanistic tools with considerable
therapeutic promise. As a visible and rapidly evolving field, pro-
gress in this area is frequently reviewed (3–8). In this minire-
view, we focus on four examples of activator�target protein
complexes to highlight recent successes as well as the signifi-
cant challenges remaining in the field.

Transcriptional Activators

Transcriptional activators participate in a remarkably com-
plex web of binding interactions as they regulate their cognate
gene(s). After initiation of a signal transduction cascade, tran-
scriptional activators are often post-translationally modified
and, if not already in the nucleus, must translocate there. Once

in the nucleus, activators localize to their cognate DNA-bind-
ing sites and recruit chromatin-remodeling enzymes; tran-
scriptional activators utilize an additional series of interactions
to stimulate the assembly of the preinitiation complex (RNA
polymerase II holoenzyme and its associated cofactors) (9).
Despite the need to interact withmany different partners, tran-
scriptional activation can be accomplished with only two
domains: a DBD2 and a TAD. These domains can be present in
a single polypeptide chain or associate through non-covalent
interactions. As the name suggests, the DBD confers much of
the gene-targeting specificity to the protein, localizing it to par-
ticular siteswithin genomicDNA. In contrast, it is theTAD that
participates in many of the protein-protein interactions (and
post-translational modifications) that dictate the timing and
extent of transcription. The largest class of eukaryotic tran-
scriptional activators is the amphipathic class, exemplified by
TADs containing hydrophobic amino acids interspersed with
polar residues. An ever-growing number of amphipathic acti-
vators are identified as aberrantly functioning in disease states
(10, 11). For example, the transcription factor HIF-1� regulates
a number of genes in cancer metastasis (12, 13). In another
example, ESX (ESE/ELF3/ERT/Jen), an epithelium-specific
transcription factor, regulates expression of ErbB2 (HER2), an
oncogenic protein that is overexpressed in �30% of all breast
cancers (11, 14, 15). Perhaps the most widely studied member
of this class is p53, an amphipathic activator that is misregu-
lated in �50% of all human cancers (1, 2). A wealth of mecha-
nistic and structural information exists regarding the interac-
tions between p53 and its various binding partners, and thus,
p53 is a particularly useful example with which to discuss tran-
scriptional intervention strategies.
The activity of transcriptional activators can be modulated

through interference of DBD-DNA interactions or by TAD
mimics that block binding interactions with protein-binding
partners (Fig. 1). In the former case, several classes of non-
natural DNA-targeting molecules have successfully been used
to inhibit activator-stimulated transcription in both cell-free
and cellular systems, and this area has been extensively re-
viewed (3–8). More difficult has been the discovery of mole-
cules that competitively inhibit the TAD binding interactions,
and it is the latest developments in this arena on which we will
largely focus. A single TAD typically utilizes several distinct
binding modes, ranging from binding interactions that are of
high affinity and specificity to those that are more modest in
strength and are not particularly specific. An example of the
former case is the masking interaction, an intermolecular or,
more rarely, intramolecular complex that blocks the TAD from
activating transcription in a signal-responsive fashion. Using
p53 as an example, the masking protein MDM2 (human DM2)

* This is the first of six articles in the “Chemical Biology Meets Biological
Chemistry Minireview Series.” This minireview will be reprinted in the 2010
Minireview Compendium, which will be available in January, 2011.
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2 The abbreviations used are: DBD, DNA-binding domain; TAD, transcrip-
tional activation domain; HIF-1�, hypoxia-inducible factor 1�; CREB, cAMP-
responsive element-binding protein; CBP, CREB-binding protein; AR,
androgen receptor; ETP, epidithiodiketopiperazine; MLL, mixed lineage
leukemia; NR, nuclear receptor; LBD, ligand-binding domain; TR, thyroid
hormone receptor; FLF, flufenamic acid; ATF, artificial transcription factor.
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binds to a region of the p53 TAD (15–29) with a Kd of 575 nM
(16), thus rendering p53 transcriptionally inactive; MDM2 does
not mask any other transcriptional activators. At the other end
of the spectrum are the complexes formed between amphipathic
TADs and coactivators within the transcriptional machinery;
these tend to be micromolar in strength and poorly defined in
termsof structureandspecificity.Returning top53, the sameTAD
sequence that interacts with MDM2 binds to the coactivator and
the histone acetyltransferase CBP (17). In addition, TAD-binding
motifs within CBP bind to multiple amphipathic activators. The
CBP KIX domain, for example, interacts with at least 12
amphipathic TADs. There is also considerable evidence that
TADs interact with multiple coactivators in the transcriptional
machineryaspartof transcription initiation, includingchromatin-
remodeling enzymes, various members of theMediator complex,
and the proteasome, among others (18–29). Onemight therefore
anticipate that molecules that block activator function through
inhibiting these interactions would need to exhibit a similar mul-
tipartner binding profile.

Inhibition of Activator-Masking Protein Interactions

Perhaps the most well studied transcriptional activator-
masking protein interaction is that of p53-MDM2. As men-
tioned previously, numerous human cancers have been linked
to misregulated p53 function through either loss-of-function
p53 mutations or overexpression of the p53-masking protein
MDM2 (1, 2). Therefore, an exciting strategy for cancer thera-
peutics is the inhibition of the p53-MDM2 interaction for reac-
tivation of the p53 pathway (30–32). High-resolution crystal
structures of the N-terminal region of MDM2 complexed with
short peptides of the N-terminal portion of p53 (residues
15–29) established that p53 binds as a short amphipathic helix
in a deep hydrophobic pocket of MDM2, with four hydropho-
bic residues (Phe19, Leu22, Trp23, and Leu26) of p53 critical to
this interaction, thus providing a framework for structure-
based design of p53-MDM2 inhibitors (33, 34). Strategies such
as library screening and structure-based de novo design have
been employed in the discovery ofMDM2 inhibitors, leading to
a variety of inhibitor scaffolds, including chalcones, spiro-oxin-

doles, imidazoles, and benzodiazepines; these advances have
been reviewed extensively (30–32). In particular, Nutlin-3a and
MI-219 selectively inhibited the p53-MDM2 interaction and
growth of cancer cell lines expressing wild-type p53 over those
without wild-type p53. Furthermore, both compounds showed
strong antitumor activity when administered orally in
xenograft models of human cancers, with no apparent toxicity
(Fig. 2A) (35–38). Recently, a Nutlin analog has entered into
Phase I clinical trials.
A perpetual challenge in the design of molecules that inhibit

protein-protein interaction is that the broad interaction surface
is difficult to entirely reconstitute with a drug-like small mole-
cule. For this reason, the development of peptide-based inhib-
itors continues to be an active effort. �3-Peptides, for example,
have been used by Schepartz and co-workers (39, 40) to reca-
pitulate the side chain presentation of the p53 functional
epitope and to inhibit MDM2. Recently, they improved upon
one of the initial �3-peptide inhibitors, �53-8, using computa-
tional methods to identify �3-peptides with improved potency/
selectivity, yielding �53-16, which has a Kd of 155 nM. Embed-
ding cationic motifs within the �3-peptide improved cell
permeability (41). The Verdine laboratory (42) successfully
reactivated p53 activity in osteosarcoma cells using a “stapled”
peptide in which an all-hydrocarbon cross-link was used to
enforce the �-helical structure of a p53 TAD mimic. The sta-
pled peptide showed dose-dependent inhibition of cell viability
with an EC50 of 8.8 �M. As in the earlier example, the incorpo-
ration of cationic residues improved cell permeability.
The success to date in targeting the p53�MDM2 complex

highlights the advantages of regulating the transcriptional acti-
vators through inhibiting masking interactions. Not surpris-
ingly, a number of other activator-masking protein interactions
have been identified as potential targets for the development of
novel therapeutics, including the E2F�Rb complex, which is
implicated in neuroblastomas and the AR-FOXO1 interaction
(prostate cancer) (43, 44). Continued structural studies and
advancements in improving cell permeability and specificity
will lead to the next generation of inhibitors.

Disrupting Transcriptional Activator�Coactivator
Complexes

Because transcriptional activators utilize binding interac-
tions between their TADs and coactivators in the transcrip-
tional machinery to initiate transcription, molecules that
directly block the formation of these complexes would then
function as transcriptional inhibitors. Thus, any TAD mimic,
small molecule or peptide-based, should be able to competitively
inhibit its natural counterpart. In practice, this simple idea has
proven quite difficult to realize, with only a handful of TAD inhib-
itors reported in recent years (8). An enormous stumbling block
has been difficulties in obtaining high-resolution structural infor-
mationonthebindingpartners individuallyor incomplex.Thus, it
is not surprising that the most successful efforts in identifying
TAD inhibitors are with activators that interact with the coactiva-
tor CBP/p300, a histone acetyltransferase that has been uniquely
tractable for structural characterization.

FIGURE 1. Strategies to modulate transcriptional activation. 1, interfer-
ence of the endogenous activator DBD-DNA interaction using non-natural
DBD mimics to inhibit transcriptional activation. 2, interference of the endog-
enous activator TAD-coactivator interaction using TAD mimics to inhibit tran-
scription. TAD mimics can also be used to block activator TAD-masking pro-
tein interactions, thus stimulating transcriptional activation. 3, reconstitution
of activator function using ATFs consisting of a non-natural TAD localized to
the gene of interest using a DBD. Med, Mediator; RNA Pol II, RNA polymerase II.
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Inhibiting TAD�CBP/p300 Complexes

The global coactivator CBP and its homolog p300 interact
with �100 transcription factors, many of which have been
implicated in human cancers; thus, CBP/p300 is a target of high
interest for therapeutic intervention (25). CBP/p300 interacts
with transcription factors through several distinct binding
domains that each interact with multiple transcription factors
(45). One such transcription factor, HIF-1�, regulates expres-
sion of hypoxia-adaptive related genes such as vascular endo-
thelial growth factor, matrix metalloproteinases, and lysyl oxi-
dase and contributes to cancer progression. HIF-1� interacts
with the CH1 domain of CBP/p300; therefore, inhibition of
HIF-1� transcriptional activity, through inhibition of theHIF-1�-
CBP/p300 interaction,may lead to aneffective strategy in combat-
ingcancermetastasis. Indeed, inhibiting theHIF-1�-p300 interac-
tion via overexpression of the HIF-1� TAD in human tumor cells
in a mouse xenograft model resulted in attenuated tumor growth
(13). NMR structural analysis revealed that the HIF-1� TAD is
significantly buried in the CH1 domain, utilizing extensive hydro-
phobic contacts with HIF-1� forming a clamp around the CH1
domain (12). The structural information will facilitate the optimi-
zation and refinement of lead inhibitors.
In 2004, high-throughput screening identified the natural

product chetomin as an inhibitor of the HIF-1�-CBP/p300
interaction (46). Chetomin inhibited HIF-1�-mediated tran-
scription in vitro and in a cellular context but showed necrosis,
anemia, and leukocytosis in animal models. Recently, Olenyuk
and co-workers (47) synthesized ETP-3, inspired by chetomin
and designed to retain the 10-Å distance between the disulfide

bridges found in chetomin (Fig. 2B). The disulfide bridges
appear to be important for the biological activity of ETPs, as the
corresponding ETPmetabolic product diketopiperazine, which
lacks disulfide bridges, did not bind to the p300 CH1 domain or
exhibit effects on cell viability. In contrast, ETP-3 and chetomin
bind to the p300 CH1 domain and alter its global fold, as
observed using NMR and CD spectroscopy, suggesting that the
altered structure prevents high-affinity binding to HIF-1�.
Additionally, ETP-3 disrupted the HIF-1��CBP/p300 complex
in vitro via binding to the CH1 domain with an IC50 of 1.5� 0.2
�M and lower toxicity than chetomin as determined by cell
viability assays. Furthermore, ETP-3 down-regulated HIF-1�
target genes as evaluated by quantitative real-time PCR; how-
ever, global analysis of gene expression using microarrays
showed that ETP-3 affected 403 genes, with 113 known to be
directly controlled by HIF-1�. This is not surprising given the
role of CBP/p300 as a master coactivator.
A second well characterized activator-binding motif within

CBP/p300 is the KIX domain, a module that integrates signals
of �12 transcriptional activators through at least two binding
sites. Ground-breaking NMR spectroscopic work from the
Wright and Lumb groups (48–53) have provided relatively
high-resolution images of amphipathic TADs bound to this key
target. Consistent with the prevailing model of TAD-coactiva-
tor interactions, the TADs of CREB, Myb, and MLL form
amphipathic helices upon interacting with the KIX domain,
with hydrophobic residuesmaking the bulk of the contacts. The
amenability of the KIX domain to NMR spectroscopic charac-
terization has facilitated the discovery of transcriptional inhib-

FIGURE 2. Small molecule transcriptional activator TAD mimics and NR inhibitors. A, p53 TAD mimic shown to inhibit p53-MDM2 interaction; B, TAD-CH1
domain (CBP/p300) inhibitors; C, TAD-KIX domain (CBP/p300) inhibitors; D, ESX mimics; E, inhibitors of thyroid receptors (L3) and ARs (23).
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itors. Using an NMR screening approach, Montminy and co-
workers (54) identified a small molecule (KG-501) that bound
to theKIXdomain ofCBP, inhibited theCREB-CBP interaction
in vitro and in live cells (Fig. 2C), and down-regulated CREB
target genes; however, KG-501 also inhibited other transcrip-
tion factors such as NF-�B, highlighting the challenges of
achieving small molecule modulators with the desired specific-
ity. Overexpression of CBP has been linked to variety of human
cancers, including breast cancer and prostate cancer (55, 56);
therefore, inhibiting the CREB-CBP interaction via blocking of
binding sites within theKIX domainwith smallmolecule inhib-
itors may lead to novel anticancer agents. More recently, we
described a group of amphipathic TAD mimics that interact
with the MLL/Tat/c-Jun-binding site within this domain and
competitively inhibit the activity of KIX domain-targeting acti-
vators (Fig. 2C) (57–59). Additionally, Li and Xiao (60) re-ex-
amined KG-501 and discovered that the dephosphorylated ver-
sion of KG-501, naphthol AS-E, exhibited greater binding and a
significantly lowered IC50 of 2.90 �M (Fig. 2C); they postulated
that naphthol AS-E is the active form of KG-501.

Inhibiting TAD�Med23 Complexes

Beyond CBP/p300, there is very little coactivator structural
information on or detailed characterization of the TAD�
coactivator complexes, rendering the design of molecules or
even effective screens quite challenging. One such complex is
that between the Ras-linked coactivator Med23 (Sur2/
DRIP130/CRSP130) and the TAD of the activator ESX. ESX is
an epithelium-specific transcription factor that regulates
expression of ErbB2 (HER2), an oncogenic protein that is over-
expressed in �30% of all breast cancers (11, 14, 15). ESX inter-
acts with multiple coactivators, presenting a significant chal-
lenge in the development of small molecule TAD mimics that
exhibit a similar multipartner binding profile. Several lines of
evidence suggest that the ESX�Med23 complex is an important
contributor to ErbB2 expression (61), making it a target with
great therapeutic potential. NMR studies of aminimal region of
the ESX TAD (positions 129–145) suggested that it forms an
amphipathic helix upon binding to Med23, and these data, in
combination with mutagenesis studies, revealed that several
hydrophobic residues (Trp138, Ile140, Leu142, Ile139, and Leu143)
make the bulk of the contacts with the coactivator. On the basis
of this information, Uesugi and co-workers (62) carried out a
cell-based screen of a small molecule library biased toward
indole-like compounds thought to mimic Trp138. Follow-up
studies produced a second generation inhibitor named
“wrenchnolol” (Fig. 2D) (63). In vitro studies demonstrated
inhibition of the ESX�Med23 complex, and ErbB2-overexpress-
ing breast cancer cells treated with wrenchnolol showed a
reduction in ErbB2 expression and proliferation inhibition.
Perhaps because of its large size and overall hydrophobicity,
wrenchnolol exhibited limited nuclear distribution. More
recently, a third generation version of this scaffold was
reported, one with improved activity (3–4-fold greater than
wrenchnolol) and affinity (2.6-fold greater than wrenchnolol)
for Med23 (64). In an alternative approach, our group recently
reported an isoxazolidine mimic of the ESX TAD that down-
regulates ErbB2 expression in ErbB2-overexpressing cells (BT-

474 and SKBR-3) at low micromolar concentrations (Fig. 2D)
(81). Additionally, it attenuates cell proliferation of ErbB2-
overexpressing cells, and gene expression analysis via quantita-
tive real-time PCR showed down-regulation of erbB2 tran-
scripts, consistent with lowered ErbB2 protein levels.
For both the ESX-Med23 inhibitors and the molecules tar-

geting the KIX domain of CBP/p300, micromolar IC50 values
for transcriptional inhibition are observed, despite consider-
able optimization in some examples. The origin of this moder-
ate activity is not entirely clear. One contributing factor may be
the nature of native TAD-coactivator interactions, interactions
that often have Kd values in the micromolar range. Indeed, the
reported dissociation constant for the minimal ESX TAD in
complex withMed23 is 12 �M, suggesting that this surface may
be difficult to recognize with high affinity. An additional chal-
lenge for all of the TAD-coactivator inhibitors is specificity.
TAD-binding domains/surfaces within coactivators are often
used by several activators, and thus, an inhibitor targeting a
particular TAD-binding domain has the potential to interfere
with more than one activator. For example, the KIX domain of
CBP interacts with CREB in addition to c-Myb, c-Jun, and
Stat1�, among others (25, 45). Defining the extent of this chal-
lenge awaits further genome-wide characterization of these and
next-generation transcriptional inhibitors. Finally, although
many other coactivators are of great therapeutic interest, the
lack of structural data significantly hampers the identification
of novel inhibitors.

Targeting a Third Domain: Nuclear Receptor�Coactivator
Complexes

Although transcription can be minimally reconstituted with
just a DBD and a TAD, many transcription factors have addi-
tional regulatory domains that also present attractive targets for
the development of transcriptional modulators. Nowhere has
this been more evident than with NRs. NRs contain an N-ter-
minal amphipathic TAD (AF-1) and a C-terminal TAD (AF-2);
AF-2 resides within a LBD that modulates AF-2 activity. Ago-
nist binding induces a rearrangement of helix 12 of the LBD,
creating a hydrophobic grove with which coactivators bind and
activate transcription of specific genes. Thus,modulation ofNR
activity with exogenous molecules can be achieved by targeting
AF-1, AF-2, or the LBD. AF-1 is unstructured in solution and
closely resembles other amphipathic TADs; hence, to date,
there are no reported small molecule regulators of AF-1. In
contrast, AF-2 and the LBD are well defined and have been
amenable to structural studies (65–67). Additionally, unlike
the previously discussed activator-coactivator interactions,
coactivators utilize a highly conserved and structurally well
characterized �-helical LXXLL motif (NR box) to bind to AF-2
(68, 69). The wealth of structural information has resulted in
many advancements in the development of NR regulators that
either directly inhibit NR-coactivator interactions via targeting
the hydrophobic groove with LXXLL helix mimics or alloster-
ically inhibitNR-coactivator interactions by binding to the LBD
within the ligand-binding pocket (70).
One particularly exciting example is the recent identification of

small molecule inhibitors of the TR and AR. A variety of diseases
have been linked to aberrant TR andAR activity. For example, the
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ARhas been shown to play a role in androgen-dependent prostate
cancer, and anti-androgenic drugs have been used successfully
against these cancers; however, these are not without significant
side effects. Therefore, the development of novel small molecule
modulators ofNRs is of great therapeutic interest.A library screen
forpotential inhibitorsofTR-coactivator interactionsdiscovereda
�-aminoketone, L3, which had an IC50 value of �0.9 �M for the
TR� isoform (Fig. 2E) (71). L3 acts irreversibly, exhibiting cell per-
meability and nearly full inhibition of transcription in a cell-based
reporter assay at 4 �M. Structure-function analysis of this lead
compound provided insight into properties contributing to
potency, solubility, toxicity, and permeability, with the most
potent inhibitors consisting of an electrophilic head, hydrophobic
core, andahydrophobic alkyl tail (72).Additionally, it appears that
the hydrophobicity plays a role in the high selectivity (50-fold) of
L3 for TR� over TR�.

Similarly, library screening methods were also used to iden-
tify lead compounds that blocked AR transcriptional activity,
which were then subjected to x-ray structural analysis. These
studies identified FLF, a nonsteroidal anti-inflammatory drug,
as an allosteric inhibitor of the AR (73). Interestingly, structural
analysis revealed that FLF binds to a previously unidentified
hydrophobic cleft in the AR, termed BF3, which appears to be
necessary for AR function. Indeed, mutations at this site are
involved in androgen-insensitivity syndromes (74). Interac-
tions at BF3 abrogate binding of coactivators to the AR through
an allosteric mechanism. Further derivatization of FLF pro-
duced analogs that antagonized the AR via binding at the hor-
mone-binding site instead of at the BF3 site yet still inhibited
AR transcriptional activity and AR target genes (Fig. 2E) (75).
The well defined nature of AF-2 and the LBD of NRs, in

combination with the highly conserved LXXLL motif of NR
coactivators, has greatly facilitated the identification of small
molecule modulators of NR activity, in particular NR inhibi-
tors. These exciting advancements may open the door to novel
therapeutics and alternative strategies in the treatment of NR-
related disorders such as prostate cancer and hyperthyroidism.

Putting It All Together: Activator Artificial Transcription
Factors

Molecules that can reconstitute activator function are inter-
esting as potential therapeutics aimed at replacing malfunc-
tioning transcription factors. The predominant strategy for the
development of ATFs has been to reconstitute activator func-
tion through replacement of either or both domains with syn-
thetic or non-natural counterparts (Fig. 1) (8, 76, 77). Protein-
based activator ATFs are at a more advanced development
stage relative toATFs constructed fromone ormore smallmol-
ecule components, with, for example, designer zinc-finger
ATFs in clinical trials (78). One of the primary reasons that
small molecule ATFs have lagged behind is the considerable
difficulty associated with recapitulating the multipartner bind-
ing profile of natural TADs with a small molecule, particularly
given the many open questions surrounding activator-coacti-
vator interactions. Despite this, there have been several
advancements in ATFs in recent years. The Mapp laboratory
reported the first small molecule TAD, an amphipathic isox-
azolidine that was designed to generically mimic the

amphipathic helices of natural TADs, and this and relatedmol-
ecules function in cell-free and cellular experiments; recent
studies indicate that isoxazolidine 1 displays a multipartner
binding profile analogous to that of natural TADs and in par-
ticular binds to the KIX domain of CBP using the same binding
site utilized by MLL, Tat, and Tax (58, 59). A second class of
TADs has emerged from the Kodadek laboratory (79, 80)
through a screen of peptoids for binding to CBP, and from this,
a number of peptoid TADs that function in cells have emerged.
Uesugi and co-workers (64) were also able to up-regulate
reporter and endogenous genes by targeting a wrenchnolol
derivative to DNA. The next challenge is to be able to use the
small molecule TADs to affect endogenous genes, a transition
that would greatly increase their utility.

Future Directions

The past decade has seen many exciting advances in the
development of synthetic modulators of transcriptional activa-
tion. Both screening and directed design strategies have been
effective in identifying mimics of TADs that can be used as
inhibitors or activators of transcription, depending on the con-
text. However, the long-standing debate over the identity of
functionally important activator-binding partners, coupled
with limited structural data for activator-target protein com-
plexes, continues to hinder the field. Advances in either of these
areas will be enormously important for the discovery and char-
acterization of transcriptionalmodulators with increased effec-
tiveness and specificity.
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The ability to genetically encode unnatural amino acids beyond
thecommon20hasallowedunprecedentedcontrolover thechem-
ical structures of recombinantly expressed proteins. Orthogonal
aminoacyl-tRNA synthetase/tRNA pairs have been used together
with nonsense, rare, or 4-bp codons to incorporate>50 unnatural
amino acids into proteins in Escherichia coli, Saccharomyces cer-
evisiae,Pichiapastoris, andmammaliancell lines.Thishasallowed
the expression of proteins containing amino acids with novel side
chains, including fluorophores, post-translational modifications,
metal ion chelators, photocaged and photocross-linking moieties,
uniquely reactive functional groups, andNMR, IR, and x-ray crys-
tallographic probes.

Early Methodology

With fewexceptions, all organisms are restricted to the 20 com-
mon amino acid building blocks for the ribosomal biosynthesis of
proteins. However, it is clear that proteins require a higher level of
chemical complexity for many functions, as evidenced by the fre-
quent use of post-translationalmodifications and the dependence
of many enzymes on cofactors. Thus, the addition of new amino
acid building blocks to the genetic code should further expand the
range of functions available to proteins and provide powerful new
tools for probing protein structure and function both inside and
outside of living cells (1). Although recent advances in synthetic
and semisyntheticmethods have proven very useful for the incor-
porationof unnatural amino acids into proteins, they are generally
limited by low yields and are technically cumbersome in the pro-
duction of larger proteins. The use of the cellular biosynthetic
machinery to introduce novel amino acids abrogates issues relat-
ing to scalability and protein size and simplifies the study of mod-
ified proteins in living cells.
To add a new amino acid to the genetic repertoire, a codon is

needed that uniquely specifies that amino acid. The 20 canonical
amino acids are encoded by 61 degenerate triplet codons, leaving
the remaining three codons (TAG, amber; TAA, ochre; andTGA,
opal) to serve as translational stops. Previously, we and others (2)
used the redundancy of these “blank” stop codons, together with

the ribosomal machinery, to site-specifically incorporate unnatu-
ral amino acids into proteins in vitro in response to the amber
nonsense codon.Thiswas accomplished by chemically aminoacy-
lating a nonsense suppressor tRNA (tRNACUA, the amber sup-
pressor tRNA) with the desired unnatural amino acid and adding
the aminoacyl-tRNA to a cell-free transcription/translation sys-
tem along with the gene of interest harboring a TAGmutation at
the target site. In thedecade that followed, thismethodwasused to
site-specifically incorporate a large number of unnatural amino
acids with a wide variety of structures into proteins (3, 4). These
amino acids were used to probe the roles of specific amino acid
side chains and backbone groups in protein folding and stability,
catalytic mechanisms, and biomolecular interactions. Later, this
approach was extended to the incorporation of unnatural amino
acids incells bymicroinjectingchemically aminoacylated suppres-
sor tRNACUAs into Xenopus oocytes along with the mutated
mRNA (5). Although methodologies using chemically aminoacy-
lated tRNAs are quite useful, they are limited to the production of
small quantities of protein due to their stoichiometric nature and
require microinjection or transfection into cells. To expand the
utility of this methodology, we have engineered the translational
machinery todirectly incorporate unnatural amino acids intopro-
teins in living cells.

General Considerations for the in Vivo Incorporation of
Unnatural Amino Acids

Anumber of new componentsmust be integrated into the pro-
tein biosyntheticmachinery to addnewamino acids to the genetic
repertoire. For example, selenocysteine is incorporated into pro-
teins in response to the UGA nonsense codon by means of a
unique seryl-tRNA, which is enzymatically converted to seleno-
cysteine and then translated with an alternative elongation factor
(SelB in bacteria) and mRNA SECIS (selenocysteine insertion
sequence) element (6). Pyl2 is biosynthesized and subsequently
incorporated in response to theUAGnonsense codonby a unique
aaRS/tRNA pair (7). The minimal requirements to encode addi-
tional amino acids beyond the common 20 include a codon that
does not code for one of the natural amino acids so that the unnat-
ural amino acid can be uniquely incorporated into a protein at the
desired site. In addition, a functional aaRS/tRNA pair is required
that acts independently of the endogenous aminoacylation
machinery of the cell (Fig. 1). Orthogonality must be maintained
such that the suppressor tRNA is not a substrate for any endoge-
nous aaRS, and the orthogonal aaRS does not aminoacylate any
endogenous tRNAs. The active site of the aaRSmust activate and
aminoacylate its cognate tRNAwithonly theunnatural aminoacid
of interest and no endogenous host amino acids. Finally, the new
amino acidmust be efficiently transported into the cell (or biosyn-
thesizedby thecell),nontoxic, andstable to themetabolicenzymes
of the cell.* This work was supported, in whole or in part, by National Institutes of Health
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Incorporation of Unnatural Amino Acids into Proteins in
Escherichia coli

Initial efforts to encode unnatural amino acids in E. coli were
aimed at evolving an endogenous aaRS/tRNA pair to be orthogo-
nal in E. coli (8). However, misaminoacylation of native tRNAs by
the evolved aaRSprecluded its use for unnatural amino acid incor-
poration. To overcome this problem, in vitro studies identified
orthogonal pairs from other organisms with distinct tRNA iden-
tity elements that do not interact with EcaaRS/EctRNA pairs
but still function efficiently in translation. An engineered tyrosyl-
tRNA synthetase and cognate nonsense suppressor tRNAevolved
from the archaeaMethanocaldococcus jannaschii (MjTyrRS/
MjtRNATyr) was the first such orthogonal pair to be used to suc-
cessfully incorporate an unnatural amino acid (9). Because TAG
(amber stop codon) is the least used stop codon in the E. coli
genome (93% of E. coli genes end with TAA or TGA), it was reas-
signed to the unnatural amino acidwith the expectation thatTAG
suppression would have little impact on the E. coli native pro-
teome.Torecognize theTAGcodon, theanticodonofMjtRNATyr

was mutated to CUA to create an amber suppressor tRNA
(MjtRNACUA

Tyr ).
Toalter the specificityofMjTyrRS to recognizeadesiredunnat-

ural amino acid, a large library of aaRS active-site mutants (�108
mutants) was constructed and subjected to a double-sieve selec-
tion (9). In the first step, mutant aaRSs, together with orthogonal
MjtRNACUA

Tyr , are selected for their ability to suppress an amber
mutation at a permissive site in the chloramphenicol acetyltrans-
ferase gene in the presence of an unnatural amino acid and chlor-
amphenicol. Survivors of this positive selection encodeMjTyrRS

mutants that can aminoacylate MjtRNACUA
Tyr with either the

unnatural amino acid or an endogenous amino acid (10). To select
against mutants that aminoacylate endogenous amino acids, a
negative selection step was carried out (11). In this round, mutant
aaRSs and cognate orthogonal MjtRNACUA

Tyr are grown in the
absence of unnatural amino acid; those pairs that can suppress
threeambermutationsatpermissive sites in the toxicbarnasegene
with an endogenous amino acid are eliminated (9). Using this
selection scheme, theMjTyrRS/MjtRNACUA

Tyr pair has been engi-
neered to incorporate �30 unnatural amino acids in E. coli with
fidelities and efficiencies near those of natural ribosomal protein
synthesis (1).
In addition to amber suppression by theMjTyrRS/MjtRNATyr

pair, opal (TGA) and 4-base (AGGA) decoding pairs have been
derived from a chimeric Methanobacterium thermoautotrophi-
cum LeuRS/Halobacterium sp. NRC-1 suppressor tRNALeu

pair (12). Chin and co-workers (13) also demonstrated that the
aaRS/tRNACUA pairs that incorporate Pyl in Methanosarcina
barkeri and Desulfitobacterium hafniense are orthogonal in
E. coli and can be evolved to accept Pyl analogs as substrates.
Our laboratory and others have recently evolved the Pyl pair
from Methanosarcina mazei (MmPylRS/MmtRNACUA

Pyl ) in
E. coli to accept lysine derivatives (14, 15). Besides allowing the
incorporation of multiple amino acids in a single protein, these
new pairs should facilitate the evolution of new aaRSs specific
for unnatural amino acids with increasing structural diversity.

Incorporation of Unnatural Amino Acids into Proteins in
Eukaryotes

Edwards and Schimmel (16) previously showed that the
EcTyrRS/EctRNATyr pair is orthogonal in Saccharomyces cerevi-
siae, making it a prime candidate for unnatural amino acid incor-
poration in yeast. Yokoyama and co-workers (17) furthered this
work with the semirational design of an EcTyrRS that aminoacy-
lates a suppressorEctRNACUA

Tyr with3-iodotyrosine in cell-free sys-
tems. To create mutant EcTyrRS/EctRNACUA

Tyr pairs that can be
used to incorporate structurally diverse unnatural amino acids in
livingyeast cells, our laboratorydevelopedadouble-sieve selection
scheme that is analogous to the system developed in E. coli. This
system is based on suppression of two TAG mutations in the
GAL4 transcriptional activator protein,whichdrives transcription
of theHIS3 andURA3 genes (18). A library of EcTyrRS active-site
mutants, together with the cognate EctRNACUA

Tyr , are cotrans-
formed with the selection markers into a S. cerevisiae histidine
auxotroph.When grown in the absence of histidine and the pres-
ence of anunnatural amino acid, only thoseEcTyrRSmutants that
can successfully charge EctRNACUA

Tyr produce histidine and sur-
vive. To negatively select those mutants that accept an endoge-
nous amino acid, 5-fluorootic acid is added to the medium in the
absence of unnatural amino acid. ExpressionofURA3under these
conditions converts 5-fluorootic acid to the toxic product 5-flu-
orouracil andeliminatesEcTyrRSmutantswithactivity for endog-
enous amino acids (19). Using this selection scheme, �20 unnat-
ural amino acids have been added to the S. cerevisiae genetic code.
Because transformation efficiencies and slow doubling times

limit the construction and selection of libraries in mammalian
cells, methods have been developed to transfer aaRS/tRNA pairs
evolved in yeast to mammalian cells. Yokoyama and co-workers

FIGURE 1. Orthogonal aaRS/tRNACUA pair and translational machinery.
The orthogonal aaRS (red) aminoacylates the orthogonal tRNACUA (blue, red
CUA) with an unnatural amino acid (blue X) and does not cross-react with the
endogenous aaRS/tRNA pairs (shown is the TyrRS (gray)/tRNAAUA (black) pair).
Aminoacyl-tRNACUA travels to the ribosome (brown), where it incorporates
the unnatural amino acid in response to the UAG codon (red UAG).
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(20) first demonstrated this approach using a semirationally engi-
neeredEcTyrRS.Because theEctRNACUA

Tyr lacks theessential inter-
nal promoter sequences (A- andB-box identity elements) for tran-
scription by pol III in higher eukaryotes, an amber suppressor
tyrosyl-tRNAfromBacillus stearothermophilus (BstRNACUA

Tyr )was
paired with the EcTyrRS. Using this novel EcTyrRS/BstRNACUA

Tyr

pair, 3-iodotyrosine was incorporated in response to an amber
codon.To increase thediversityofunnatural amino acids that can
be used inmammalian cells, our laboratory developed amethod
of transferring EcTyrRSs evolved in yeast selection systems
directly into mammalian cells (21). By using S. cerevisiae as a
gateway, we have been able to incorporate �10 unnatural
amino acids in Chinese hamster ovary cells, 293T cells, and
primary cells using the EcTyrRS/BstRNACUA

Tyr pair.
Alternate pairs for unnatural amino acid incorporation have

beendeveloped in eukaryotes aswell. Evolutionof theE. coli leucyl
pair (EcLeuRS/EctRNACUA

Leu ) in S. cerevisiae has allowed the incor-
poration of novel fluorogenic and photocaged amino acids (22).
This pair has also been adapted to mammalian cells with good
success (23). In addition, the MmPylRS/MmtRNACUA

Pyl pair has
been used in mammalian cells to incorporate lysine analogs that
may be useful in studying histonemodifications (13, 15). This pair
has the advantage of being orthogonal in both E. coli and higher
eukaryotes, allowing aaRSswithnovel specificities to be evolved in
E. coli and subsequently transferred tomammalian cells.

Expanded Genetic Code

Orthogonal pairs derived using the above selection schemes
have been used to incorporate �50 unnatural amino acids in
response to unassigned or reassigned codons. Unnatural amino
acids with orthogonal chemical reactivities have enabled the site-
specific modification of proteins through a diverse “toolkit” of
chemistries (Fig. 2a). For example, a keto (1)-containing amino
acid can be selectively modified with aminooxy groups, and an
azide (2)- or alkyne (3)-containing amino acid can be selectively
modified through3�2cycloadditionreactions (“click”chemistry)
(24–26). These amino acids have been used to site-specifically
derivatize proteinswith polyethylene glycolmolecules, sugars, oli-
gonucleotides, fluorophores, peptides, and other synthetic moi-
eties. Inoneexample, fluorescence resonanceenergy transferpairs
were conjugated toT4 lysozymeandused to followprotein folding
at single-molecule resolution (27). In another example, human
growth hormone was expressed with a keto amino acid and poly-
ethyleneglycolylated throughanoxime linkageonakilogramscale
to improve its pharmacological properties (and is currently in clin-
ical trials) (24). A similar approach has been used to selectively
conjugate toxins toantibodies tocreatenovel targetedcancer ther-
apies. The site-specific modification of proteins in this manner
avoids the heterogeneous products generated by nonspecific elec-
trophilic reagents andmakespossible a formof “proteinmedicinal
chemistry.” Inaddition to thesechemistries, borono, iodo,olefinic,
and aminophenyl residues have enabled selective modification
reactions at the surface of proteins (28).
Unnatural amino acids with unique spectroscopic properties

have facilitated structural studies of proteins (Fig. 2b). Applica-
tions include 1) the site-specific incorporation of 15N-, 13C-, or
19F-labeled residues (4 and 5) into fatty acid synthetase to use
NMR to identify conformational changes that occur upon ligand

binding (29); 2) the selective incorporationof adeuterated tyrosine
(6) into dihydrofolate reductase to probe catalytic intermediates
by infrared spectroscopy (this labeled residue was site-specifically
incorporated into dihydrofolate reductase as a photocaged tyro-
sine whose caging group was removed with light) (30); 3) the site-
specific introduction of an azide (2)-containing amino acid into
rhodopsin to identify by Fourier transform infrared spectroscopy
changes in specific residues that occur upon light activation (31);
4) the introduction of residues with altered redox potentials such
as aminotyrosine (7) into ribonucleotide reductase toelucidate the
mechanisms of electron transfer (32); 5) the site-specific incorpo-
rationof environmentally sensitive fluorogenic aminoacids (8 and
9) as probes of local protein structure (for example, a hydroxycou-
marin derivative (9) was used to probe the local unfolding of
myoglobin, and a prodan derivative (8) was used to follow confor-
mational changes that occur upon binding of glutamine to glu-
tamine-binding protein and to label histones in living cells) (33,
34); and 6) incorporation ofmetal (10 and 11)-chelating or iodine
(12)-containing amino acids to facilitate the solution of protein
crystal structures (35). Metal-chelating amino acids may also be
used for the de novo design of metalloproteins. For example, a
catabolite activator protein mutant that site-specifically cleaves
DNA has been engineered by introducing a redox-active Cu2�-
chelating amino acid near the DNA backbone (36).

FIGURE 2. Unnatural amino acids and their applications. a, orthogonal
chemistries enable the site-specific modification of proteins with a wide vari-
ety of molecules. b, examples of unnatural amino acids described in text.

MINIREVIEW: Expanding the Genetic Lexicon

APRIL 9, 2010 • VOLUME 285 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11041



More recently, photochemically reactive amino acids have
been used as probes of protein function in vitro and in cells. For
example, photocaged cysteine (13), serine (14), lysine (15), and
tyrosine (16) derivatives have been site-specifically incorpo-
rated into proteins to allow the photodynamic regulation of
their activity (15, 37–39). In one example, the localization of the
yeast transcription factor Pho4 was followed in living cells by
selectively blocking its phosphorylation with a photocaged ser-
ine. Irradiation with low-energy blue light uncaged the serine
and allowed nuclear export of the phosphorylated Pho4 to be
followed in real time (39). To analyze biomolecular interactions
in vivo, azide (2), benzophenone (17), and aziridine photocross-
linking amino acids have been used to cross-link proteins to
their interacting partners in the cell (40, 41). For example, this
approach has been used to cross-link membrane protein li-
gands, such as G protein-coupled receptor peptide ligands, in
S. cerevisiae (42). Finally, to selectively cleave proteins with
light, o-nitrophenylalanine (18) has been genetically encoded,
which results in the site-specific scission of the protein back-
bone through a light-induced radical mechanism (43).
Unnatural amino acidmutagenesis has also been used to selec-

tively incorporate post-translationally modified amino acids into
proteins, including sulfotyrosine (19) and methylated and acety-
lated lysine (44–46). In addition, a metabolically stable analog of
phosphotyrosine (20) has been used to express a constitutively
activehumanSTAT1(signal transducerandactivatorof transcrip-
tion-1) protein and should be a general method for generating
stable phosphoprotein mimetics (44). Unnatural amino acid
mutagenesis can also be used to alter the polypeptide backbone.
For example, to probe the effects of backbone hydrogen bonding
on protein stability, an �-hydroxy acid (21) has been genetically
encoded, which creates an ester bond in the polypeptide chain
(47).This groupcanalsobe cleaved in vitrowithmildbase to allow
the scarless purification of proteins. Finally, we have discovered
that the site-specific incorporation of a single nitrophenylalanine
(22) or nitrotyrosine into proteins can break immunological toler-
ance inmice (with orwithout adjuvant) (48). The incorporation of
these immunogenic residues may allow a robust self-immune
response to be raised against cancer-associated or weakly immu-
nogenic antigens. This observation also raises the intriguing pos-
sibility that naturally occurring post-translational modifications
may break tolerance and lead to autoimmune disease.
The addition of novel amino acids to the genetic codemay also

confer an advantage in the evolution of proteins with novel or
enhanced functions. To begin to test this notion, phage-displayed
antibody libraries that randomly incorporate unnatural amino
acids into CDR3H (complementary-determining region 3 heavy
chain)were subjected to invitro selectionexperiments.Antibodies
containingboronate (23)or sulfotyrosine (19) residueswere found
to outcompete natural antibodies in binding to acylic glucamine
resins and thehuman immunodeficiencyvirus coatproteingp120,
respectively (49, 50). Current protein evolution experiments are
focusedonharnessing thebroad “chemical potential” of unnatural
amino acids to overcome post-translational sequence constraints,
introduce catalytic or structural metal ion-binding sites into pro-
teins, or incorporate amino acids with reactive “chemical war-
heads” into peptides and antibodies to inhibit proteases or other
therapeutically relevant enzymes (51).

An understanding of the molecular basis for unnatural amino
acid recognition by the aaRS is critical to the evolution of aaRSs
that can incorporate increasingly diverse chemical structures.
Toward this end,we have solved the crystal structures of several
substrate-boundMjTyrRSmutants (52). These structures show
a significant degree of structural plasticity: both the side chains
and the polypeptide backbone undergo significant conforma-
tional changes to create new hydrogen-bonding and hydropho-
bic interactions with the bound substrate (and remove those
with the natural tyrosine substrate). These structures can also
be used to iteratively generate new libraries to further expand
the genetic repertoire.

Advances in the in Vivo Incorporation of Unnatural Amino
Acids

Further increases in the efficiency of unnatural amino acid
incorporation are leading to increased yields of mutagenized pro-
teins. For example, several laboratories have overexpressed the
suppressor tRNACUA gene in polycistronic constructs to improve
the efficiency with which acylated tRNACUA can compete with
release factors for the TAG codon (53, 54). In E. coli, this method
increased the yields of mutant proteins by 20-fold. To increase
yields inS. cerevisiae,WangandWang(55)expressedasinglecopy
of EctRNACUA with an SNR52 promoter that contains the
required identity elements for efficient pol III transcription. In a
similar fashion, yields were increased in mammalian cells by
expression of EctRNACUA from the pol III H1 promoter, which
eliminates the need for theBstRNACUA

Tyr (23).Optimizationof sup-
pressor tRNACUA sequences has also led to increased yields of
mutant proteins. For example, in E. coli, mutant libraries
focused on the T and acceptor stems of MjtRNACUA

Tyr were
passed through a double-sieve selection to identify tRNAs with
up to 25-fold improved amber suppression efficiencies com-
pared with wild-typeMjtRNACUA

Tyr (56). Protein yields were fur-
ther increased in E. coli when an optimized MjtRNACUA

Tyr

sequence was coupled with inducible overexpression of the
MjTyrRS (57). This system has been effective in standardizing
unnatural amino acid incorporation in E. coli.
Mutations inhost systemsoralternatehostshavealsobeenused

to improve amber suppression efficiencies. For example,Chin and
co-workers (58) have developed an orthogonal ribosome in E. coli
(ribo-X) that increases suppression through a decreased func-
tional interaction with release factor 1. To obtain higher yields
(exceeding 150 mg/liters in shake flasks) of mutant proteins in a
eukaryotic system, EcaaRS/EctRNACUA pairs evolved in S. cerevi-
siae have recently been transferred to the methylotrophic yeast
Pichia pastoris (59). This new system has allowed the incorpora-
tion of unnatural amino acids into proteins that are poorly
expressed in E. coli or S. cerevisiae hosts.
Multiple mutually orthogonal aaRS/tRNA pairs and addi-

tional reassigned codons are necessary for the expression of
proteins containing multiple unnatural amino acids. To this
end, ochre, opal, or 4-base codons (the latter are created by
expanding the tRNA anticodon loop to complement a 4-base
codon in the mRNA) have also been used to encode unnatural
amino acids. In particular, the AGGA codon, together with an
evolvedPyrococcus horikoshii lysyl-tRNA synthetase/tRNACUA

Lys

pair, has been used in conjunction with the MjTyrRS/
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MjtRNACUA
Tyr pair to incorporate two unnatural amino acids

into a single polypeptide expressed in E. coli (60).

Perspective

Ongoing efforts by several laboratories are focused on the evo-
lution of new orthogonal pairs, the encoding of additional unnat-
ural amino acids, and the transition of these systems to other uni-
cellular and multicellular organisms. The ability to encode more
complex amino acids will likely require additional orthogonal
aaRS/tRNA pairs, structure-based active-site libraries, and more
complex selection schemes, including the stepwise selection of
novel aaRSs (e.g. the bipyridylalanine-specific aaRS was evolved
from a library created from a biphenylalanine-specific aaRS (61)).
Of particular interest to our laboratory is the expansion of this
methodology to Caenorhabditis elegans and mice. The evolution
of new aaRS/tRNA pairs may also allow the in vivo synthesis of
biopolymers with unnatural backbones (e.g. �-peptides). To “free
up” additional codons, the degeneracy of the E. coli or yeast
genomemay be reduced by deleting rare codons in a synthetically
produced genome. Additional experiments in our laboratory are
aimed at the in vivo evolution and selection of functional peptides,
proteins, or whole organisms harboring unnatural amino acids.
Evolution experiments with unnatural amino acids may answer
questions regarding the fitnessof themoderngeneticcode.Finally,
the application of unnatural amino acid methodology to protein
therapeutics such as bispecific antibodies, immunotoxins, and
vaccines is certain to have an impact onmedicine.
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Histones form the protein core around which genomic DNA
is wrapped in eukaryotic chromatin. Numerous genetic studies
have established that the structure and transcriptional state of
chromatin are closely related to histone post-translationalmod-
ifications. Further elucidation of the precise mechanistic roles
for individual histone modifications requires the ability to iso-
late and study homogeneously modified histones. However, the
highly heterogeneous nature of histone modifications in vivo
poses a significant challenge for such studies. Chemical tools
that have enabled biochemical and biophysical studies of site-
specifically modified histones are the focus of this minireview.

GenomicDNA is stored as chromatin in the nuclei of eukary-
otic cells. The fundamental repeating unit of chromatin is the
mononucleosome. Eachmononucleosome consists of �147 bp
of double-strandedDNAwrapped around an octameric protein
complex composed of two copies each of the four core histones,
H2A, H2B, H3, and H4 (Fig. 1A) (1).
The histones were first isolated and characterized in 1884 by

Albrecht Kossel (2). However, it was not until 1950 that Sted-
man and Stedman (3) identified multiple forms of histones in
the nuclei of cells and put forth the hypothesis that different
cellular phenotypes in an organismmay arise from the suppres-
sion of different genes by cell-specific histones. A decade later,
in vitro experiments with cell-free systems demonstrated that
histones were indeed inhibitory to DNA-templated RNA syn-
thesis (4). This period also saw the discovery of histone acety-
lation by Phillips (5) and of histone lysine �-N-methylation by
Murray (6). As the protein synthesis inhibitor puromycin did
not inhibit these histone modifications, Allfrey et al. (7) sug-
gested that acetylation and methylation were PTMs2 of his-
tones. On the basis of the observation that chemical acetylation
of histones greatly reduced their inhibitory effect on RNA syn-
thesis, they put forth the prescient hypothesis that small revers-
ible PTMs of histones could switch RNA synthesis on or off at
different loci along the chromosome.
Since these early studies, a large number of histone PTMs

(Fig. 1B), alongwith the various proteins responsible for install-

ing (writers), removing (erasers), and binding (readers) these
PTMs, have been identified (8). It is now well established that
both the position and chemical property of histone modifica-
tions dictate the structure of chromatin as well as its functions
in transcription, replication, andDNA repair (9). This has led to
the histone code hypothesis for epigenetic control of cellular
events, whereby distinct histonemodifications, on one or more
tails, act sequentially or in combination to bring about distinct
downstream events (9). Understanding the specific roles for
histone modification, either individually or in combination
with other modifications, and histone interactions with chro-
matin-associated proteins is key to understanding the mecha-
nisms underlying epigenetic control of cellular activity. Chem-
istry provides a growing arsenal of tools to study the roles for
histone PTMs, and these will be discussed below.

Synthetic Peptide Strategies

The research groups of Allfrey and Merrifield first demon-
strated the application of a synthetic peptide to address the
substrate specificity of histone-deacetylating enzymes
(HDACs) (10). A histone H4 peptide corresponding to residues
15–21 and 14C-acetylated at Lys16 was synthesized by auto-
mated solid-phase peptide synthesis. Whereas a chymotryptic
peptide from 3H-acetylated H4 (residues 1–37) was deacety-
lated byHDACs purified from calf thymus, the heptameric syn-
thetic peptide was not. This suggested that HDACs require a
minimum sequence for activity in vitro but, importantly, not
the entire H4 sequence. The authors then synthesized the lon-
ger H4 peptide (residues 1–37) uniformly 14C-acetylated at
Lys12 and 3H-acetylated at Lys16 and subjected it to enzymatic
deacetylation (11). Interestingly, the relative amounts of
[14C]acetyl released from Lys12 and [3H]acetyl from Lys16 were
equal throughout the time course of the HDAC assay, indicating
that both acetylated residueswere substrates for deacetylase activ-
ity. More recently, studies with varying degrees of acetylated H4
tail peptides (residues1–36)have revealed themultivalent engage-
ment ofmultiply acetylated lysines by two tandembromodomains
in the RNApolymerase II transcription factor D (TFIID) complex
protein TAFII250 (12). Acetylated H4 tail peptides have also
revealed an unprecedented cooperative binding of two acetyl
groups atH4Lys5 andLys8 by a single bromodomainmodule (13).
Biotinylated Lys4-methylated H3 tail peptides (residues 1–20)
have alsobeenemployed to identify theproteinsWDR5andBPTF
as readers for the subtly different H3 Lys4-dimethylated and Lys4-
trimethylated states, respectively (14).
The generation of peptide libraries has allowed high-

throughput screening of histone-protein interactions in a
microarray format. Toward this goal, Bedford and co-workers
(15) have designed a chromatin-associated domain array
(CADOR) chip containing an array of immobilized glutathione
S-transferase-tagged histone-binding domains, including tudor
and MBT domains, bromodomains, and chromodomains.
Binding experiments with fluorophore-taggedN-terminal pep-
tides from H3 and H4 bearing varying sites and degrees of
methylation revealed novel interactions with chromodomains
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and tudor and MBT domains from various chromatin-associ-
ated proteins. Rathert et al. (16) have utilized SPOT synthesis to
generate arrays of as many as 420 mutant H3 tail peptides (res-
idues 1–21) and tested the substrate specificity of the H3 Lys9

methyltransferaseDim-5 fromNeurospora crassa. Results from
these assays suggested an important role for Thr11 and Gly12 in
the H3 tail in conferring specificity for Dim-5 activity and its
discrimination against other lysines.
An impressive example of the combinatorial power of pep-

tide synthesis was reported by Denu and co-workers (17), who
developed a one-bead one-compound combinatorial library of
800 peptides bearing all possible permutations of the known
modifications within the 21 N-terminal amino acids of histone
H4. Peptide modifications included phosphorylation, acetyla-
tion, citrullination, and all possible methylation states of Lys
and Arg. From the initial library, 512 members were used to
elucidate the binding preferences of the double tudor domain of
the human demethylase JMJD2A for the H4 tail. Interestingly,

binding hits with various combinations of modifications
revealed a rheostat-like continuum of binding affinities for
human JMJD2A from 1 �M to 1 mM. Finally, a self-
assembled monolayer for matrix-assisted laser desorption-ion-
ization (SAMDI) mass spectrometric assay was applied by
Gurard-Levin and Mrksich (18) to characterize the activity of
HDAC8 for H4 tail peptides. Their results indicated the impor-
tance of both distal residues (residues 16–19) and those imme-
diately adjacent to acetylated Lys12 for HDAC8 activity.

Amber Suppression Strategies

An understanding of the physiological roles for histonemodifi-
cations requires the ability to study them in the context of nucleo-
somes and chromatin. Although peptide models are often suffi-
cient for studiesofbinaryprotein interactions, theycannotaddress
the effects of modifications on directing trans-tail histonemodifi-
cations, on nucleosomal or higher order chromatin structure, and
on chromatin-remodeling complexes.
Amber suppressionmutagenesis of proteins with orthogonal

pairs of amber suppressor tRNAs and their cognate aminoacyl-
tRNA synthetases could be employed to incorporate modified
amino acids into full-length histones. Toward this goal, Schultz
and co-workers (19) have evolved amutantMethanococcus jan-
naschii tyrosyl amber suppressor tRNA, TyrMjtRNACUA/
tyrosyl-tRNA synthetase pair to site-specifically incorporate
(Se)-phenylselenocysteine in response to the amber TAG
codon in Escherichia coli (Fig. 2A). Oxidative elimination of
phenylselenic acid yielded Dha (20), which underwent Michael
addition with N-acetylated or N-methylated derivatives of
2-aminoethanethiol to produce the thiol-containing analogs of
N-acetylated and N-methylated lysine (Fig. 2B). This method-
ology was employed to generate an analog of histone H3 acety-
lated at Lys9, which underwent phosphorylation at Ser10 by the
Aurora B kinase. A potential limitation of this methodology
may be the well established absence of diastereoselectivity in
non-enzymatic thiol additions to Dha (20), although the local
protein conformation may significantly influence the final
diastereomeric ratios of the addition products (21).
An alternate approach developed by Neumann et al. (22)

utilized an evolved Methanosarcina barkeri pyrrolysyl-tRNA
synthetase and its cognate amber suppressor, tRNACUA, to
genetically incorporate N-�-acetyllysine in response to the
TAG codon in E. coli (Fig. 2A). This was employed to generate
H3 acetylated at Lys56 that was incorporated intomononucleo-
somes and nucleosomal arrays. Förster resonance energy trans-
fer-based experiments with fluorophore-labeled nucleosomes
permitted the direct observation of DNA unwrapping. Acety-
lation was found to increase the extent of DNA unwrapping
within the last turn ofDNAon the nucleosome core by 7-fold. It
also accelerated nucleosomal repositioning by remodeling
complexes �20% over unmodified nucleosomes. However,
acetylation did not affect the ATP-dependent H2A/H2B dimer
transfer from mononucleosomes or higher order chromatin
structure formation. Thus, the overall effects of H3 Lys56 acety-
lation on nucleosome structure and stability are fairly subtle
and are manifest at the level of DNA breathing.
Recently, Chin and co-workers (23) have extended their

methodology to incorporate N-�-methyl-L-lysine into H3 at

FIGURE 1. Histones and their PTMs. A, mononucleosome structure with his-
tone tails protruding from the core. This figure was generated from Protein
Data Bank code 1KX5 with PyMOL. The colors used for individual histones are
the same as described for B. B, schematic representation of histone tails
and their modifications. Some modifications at the histone C terminus and
globular core are also shown. Groups are indicated as follows: ac, acetyl;
Cit, citrullyl; me, methyl; ph, phosphoryl; pr, propionyl; rib, ADP-ribosyl;
and Ub, ubiquityl. This figure was adapted from Ref. 49.
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position 9, masked as theN-�-Boc-N-�-methyl-L-lysine deriva-
tive, which is an efficient substrate for theM. barkeri pyrrolysyl-
tRNA synthetase/tRNACUA pair (Fig. 2A). Subsequent acidolytic
deprotection of the Boc group generated H3 monomethylated at
Lys9 (Fig. 2B),whichwasdemonstrated tobind ananti-H3-K9me1
antibody and HP1 (heterochromatin protein 1).

Cysteine Modification Strategies

Cys is the most convenient amino acid for selective modifi-
cation because of its highly nucleophilic side chain sulfhydryl
group (pKa � 8.5). Shokat and co-workers (24) have taken
advantage of the unique reactivity of Cys to generate N-meth-
ylated aminoethylcysteine residues (Fig. 2C). Coupled with
mutation of the single Cys in H3 (Cys110) to Ala, their method-
ology permitted the site-specific installation of MLAs in his-
tone H3. Thiol-containing analogs of H3 methylated at Lys9
(H3-KC9me), Lys4, Lys36, and Lys79 and of H4 methylated at
Lys20 were successfully recognized by methylation-specific
antibodies. Furthermore, both an H3-KC9me2 peptide (resi-
dues 1–14) and nucleosome-associated full-lengthH3-KC9me2
were demonstrated to bind the heterochromatin-binding pro-
tein HP1�, which is known to bind H3-K9me2. Similar degrees
of methylation of H3 Lys9 and the H3-KC9 analog by the
methyltransferase SUV39H1 demonstrated the equivalence of
MLAs in biochemical assays. The ease of access to MLAs in
histones also permitted structural determination of mononu-
cleosomes where both copies of the native histones were sub-
stituted with either H4-KC20me3 or H3-KC79me2 (25). In

either case, methylation did not sig-
nificantly affect mononucleosome
structure. In solution, however,
sedimentation velocity analysis
indicated that 12-mer nucleosomal
arrays reconstituted with octamers
containing H4-KC20me3 had an
enhanced propensity to form maxi-
mally folded and higher order
structures with increasing Mg2�

concentrations compared with
H3-KC79me2-containing or wild-
type nucleosomal arrays. MLAs
have also been applied in studies of
DNA replication (26), recruitment
of HDACs to histones (27), the
propagation of repressive modifica-
tions (28), and cross-talk between
modifications (29).
An alternate Cys-directed modi-

fication strategy developed by Davis
and co-workers (30) is the oxidative
elimination of Cys to Dha by the
reagent O-mesitylenesulfonylhy-
droxylamine. Site-specific Cys mu-
tagenesis in histones could in
principle be coupledwith thismeth-
odology to generate Dha, which
would readily be converted tometh-
ylated and acetylated lysine analogs,

similar to themethodology reported by Schultz and co-workers
(19).

Native Chemical and Expressed Protein Ligation

The first report of EPL in 1998 by Muir et al. (31) marked a
new avenue for employing chemistry to explore protein func-
tion. EPL extends the synthetic technique known as native
chemical ligation (32), whereby two peptide halves, one bearing
anN-terminalCys and the other bearing aC-terminal thioester,
are joined by a native amide bond. The peptide fragments can
be obtained by solid-phase peptide synthesis employing either
Boc or Fmoc (N-(9-fluorenyl)methoxycarbonyl) protecting
group chemistry (33). Given the inevitable limitation of native
chemical ligation by the length of the synthetic peptide halves,
EPL significantly expands the range of proteins accessible for
chemicalmodification. EPL employs an expressed protein in its
C-terminal thioester form obtained by thiolysis of a C-termi-
nally fused intein rather than by synthetic means. The
expressed protein thioester undergoes trans-thioesterification
when reacted with a second peptide/protein bearing an N-ter-
minal Cys (Fig. 3). A subsequent S-to-N-acyl shift generates a
native amide bond between the two halves, leading to the full-
length target. EPLmay also be reversed to enable the ligation of
a C-terminal expressed protein half with an N-terminal syn-
thetic peptide thioester.Most importantly, because any desired
protein modificationmay be introduced in the synthetic half of
the ligation partners, in principle, EPL permits the incorpora-
tion of any histone modification observed in Nature.

FIGURE 2. Amber suppression and cysteine-specific modification techniques. A, in vivo amber suppression
methodology for incorporating PTMs into histones. 1, (Se)-phenylselenocysteine; 2, N-�-Boc-N-�-methyl-L-
lysine; 3, N-�-acetyl-L-lysine. B, conversion of 1 and 2 to modified lysine analogs after incorporation into his-
tones. MeLys, methyllysine; AcLys, acetyllysine. C, in vitro cysteine modification strategy for generating MLAs. Br,
bromo.
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Site-specific Histone Modification by EPL

Shogren-Knaak et al. (34) first reported the use of EPL to
generate Xenopus laevis histone H3 bearing a pSer residue at
position 10. Nucleosomal arrays reconstituted with H3 pSer10
were efficiently remodeled by the yeast SWI/SNF remodeling
complex, demonstrating that semisynthetic H3 pSer10 did not
drastically affect nucleosome structure. These arrays were also
used to probe the substrate specificity of the histone acetyl-
transferase Gcn5 and revealed its different activities when
presented with peptide versus nucleosomal substrates. This
indicates the need for investigating themechanisms of histone-
modifying enzymes on intact nucleosomes rather than peptide
substrates.
In another study, site-specifically Lys16-acetylated histone

H4was generated (35). Thiswas incorporated into nucleosomal
arrays, and its effect on chromatin compaction was determined
by sedimentation velocity analysis during ultracentrifugation.
The single acetylation of H4 Lys16 inhibited 30-nm fiber forma-
tion in nucleosomal arrays, similar to the absence of the histone
tail. These results suggested a structural role for Lys16-acety-
lated H4 in establishing transcriptionally active euchromatic
regions by decondensing chromatin.
EPL has permitted the generation of multiply modified his-

tones with as many as three acetyl groups at Lys5, Lys8, and
Lys12 in histone H4 and five acetyl groups at Lys4, Lys9, Lys14,
Lys18, and Lys23 in H3 (36). An additional desulfurization step
was added to these syntheses, converting theCys introduced for
ligation to a native Ala in the final step and rendering the liga-
tion traceless. Histones are particularly amenable to chemical
desulfurization because only a single Cys (Cys110 in H3) is pres-
ent in the four core histones in higher eukaryotes, and Cys is
altogether absent in yeast histones. Surprisingly, substituting
wild-type H3 with semisynthetic pentaacetylated H3 did not
interfere with RSF (remodeling and spacing factor) complex-
mediated assembly of a chromatinized plasmid. Additionally,
H3/H4 tetramers generated with pentaacetylated H3 were also
demonstrated to be a substrate for the HDAC Sir1 and subse-
quently for the methyltransferase G9a.

Owen-Hughes and co-workers (37) employed semisyntheti-
cally tetraacetylated derivatives of H3 (Lys9, Lys14, Lys18, and
Lys23) and H4 (Lys5, Lys8, Lys12, and Lys16) to generate specif-
ically modified chromatin templates to study the interaction of
various yeast remodeling complexes with differentially acety-
lated nucleosomes. It was shown that the ATP-dependent
remodeling enzyme complex RSC (remodel the structure of
chromatin) preferentially remodeled chromatin containing tet-
raacetylated H3, but not H4, �16-fold faster than unmodified
chromatin. Kinetic analysis revealed this to be due to a 3-fold
lower Km for the tetraacetylated nucleosomes and that a single
acetylation at H3 Lys14 contributed most to this effect. On the
other hand, tetraacetylation of H4 inhibited nucleosome
remodeling by the Isw2 enzyme by �1.5-fold relative to
unmodified nucleosomes. This was due to a reduction in the
rate of ATP hydrolysis (kcat) by Isw2. These experiments cate-
gorically demonstrated that histone modifications affect
nucleosome remodeling through distinct pathways for differ-
ent remodeling enzymes.
EPL has also enabled investigations of the effects of acetyla-

tion near the nucleosome dyad pseudo-symmetry axis, where
key histone-DNA contacts occur (38). Results from nucleo-
some competitive reconstitution experiments revealed that
acetylation at H3 Lys115 near the dyad axis reduced DNA bind-
ing significantly more than acetylation at H3 Lys122. However,
mononucleosomes acetylated at H3 Lys122 underwent thermal
repositioning about twice as fast as those acetylated at Lys115.
These results suggest that the different sites of acetylation near
the nucleosome dyad may have different physiological conse-
quences in vivo, such as their effect on genome positioning and
nucleosome assembly/disassembly. Another interesting result
from this study was the observation that the Lys-to-Gln muta-
tion that is commonly employed to mimic lysine acetylation in
vivo showed significant differences from acetyllysine in in vitro
competitive reconstitution assays.
Our own laboratory has reported several advances toward

the semisynthesis of histones for biochemical studies. Chiang et
al. (39) have demonstrated the utility of a thiol-protected 2-hy-
droxy-3-mercaptopropionic acid linker (40) and a diaminoben-
zoic acid linker (41) to synthesize a histone H2B N-terminal
peptide thioester containing pSer at position 14 as well as
acetyllysines at positions 5, 11, 12, and 15.These synthetic strat-
egies avoided epimerization at the peptide C terminus, which is
known to occur during the solution-phase activation of side
chain-protected peptides (42). Furthermore, a mild radical-
based desulfurization methodology specific for cysteine (43)
was employed to render the ligation product traceless. The
phosphorylated and polyacetylated full-lengthH2Bwas probed
with a commercial H2B pSer14-specific antibody. Surprisingly,
the presence of multiple acetylations in the H2B tail prevented
the recognition of pSer14 by this antibody. This result indicates
a limitation of antibody-based ChIP (chromatin immunopre-
cipitation)-on-chip experiments for whole genome analysis
because histones are often decorated with multiple modifica-
tions in vivo that may interfere with the detection of specific
modifications. However, the acetyl groups did not interfere
with phosphorylation of Ser14 by the human MST1 (mamma-

FIGURE 3. EPL. Multiple strategies for incorporating synthetic peptides into
full-length proteins. SPPS, solid-phase peptide synthesis; RSH, alkyl/aryl thiol.
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lian sterile twenty-like 1) kinase, suggesting an unusual mech-
anism for H2B recognition by this enzyme.
One of the most dramatic PTMs of proteins is their conjuga-

tion with the small protein ubiquitin. Ubiquitylation is under-
taken by a family of E1–E3 ligases that activate the C terminus
of ubiquitin and catalyze its condensation with specific lysine
side chain �-amines in target proteins (44). Unlike its typical
role in proteasome-assisted degradation, the ubiquitylation of
histones is associated with DNA damage repair and both tran-
scription elongation and repression (45). Ubiquitylation ofH2B
occurs at Lys123 in yeast (Lys120 in humans) and has been linked
to transcription elongation and trans-tail methylation of H3
Lys4 and Lys79 through genetic studies (45). However, the small
fraction (1–2%) of uH2B and the heterogeneity of histonemod-
ifications in vivo posed a serious challenge in the isolation of
uH2B for biochemical studies aimed at identifying its mecha-
nistic role in H3 methylation.
We have developed several semisynthetic approaches for the

site-specific ubiquitylation of histones.McGinty et al. (46) have
reported an EPL strategy to access uH2B that employs traceless
peptide ubiquitylation (47). In this synthetic scheme (Fig. 4),
the H2B protein was divided into a short synthetic C-terminal
fragment (1) and recombinant N-terminal thioester (4). In the
first step, ubiquitylation of the H2B C-terminal peptide (1) was
accomplishedwith a photolytically removable ligation auxiliary
that was coupled to the side chain of the residue corresponding
to Lys120 in full-length H2B. The ligation auxiliary acted as an
N-terminal cysteine surrogate and facilitated EPL with a
recombinant ubiquitin thioester lacking its C-terminal residue
Gly76 (2). Upon ligation, photolysis of the auxiliary with UV
irradiation yielded native uH2B peptide (3) and simultaneously
released a photoprotected Cys at the N terminus of the H2B
peptide. In a second ligation step, the ubiquitylated peptide was
reacted with the recombinant H2B thioester (4) to generate
full-length uH2B(A117C). In a final step, the Cys was desulfu-
rized to yield native uH2B (5). Biochemical assays of chemically
ubiquitylated mononucleosomes with the human histone
lysine methyltransferase DOT1L revealed that ubiquitylation
directly stimulated intranucleosomal methylation of H3 Lys79
(46). This was the first direct biochemical evidence of cross-talk
between PTMs on different histones.
Very recently, we reported an alternate methodology for his-

tone ubiquitylation that bypasses the need for the synthetically
challenging ligation auxiliary (48). This was achieved by incor-
porating themutationG76A at the ubiquitinC terminus, which

allowed ligation with cysteine both
at the lysine side chain and within
H2B. Avoiding ligation onto a steri-
cally hindered secondary amine,
which was unavoidable in the liga-
tion auxiliary approach, led to sig-
nificantly reduced reaction times
and higher yields. Furthermore,
substitution of UV irradiation with
chemical unmasking of the second
cysteine greatly facilitated sample
handling. Simultaneous desulfu-
rization of both cysteines yielded

the u(G76A)H2B protein, which was recognized by a uH2B-
specific antibody and by the ubiquitin-specific hydrolase
UCHL3. u(G76A)H2B also stimulated robust methylation at
H3 Lys79 by human DOT1L, thus demonstrating similarity to
native uH2B in a nucleosomal context. Subsequent kinetic and
structure-activity relationship analyses with u(G76A)H2B have
revealed a non-canonical role for ubiquitin in the enhancement
of the chemical step of H3 Lys79 methylation. In particular, the
hydrophobic patch on the surface of ubiquitin centered around
Ile44, which forms critical interactions with most helical ubiq-
uitin-binding domains, was found to be non-essential for stim-
ulation of human DOT1L activity. Mutagenic studies aimed at
identifying the specific surface residues of ubiquitin involved in
human DOT1L stimulation are currently under way in our
laboratory.

Conclusions and Future Directions

Beginning with their discovery �40 years ago, histone mod-
ifications have been shown to play critical roles in directing key
cellular events such as transcription activation, gene silencing,
DNA damage repair, and DNA replication. Several semisyn-
thetic methodologies for the generation of homogeneously
modified histones have been developed, and these have led to
investigations of the mechanistic roles for individual histone
modifications in these processes. Advances in protein chemis-
try have made accessible synthetically challenging histone
modifications, such as those found in the globular core domains
ofmononucleosomes and those involving large proteins such as
ubiquitin and SUMO (small ubiquitin-like modifier). In the
future, experiments with semisynthetic histones in our own
laboratories will be aimed at the level of testing the histone code
hypothesis in nucleosomal arrays bearing controlled modifica-
tions for studies of gene transcription, replication, and repair.
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Genome sequencing projects have uncovered thousands of
uncharacterized enzymes in eukaryotic and prokaryotic organ-
isms. Deciphering the physiological functions of enzymes requires
tools to profile and perturb their activities in native biological sys-
tems. Activity-based protein profiling has emerged as a powerful
chemoproteomic strategy to achieve these objectives through the
use of chemical probes that target large swaths of enzymes that
share active-site features. Here, we review activity-based protein
profiling and its implementation to annotate the enzymatic pro-
teome, with particular attention given to probes that target serine
hydrolases, a diverse superfamily of enzymes replete with many
uncharacterizedmembers.

Complete genome sequences have revolutionized our viewof
living systems. The number of genes possessed by organisms
ranging from bacteria to yeast to humans is now more or less
confidently assigned and has provided a framework for under-
standing complex cellular and physiological processes at a bio-
chemical level. This framework is, however, plagued by huge
knowledge gaps represented, perhapsmost notably, by a daunt-
ing number of uncharacterized gene products. These include
many predicted proteins that lack discernible sequence homol-
ogy to other proteins of known function, as well as expansive
protein families, of which only a modest subset of members
have been assigned biochemical activities (1, 2).
Working under theDarwinian assumption that every protein

has evolved to perform a unique function that ultimately bene-
fits the host organism, it follows that significant gaps in our
knowledge of the proteome imperil ongoing computational and
experimental attempts to build molecular networks that
explain higher order life processes. This problem is accentuated
by the realization that among human protein families
containing many poorly characterized members are the funda-
mental components of signal transduction (receptors, ion
channels), gene regulation (transcription factors), and meta-
bolic (enzymes, transporters) pathways. Ongoing and future
“systems biology” endeavors would thus greatly benefit from

new technologies that facilitate assignment of protein function
on a global scale. These technologies can take the formofmeth-
ods that map fundamental features of protein behavior, includ-
ing intermolecular (e.g. gene-gene, protein-protein, protein-
DNA, protein-metabolite) interactions (3, 4), cellular and
subcellular localization (5), post-translational modification
state (6), and biochemical activities (7–9). In this minireview,
we will focus on the last category in our discussion of the che-
moproteomicmethod activity-based protein profiling (ABPP),2
which aims to globally characterize the functional state of
enzymes in native biological systems (8, 9). Our goal is to show-
case how, in littlemore than a decade, ABPP has developed into
a versatile platform for enzyme annotation in the genomic era.

Enzyme Analysis by ABPP: Serine Hydrolases as a
Case Study

ABPP has been successfully applied to many enzyme classes
(8). For the purposes of this minireview, however, we will focus
our attention on its use to study serine hydrolases (SHs), which
have served as a versatile testing group for ABPP and its various
applications. SHs utilize a conserved serine nucleophile to
hydrolyze amide, ester, and thioester bonds in both protein and
small molecule (metabolite) substrates. They are one of the
largest and most widely distributed enzyme classes in all three
kingdoms of life, including humans, where SHs constitute�1%
of the proteome (10). These include �100 serine proteases (e.g.
trypsin, elastase, thrombin) that hydrolyze principally peptide
bonds in proteins, as well as another 110� SHs that act on
metabolites and peptides and are hereafter referred to asmSHs.
The mSHs include esterases (e.g. acetylcholinesterase), lipases
(e.g. cytosolic phospholipase A2), peptidases (e.g. dipeptidyl
peptidase IV), and amidases (e.g. FAAH) and can be organized
into several distinct subfamilies based on three-dimensional
structure and catalyticmechanism.Themajority ofmSHs (�60%)
adopt an �,�-hydrolase fold and employ a Ser-His-Asp catalytic
triad (11); however, multiple distinct and evolutionarily unrelated
subclasses of mSHs also exist that utilize different folds and cata-
lytic machinery, including the amidase signature enzymes (Ser-
Ser-Lys triad) (12, 13) andpatatin domain-containing lipases (Ser-
Asp dyad) (14). Although many mSHs are well studied enzymes
with established biochemical activities, it is striking to realize that
nearly half of the human mSHs are completely uncharacterized
with respect to physiological substrates and functions (Fig. 1A,
blue enzymes). Aswill be described below, ABPP has proven espe-
cially well suited for investigating uncharacterized SHs.
Before proceeding further, however, it is first worth consid-

ering the potential evolutionary and functional significance of
the large number of unannotated SHs found in the human pro-
teome. Certain enzyme families, such as the cytochrome P450
class, contain many members that are subject to substantial

* This work was supported, in whole or in part, by National Institutes of Health
Grants CA087660, CA132630, and DA025285. This work was also sup-
ported by the ARCS Foundation and a Koshland Graduate Fellowship in
Enzyme Biochemistry (to G. M. S.) and by the Skaggs Institute for Chemical
Biology. This is the fourth of six articles in the “Chemical Biology Meets Biolog-
ical Chemistry Minireview Series.” This minireview will be reprinted in the 2010
Minireview Compendium, which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: cravatt@scripps.
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2 The abbreviations used are: ABPP, activity-based protein profiling; SH, ser-
ine hydrolase; mSH, metabolic SH; FAAH, fatty acid amide hydrolase; FP,
fluorophosphonate; MAGL, monoacylglycerol lipase; LC-MS, liquid chro-
matography-mass spectrometry; 2-AG, 2-arachidonoylglycerol; fluopol,
fluorescence polarization.
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evolutionary drift to the extent that they do not display recip-
rocal orthology between humans and other mammals (15).
These non-orthologous enzymes also tend to exhibit promis-
cuous and overlapping substrate specificities, suggestive of
some degree of functional redundancy. On the basis of a similar
evolutionary analysis, we believe that mSHs present a different
case, where most members, including those that are uncharac-
terized, possess conserved non-redundant biochemical func-
tions. A visual depiction of this evolutionary argument is shown
in Fig. 1B, where each human mSH is distributed across a two-
dimensional plane that compares sequence similarity between
1) the most closely related mouse enzyme (orthology; x axis)
and 2) the most closely related (non-identical) human enzyme
(homology; y axis). The vast majority of mSHs cluster in the
lower right-hand corner of the plot, reflecting both very low
homology to their nearest neighbors in humans (indicating
functional uniqueness) and high sequence identity with their
respective mouse orthologs (indicating strong evolutionary
conservation). One striking feature of this plot is that well char-
acterized enzymes that perform specific biochemical functions
in mammalian physiology, such as FAAH and acetylcholinest-
erase, appear alongside uncharacterized enzymes, such as
ABHD13, LACTB, and BPHL. One can extrapolate from this
analysis that the �50% of mSHs that remain unannotated are
likely to play just as critical roles in human biology as the 50% of
enzymes from this class that are characterized, thus underscor-
ing the need for new functional profiling methods, like ABPP,
that can be broadly applied to SHs regardless of their degree of
annotation.

Fluorophosphonates as Prototypical Activity-based
Probes for SHs

The principal currency of ABPP is chemistry and, more spe-
cifically, chemical probes (Fig. 2A) (8, 16). These activity-based
probes contain at least two elements: 1) a reactive group to label
mechanistically related enzymes in an active site-directedman-
ner and 2) a reporter tag to visualize, enrich, and identify probe-
labeled enzymes. Much of the success of ABPP has hinged on
the adaptation of classical affinity labels to serve as reactive
groups for probe design. For SHs, their catalytic mechanism
involves formation of a covalent acyl-enzyme intermediate that
has enabled development of activity-based probes that incor-
porate the fluorophosphonate (FP) affinity label (Fig. 2B). Early
studies showed that biotinylated and fluorescently tagged FPs
could be used in combinationwith gel-based readouts to profile
dozens of SH activities in complex proteomes (17–20). Con-
temporaneous studies using epoxide-based probes for cysteine
proteases were also described (21, 22). These efforts laid the
foundation for future technical advances and biological appli-
cations of ABPP that have converged on achieving two major
goals: enzyme discovery and inhibitor discovery.

SH Discovery by ABPP

As with most proteomic methods (23), ABPP data are most
straightforward to interpret when acquired in a comparative
context, where differences in enzyme activities are measured
across multiple biological samples. Comparative ABPP has
proven particularly fruitful for discovering SHactivities that are

FIGURE 1. Human mSH superfamily. A, dendrogram showing all 116 members of the mSH family in humans. Branch length depicts sequence relatedness
based on a sequence alignment anchored around the serine nucleophiles. The enzyme names are colored according to their degree of characterization, with
characterized enzymes shown in black and uncharacterized enzymes shown in blue. B, sequence-derived evidence that most mSHs, regardless of their degree
of annotation, perform unique and conserved functions in mammals. The scatter plot shows the 116 mSHs arranged according to the percent sequence
identity for their nearest human mSH neighbor (homology, y axis) and mouse ortholog (x axis). Proteins appearing in the lower right-hand corner are both
unique within the human proteome (as they display low sequence identity with their nearest human neighbor) and well conserved across mammalian species
(as their mouse and human orthologs display strong sequence conservation).
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dysregulated in cancer. For instance, ABPP of a panel of human
cancer cell lines that differ in pathogenicity has identified sev-
eral serine proteases and mSHs that are selectively elevated in
aggressive cancer cells (20, 24, 25). These enzymes include the
urokinase- and tissue-type plasminogen activators, which are
known to contribute to cancer malignancy, andMAGL and the
uncharacterizedmSHKIAA1363 (or AADACL1), for which no
prior functional links to cancer had been made. Notably, some
of these enzymes showed alterations in activity without corre-
sponding changes in transcription (25), underscoring the value
of ABPP for characterizing biochemical events that might
evade detection by genomic methods. As will be described
below, ABPP also proved critical for developing selective inhib-
itors of KIAA1363 and MAGL, which were then used to char-
acterize the function of these enzymes in cancer.
The aforementioned SH activities were detected using fluores-

cent FP probes and one-dimensional SDS-PAGE readouts, which
are highly useful methods because of their technical simplicity
(Fig. 2A). However, the inherent resolution of one-dimensional
SDS-PAGE limits the number of enzymes that can be compara-
tively analyzed in a singleABPP experiment.More recently, ABPP
has been coupled with a shotgun LC-MS-based platform termed
MudPIT (multidimensional protein identification technology) to
greatly improve the depth of proteome coverage achievable in
ABPPexperiments (Fig. 2A) (26).This technique,knownasABPP-
MudPIT,hasbeenused to identify 50–100�enzymeactivitiesper
proteomic sample and can provide semiquantitative information
on the relative levels of enzyme activities across different samples.
Additional LC-MS platforms for ABPP have also been described,
including a method in which the probe-labeled peptides (instead
of probe-labeled proteins) are enriched and identified (27, 28).
These platforms facilitated the annotation of sialic acid 9-O-acet-
ylesterase as an SH that lacks sequence homology to other
enzymes from this class (29).
ABPP-MudPIThas seendiverseutility, including thecharacter-

ization of SH activities in primary human breast tumors (26). In
this study,more thanone-thirdof the�50�enzymes identifiedby
ABPP represented uncharacterized SHs, demonstrating that FP

probes are broadly applicable for the analysis of enzymes from this
class regardless of their degree of annotation. Indeed, a survey of
the literature (24, 26, 27, 30) and our own unpublished studies3
indicates that �80% of human/mouse mSHs have already been
detected in one or more ABPP experiment using FP probes.
In a more recent application, ABPP-MudPIT was used to

comprehensively profile enzymes in mouse brain and to iden-
tify novel mSHs that degrade 2-arachidonoylglycerol (2-AG)
(30), an endogenous ligand for cannabinoid receptors (31, 32).
This latter approach began with the observation that FP probes
completely ablated 2-AG hydrolysis in brain lysates, suggesting
that one or more SHs catalyzed this reaction. ABPP-MudPIT
identified �30 brain SHs, which were then heterologously
expressed and individually screened for 2-AG-hydrolyzing
activity. Semiquantitative estimates of SH activity levels in
brain (calculated by spectral counting of ABPP-MudPIT data)
were then used to designate MAGL as the major brain 2-AG
hydrolase, accounting for �85% of the total activity, with most
of the remaining activity being assigned to two uncharacterized
mSHs, ABHD6 and ABHD12. These findings and others (33)
suggest that multiple enzymes can contribute to 2-AG hydro-
lysis in mammalian tissues. Other biological applications of
ABPP include characterization of SH activities in adipose tissue
(34), immune cell function (35), cancer metastasis (36), bacte-
rial (37, 38) and fungal (39) pathogenesis, and natural product
biosynthesis (40), as well as the analysis of other enzyme classes
in cancer (41, 42) and infectious diseases (43).

SH Inhibitor Discovery by ABPP

As may be surmised from the aforementioned section, a
major feature ofABPP is its capacity to acquire functional infor-
mation on uncharacterized enzymes (e.g. a link between
KIAA1363 and cancer, a potential role for ABHD6/ABHD12 in
endocannabinoid metabolism). Still, the more complete anno-
tation of these enzymes, including assignment of their endoge-
nous substrates and products and (patho)physiological func-

3 G. M. Simon and B. F. Cravatt, unpublished data.

FIGURE 2. Platforms and probes for ABPP of SHs. A, common ABPP platforms. In the upper panel, an activity-based probe conjugated to a fluorophore (right)
or biotin (left) tag is shown labeling a proteome. Probe-labeled proteins can then be visualized directly via SDS-PAGE and fluorescent gel scanning (fluorophore
probes) or enriched with avidin and identified by LC/LC-MS/MS (ABPP-MudPIT; biotin probes). The lower panel shows both of these techniques being applied
to the characterization of inhibitors (competitive ABPP). B, covalent modification of the active-site serine nucleophile of SHs by a FP activity-based probe. The
red stars indicate a tag, such as a fluorophore or biotin.
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tions, requires selective inhibitors to perturb their activity in
living systems. Indeed, one could make a similar argument for
many other SHs that fall into the category of “characterized”
enzymes because their functional analysis has often been
restricted to in vitro (“test tube”) biochemistry experiments due
to a lack of selective inhibitors for in vivo studies. Here, ABPP
has found its secondmajor application, viz. as a platform for the
discovery and optimization of enzyme inhibitors (18, 22, 44).
InhibitordiscoverybyABPPispossiblebecausesmallmolecules

can compete with activity-based probes for binding to enzyme
active sites, thereby slowing the rate of probe labeling. These
reductions in probe labeling can be detected by either gel-based
(22, 44, 45) or LC-MS-based (45, 46) platforms (Fig. 2A). Compet-
itiveABPPhas several advantages for inhibitordiscoveryoverclas-
sical substrateassays.First, enzymescanbescreened in theirnative
proteomeswithout requiring recombinant expression or purifica-
tion. Second, the activity-based probe serves as a “universal” assay
for its enzymetargets regardlessof theirdegreeof functional anno-
tation. Thus, inhibitors can be developed for totally uncharacter-
ized enzymes. Third, inhibitors are screened against many
enzymes in parallel (all of the protein targets of an activity-based
probe present in a test proteome), enabling concurrent optimiza-
tion of inhibitor potency and selectivity.
CompetitiveABPPhas played a central role in the development

of inhibitors for several mSHs, including the endocannabinoid-
degrading enzymes FAAH (44, 47) andMAGL (46, 48), as well as
the cancer-associated enzyme KIAA1363 (49). These inhibitors
have been used, in combination with phenotypic and metabolic
profiling, to confirm the role of FAAH and MAGL in endocan-
nabinoid metabolism (44, 46–48) and to demonstrate that
KIAA1363 andMAGL regulate ether lipid (49) and fatty acid (24)
metabolism in aggressive cancer cells, respectively.More recently,
competitive ABPP has been combined with library screening to
identify lead inhibitors for uncharacterized mSHs. These screens
can take onmultiple forms, including lower throughput gel-based
profiling (45) and high-throughput solution assays that use fluo-
rescence polarization (fluopol) for readout of probe-enzyme label-
ing (50). The latter format, termed fluopol-ABPP, can be used in a
384-well format to screen 100,000s of compounds against an
enzyme of interest but does require purified protein.

Conclusions and Future Challenges

Approximately a decade since its inception (17, 21), ABPP has
gained considerable use as a technology that bridges the fields of
chemistry, enzymology, and proteomics toward the goal of char-
acterizing proteins and pathways in complex biological systems.
Here,wehave attempted to showcase someof the key attributes of
ABPP using the SH superfamily as a case study.
The size and diversity of SHs, combined with the availability of

broad-spectrum activity-based probes that target these enzymes,
have made them a valuable prototype for ABPP. Using ABPP,
investigatorshavediscoveredSHactivities that aredysregulated in
important diseases, such as cancer, as well as selective inhibitors
for these enzymes to test theirmetabolic and (patho)physiological
functions. In someof these cases, the enzymes under investigation
were previously uncharacterized, underscoring an important fea-
ture of activity-based probes, which are generally agnostic to the
degree of annotation of their enzyme targets.

Studies to date with SHs have also highlighted many of the
future challenges that face the characterization of enzymes by
ABPP. First, when applied in isolation, ABPP offers only limited
insights into enzyme function. Only through integrating ABPP
with other methods, such as emerging proteomic (51–53), pep-
tidomic (54), andmetabolomic (55) strategies to discover enzyme
substrates innativebiological systems, can theactual physiological
activities of enzymes be defined. In cases in which this integrated
approachhasbeenapplied touncharacterizedmSHs, specificmet-
abolic functions have been discovered (e.g.KIAA1363 and its role
in ether lipid metabolism in cancer cells (49)). These initial find-
ings provide support that uncharacterizedmSHs are likely to pos-
sess unique biochemical functions in cells and tissues. In this
regard, it is also worth noting that even enzymes that are consid-
ered well characterized can offer surprises when studied through
the lens of such large-scale profilingmethods. For instance,ABPP,
incombinationwithmetabolomics, revealed thatMAGLregulates
fatty acids levels in aggressive cancer cells (24) even though these
lipids are not under the control of MAGL in most normal tissues
(56). Thus, enzymes can exhibit context-dependent differences in
their metabolic functions.
A second challenge relates to the broader use of competitive

ABPP to develop enzyme inhibitors. Efforts to date with SHs have
yielded considerable fruit, including useful pharmacological tools
for multiple characterized and uncharacterized enzymes. Still, we
estimate that selective inhibitors currently exist for �20% of the
SH superfamily. Expanding our pharmacological coverage of this
enzyme class (and others) will likely benefit from emerging ABPP
platforms (suchas fluopol-ABPP) that enablemuch larger libraries
of small molecules to be screened against enzymes in a high-
throughput manner. We should also mention that competitive
ABPP examines only the selectivity of inhibitorswithin the target
enzyme class; these compounds could still have additional unre-
lated targets in the proteome. In cases in which lead inhibitors are
covalent, amore comprehensive survey of their proteomic targets
can be achieved by offshoots of ABPP in which clickable analogs
are used to directly identify inhibitor-modified proteins in pro-
teomes (57, 58).
Finally, we should briefly discuss the extent towhich findings

on SHs can be applied to other enzyme classes. Of the many
lessons learned from ABPP studies of SHs, perhaps none is
more important than recognizing the value of high-quality,
broad-spectrum, activity-based probes. The FPs (and arylphos-
phonates) are, in many ways, ideal activity-based probes in that
they show broad reactivity across the SH class but little or no
cross-reactivity with other enzymes. Similar success stories can
be found for a limited number of other enzyme classes (such as
the cysteine proteases (59)), but most activity-based probes
show either more restricted reactivity within a given enzyme
class (41) or labeling of enzymes from different mechanistic
classes (60). These features are not necessarily drawbacks, espe-
cially with the advent of higher resolution LC-MS platforms for
identifying targets of activity-based probes (i.e. there is no a
priori reason why an activity-based probe needs to selectively
label enzymes from one class as long as all of its targets in the
proteome can be resolved). Nonetheless, they do emphasize
that chemistrywill continue to play a prominent role in advanc-
ing and refining new reactive chemotypes for use in ABPP (60).
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From a biological perspective, SHs are certainly not special in
terms of the large number of uncharacterized enzymes from
this class that currently populate eukaryotic and prokaryotic
proteomes. One could make a similar argument for virtually all
major enzyme families. To the extent that one believes that the
�50%of the proteome that remains uncharacterized is as inter-
esting as (or more than) the �50% of the proteome that we
know something about, ABPP should remain a forefront tech-
nology for ongoing and future research aimed at understanding
the biochemical basis of life.
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The functions of many cellular proteins have been eluci-
dated by selective gene inactivation and subsequent pheno-
typic analysis. For example, genetic mutations, gene knock-
out generation, and the use of RNA interference to target
mRNA for degradation can all result in decreased production
of a specific protein, yielding informative cellular pheno-
types. However, these techniques each have certain inherent
limitations. This minireview focuses on the recent develop-
ment of new approaches to study protein function at the post-
translational level, namely chemical induction of targeted
protein degradation.

Traditionally, protein function has been investigated by
making changes in DNA sequences that encode a protein and
monitoring the resulting phenotype. Chemical genetics re-
presents an orthogonal approach to study protein function
whereby cell-permeable small molecules are used to interfere
with gene expression at the DNA, RNA, or post-translational
levels. In this manner, the activity of a particular protein can be
modulated and its role in cell biology studied through the
resultant phenotypic changes. At the post-transcriptional level,
RNAi2 has emerged as a useful tool for gene silencing due to its
ability to knock down levels of any protein with a known
sequence. Since its discovery, RNAi has been seen in plants (1),
fungi (2), and a variety of other organisms, including mammals
(3, 29). Significantly, the production of large-scale small inter-
fering RNA and short hairpin RNA libraries has made genome-
wide RNAi analysis possible.
Even thoughRNAi has generated an explosion of interest due

to its possible therapeutic applications, it has certain limita-
tions. First, RNAi causes no decrease in levels of protein already
present within cells, leaving stable proteins with a long half-life
unaffected. Second, because RNAi is a catalytic process, it lacks
concentration dependence and offers limited temporal control
over levels of protein expression. Moreover, its effect is gradual
and irreversible compared with small molecules. This can lead

to false negatives when it is used as a screening tool and also to
complex phenotypes due to cells adapting to the slow protein
depletion. Third, RNAi can lead to unintentional degradation
of mRNA containing a partial sequence overlap with the target
mRNA (4) and to saturation of the endogenous RNAi appara-
tus, resulting in impaired regulation of other cellular processes.
Finally, even short small interfering RNAs can trigger the inter-
feron response at high concentrations (5).
Despite the success of RNAi-based approaches, there clearly

remains a need for general techniques to regulate protein levels
directly. A variety of methods for post-translational protein
knockdown have been developed. These techniques differ sig-
nificantly fromRNAi in that rather than preventing the synthe-
sis of newproteins, they destroy proteins that have already been
synthesized. A major advantage of post-translational inactiva-
tion lies in the fact that stable proteins with long half-lives that
are inaccessible with RNAi can be effectively targeted.

Degradation by Localization to the Proteasome

The ATP-dependent ubiquitin-proteasome system is the
major route for breakdown of intracellular proteins (6) and has
been implicated in the regulation of diverse cellular processes
such as cell cycle progression (7), transcription (8), and the
inflammatory response (9). The pathway involves a cascade of
enzymatic reactions, resulting in the covalent tagging of a pro-
tein for degradation through its lysine �-amino groups with a
highly conserved 76-amino acid protein called ubiquitin (10).
Following this initial attachment, successive conjugation reac-
tions occur to add additional copies of ubiquitin to the initial
monomer, leading to the formation of a polyubiquitin chain
(11), which is recognized by the 26 S proteasome. The target
protein is subsequently deubiquitinated, unfolded, and
threaded into the proteolytic core of the proteasome, where it is
degraded into short polypeptide fragments. Substrate specific-
ity of the ubiquitin-proteasome system is mediated by E3
ubiquitin ligases, which are part of the initial enzyme cascade
responsible for tagging the substrate protein with ubiquitin.
Each E3 ligase or recognition subunit of amultiprotein E3 ligase
complex has its own cognate set of substrate proteins that it
recognizes and helps tag for destruction.
One approach to targeting specific proteins for degradation

based on localization of the target protein directly to the pro-
teasome by utilizing the FKBP-rapamycin-FRB interaction in
yeast was reported by Janse et al. (12). The authors fused the C
termini of seven different non-catalytic proteasomal subunits
ranging in distance from the 20 S core with FKBP12. The chro-
mosomal copy of the auxotrophic marker HIS3 was deleted
from the four strains that proved to be viable, making the
expression of exogenous His3 necessary for a normal growth
phenotype upon culture in histidine-dropout medium. Two
reporter protein constructs were then designed for use in a
screen for growth-deficient phenotypes. The ligand-binding
domain of Tor1 (FRB) was fused to full-length His3 and used as
the reporter in the FKBP-tagged strains, whereas a His3-FRB
sequence containing a Tor1(S1972R) mutant with decreased
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affinity for the rapamycin-FKBP complex was used as the con-
trol. Each transformant was then spotted on experimental
plates with histidine-dropout medium either containing or
lacking rapamycin.Of the four strains, FKBP-taggedRpn10 and
Pre10 transformants showed a significant rapamycin-depen-
dent growth-deficient phenotype compared with the low-affin-
ity control mutant. Subsequent immunoblot analysis demon-
strated that degradation of the His3-FRB reporter in these
strains was brought about by FKBP-rapamycin-FRB heterotri-
mer formation at the proteasome.
Although this result indicates that polyubiquitination of pro-

teins may not strictly be required for proteolysis, the efficacy of
targeting specific proteins for degradation by direct localization
to the proteasome has not yet been demonstrated in other
systems. However, if shown to have wider applicability, this
technique might represent a powerful general means of selec-
tive protein knockdown.

Destabilizing Domain Method

A complementary means to regulate cellular concentrations
of specific proteins using a chemical genetic technique involves
the fusion of the target protein with a degron, which is a small
protein domain that is unstable when expressed in cells and
confers this instability to its fusion partner. The target protein
can be rescued from degradation by introduction of a small
molecule that binds and stabilizes the degron, thus offering a
rapid and tunable method of controlling the concentration of a
protein within a cell.
Pioneering work in this direction was carried out by Szostak

and co-workers (13), who showed that N-terminal fusion of a
small unstable peptide sequence to a protein of interest was
sufficient to cause degradation of the latter in yeast. Var-
shavsky and co-workers (14) added temporal control and
reversibility to this strategy by engineering a mutant dihy-
drofolate reductase degron that was stabilized in the pres-
ence of the high-affinity ligand methotrexate. More recently,
Crabtree and co-workers (15) used an 89-amino acid mutant
FRB domain (FRB*) as a degron to transmit instability to the
kinase glycogen synthase kinase-3�, which could be rescued
by addition of the rapamycin analog MaRap, which binds to
FRB* but not FRB in cultured cells from knock-in mice as
well as in mouse embryos.

However, MaRap has limitations as a stabilizing ligand
because of its poor pharmacokinetic properties and the need to
bind to FKBP12 before it can recruit FRB*, necessitating two
separate binding events. To circumvent these issues, Wandless
and co-workers (16) selected FKBP12 itself as a potential
degron and generated a library of FKBP12 mutants through
error-prone PCR, which were then fused to yellow fluorescent
protein and expressed in NIH3T3 cells. Several rounds of
screening yielded a construct that exhibited fluorescence in the
presence of a high-affinity FKBP12 ligand termed Shield-1 but
not in its absence. The efficacy of this kind of mutant FKBP-
Shield-1 system in controlling protein function was demon-
strated with a variety of proteins in cultured cells (16) and in
mice (17). This method has also been shown to work when the
degron is spliced into the middle of a protein. Additional FKBP
mutants that lend themselves better to C-terminal fusions have
been characterized (18).

SURF Technology

SURF technology was recently developed by Pratt et al. (19)
and makes use of the previously described degron approach
with an additional feature enabling release of the native protein
from the degron sequence upon smallmolecule-induced rescue
of the protein-degron chimera from degradation. The authors
split ubiquitin into N-terminal UbN(I13A) (residues 1–37) and
C-terminal UbC (residues 35–76) fragments. Two protein con-
structs were then prepared: one consisting of the protein of
interest N-terminally fused toUbC, whichwas further linked to
a FRB(W2101F)mutant degron, and the other containing FKBP
fused to UbN(I13A). The I13A mutation in UbN was made to
ensure that the ubiquitin fragments complemented and folded
and subsequently cleaved from the fusion construct to release
the native protein of interest only in the presence of the small
molecule signal. The authors utilized the strategy described
above to control the amounts of caspase-3, v-Src, and Smad3 in
HeLa cells with rapamycin as the small molecule effector of
stabilization through the formation of the FKBP-rapamycin-
FRB heterotrimer. An important advantage of this approach
over the destabilizing domain method described earlier is the
release of the fully functional native protein upon rapamycin-
induced rescue from degradation (Fig. 1).

FIGURE 1. Chemical means of controlling protein function. A, direct localization to the proteasome; B, the destabilizing domain approach; C, PROTAC-
mediated degradation; D, SURF technology. Ub, ubiquitin.
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PROTACs

Several years ago, our group, in collaborationwith theDeshaies
laboratory at California Institute of Technology, developed the
PROTAC approach, which utilizes the endogenous proteolytic
pathway to target proteins for degradation (20). PROTACs are
heterobifunctional molecules that contain a recognition element
for the target protein attached to a recognition element for an E3
ligase. These molecules induce proximity between the E3 ligase
and the targetedprotein substrate and the resultingubiquitination
of the latter, tagging it for degradation.
This approachwas first validated in an in vitro system targeting

MetAP-2 (20).Ovalicin, a covalent binder ofMetAP-2,was conju-
gated to a 10-amino acid phosphopeptide sequence derived from
I�B�. This sequencemediates binding of I�B� to themammalian
F-box �-transducin repeat-containing protein (�-TRCP), which
results indegradationof the former in theproteasome. InXenopus
egg extracts, theMetAP-2-PROTAC construct was degraded in a
proteasome-dependent manner as evidenced by attenuated deg-
radation in extracts supplementedwith proteasome inhibitors but
not in the presence of other protease inhibitors.
Given their role in prostate and breast cancer, the AR and ER

were targeted by the next generation of PROTACs. An estradi-
ol-I�B� PROTAC was shown to degrade the ER in a cell-free
system, whereas microinjection of a dihydroxytestosterone-
I�B� PROTAC into an HEK293 cell line stably expressing
AR-GFP resulted in a decrease in the levels of GFP due to
proteasome-dependent degradation (21). These experiments
demonstrate that PROTACs can recruit target proteins via
non-covalent interactions.
The first cell-permeable PROTAC contained the artificial

ligand AP21998, known to bind the F36V mutant of FKBP12
(22), coupled to a 7-amino acid sequence that is the part of
HIF1� responsible for its recognition by the Von Hippel-
Lindau E3 ligase complex (23). A poly-D-Arg tag was incorpo-
rated into this PROTAC to enhance cellular uptake. This
PROTAC effectively degraded a mutant FKBP-GFP hybrid
protein upon addition to HeLa cells. In addition, a dihy-
droxytestosterone-HIF-Arg8 construct was shown to de-
grade the AR in HEK293 cells expressing AR-GFP. Cell-per-
meable PROTACs consisting of fumagillin, apigenin, and
estrogen derivatives conjugated via a linker to the HIF1�
peptide sequence, designed to target MetAP-2, the aryl
hydrocarbon receptor, and the ER, respectively, have subse-
quently been reported by Kim and co-workers (24, 25). To
address the cell permeability issue associated with the high
molecular weight of earlier PROTACs, our group reported
the first all-small molecule PROTAC targeting the AR in
HeLa cells (26). This PROTAC consisted of a selective
androgen receptor modulator (SARM) ligand attached via a
soluble polyethylene glycol linker to an imidazoline deriva-
tive known to bind the E3 ligase MDM2. Substantial degra-
dation of the AR was achieved upon incubation of HeLa cells
with micromolar concentrations of the PROTAC.

Extensions of the PROTAC Methodology

Although the degron approach has been shown to be useful
in cultured cells, the apicomplexan parasiteToxoplasma gondii

(27), and mouse xenograft models, it has not yet been demon-
strated in non-xenograft vertebratemodels. This would require
the creation of transgenic organisms, which is a significant
undertaking. The need for purely small molecule routes to tar-
geted protein degradation is thus further enhanced.
In addition to advantages an effective PROTAC methodol-

ogy has over RNAi, such as dose-dependent knockdown, high
permeability, rapid effect, and destruction even of existing cop-
ies of the protein of interest, it offers an edge by virtue of the
additional layer of information offered by the three-dimen-
sional structure of the protein that is unavailable with the use of
RNAi. For example, specific conformational subpopulations of
important oncogenic signaling proteins such asRas are inacces-
sible through RNAi but could be targeted for degradation with
a PROTAC containing the appropriate conformation-specific
target-binding ligand.
PROTACs also offer a distinct advantage over conventional

small molecule drugs that depend on functional inhibition of
enzymatic activity to disrupt a specific pathway. PROTACs are
not dependent on an enzyme active site and can function purely
through binding to any accessible protein surface, and this
lends them broader applications as a potential therapeutic tool
in view of the fact that�80% of the eukaryotic proteome has no
enzymatic activity (28).
Although PROTACs open up a wide spectrum of exciting

applications, a number of issues remain outstanding andwill be
addressed by future research in this area. The length of the
linker between the two affinity domains has to be optimized for
each E3 ligase-target protein pair, and there is still no control
over the subcellular distribution of PROTACs. In addition, the
lack of high-affinity ligands for E3 ligases limits the potency of
current PROTAC technology. However, it is not inconceivable
that with the development of more expansive and more rapid
screening technology, PROTACs could emerge as a highly spe-
cific, robust, and versatile tool to complement the traditional
reverse genetic tools such as RNAi, ribozymes, and gene knock-
outs in the study of protein function. The independence of this
technology from any genetic modifications also gives it sub-
stantial potential value in therapeutics. The design of PROTAC
libraries to illuminate new signaling pathways and novel pro-
teins would go a longway inmaking it a useful investigative tool
in disease research. Much more work needs to be done, how-
ever, before the true breadth of applications of targeted protein
degradation through chemical means can be determined.
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27. Herm-Götz, A., Agop-Nersesian, C., Münter, S., Grimley, J. S., Wandless,
T. J., Frischknecht, F., and Meissner, M. (2007) Nat. Methods 4,
1003–1005

28. Arakaki, A. K., Tian, W., and Skolnick, J. (2006) BMC Genomics 7,
315–332

29. Lewis, D. L., Hagstrom, J. E., Loomis, A. G., Wolff, J. A., and Herweijer H.
(2002) Nat. Genet. 32, 107–108

MINIREVIEW: Targeted Protein Degradation Chemical Inducers

11060 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 15 • APRIL 9, 2010



Chemical Inducers of
Autophagy That Enhance the
Clearance of Mutant Proteins in
Neurodegenerative Diseases*
Published, JBC Papers in Press, February 10, 2010, DOI 10.1074/jbc.R109.072181

Maurizio Renna1, Maria Jimenez-Sanchez1, Sovan Sarkar,
and David C. Rubinsztein2

From the Department of Medical Genetics, University of Cambridge,
Cambridge Institute for Medical Research, Addenbrooke’s Hospital, Hills
Road, Cambridge CB2 0XY, United Kingdom

Many of the neurodegenerative diseases that afflict people are
caused by intracytoplasmic aggregate-prone proteins. These
include Parkinson disease, tauopathies, and polyglutamine
expansion diseases such as Huntington disease. In Mendelian
forms of these diseases, the mutations generally confer toxic
novel functions on the relevant proteins. Thus, one potential
strategy for dealing with these mutant proteins is to enhance
their degradation. This can be achieved by up-regulating mac-
roautophagy, which we will henceforth call autophagy. In this
minireview, wewill consider the reasonswhy autophagy up-reg-
ulation may be a powerful strategy for these diseases. In addi-
tion, wewill consider some of the drugs and associated signaling
pathways that can be used to induce autophagy with these ther-
apeutic aims in mind.

Intracellular Protein Aggregation in Neurodegenerative
Diseases

Intracellular protein misfolding and aggregation are features
of many late-onset neurodegenerative diseases called pro-
teinopathies. These include Alzheimer disease, Parkinson dis-
ease, tauopathies, and polyQ3 expansion diseases such as HD
and various SCAs such as SCA3 (1, 2). Currently, there are no
effective strategies to slow or prevent the neurodegeneration
resulting from these diseases in humans.
All known polyQ mutant proteins form intracellular aggre-

gates (inclusions) with amyloid-like structures in susceptible
neurons (3). HD, the most prevalent of the nine polyQ expan-

sion diseases, is caused by an abnormally expanded CAG trinu-
cleotide repeat tract in the IT15 gene (�35 repeats). These
repeats are translated into an elongated polyQ tract close to the
N-terminal end of the huntingtin protein. Huntingtin is mainly
cytosolic, but a small proportion isnuclear (4). InHD, intranuclear
inclusions are seen in the rarer juvenile-onset cases, but extranu-
clear inclusionspredominate in themore typical adult-onset cases.
The causal role for inclusions in these diseases is debated because
somehave reporteddissociationsbetweencell deathand inclusion
formation (4, 5). Strong genetic and transgenic data argue that the
primary consequence of the polyQexpansionmutations is to con-
fer toxic gainof functionon themutantproteins (1, 2, 4, 6). Indeed,
a gain-of-function mechanism appears to underlie most of the
Mendelian disorders caused by aggregate-prone proteins, includ-
ing tauopathies and other polyQ expansion disorders. This does
not exclude that the gain-of-function toxicity in diseases like HD
may be modulated to some degree by loss-of-function effects,
although transgenic data suggest that such putative effects are
likely to be small (7). Because the mutations causing many pro-
teinopathies (e.g. polyQ diseases and tauopathies) confer novel
toxic functions on the specific proteins and because disease sever-
ity frequently correlates with expression levels, it is important to
understand the factors regulating the synthesis and clearance of
these aggregate-prone proteins.

Autophagic Clearance of Intracytosolic Aggregate-prone
Proteins

Our data suggest that accelerating the removal of toxic hun-
tingtin fragments may be a tractable therapeutic strategy for
HD (Fig. 1). We showed that the ubiquitin-proteasome and
autophagy-lysosome pathways are the major routes for mutant
huntingtin fragment clearance (8). Although the narrow pro-
teasome barrel precludes entry of oligomers/aggregates of
mutant huntingtin (or other aggregate-prone intracellular
proteins), such substrates can be degraded efficiently by
macroautophagy (which we will call autophagy).
Autophagy involves the formation of double-membrane iso-

lation structures called phagophores, which expand and engulf
portions of the cytoplasm, forming double-membrane vesicles
called autophagosomes (Fig. 1) (9, 10). Autophagosomes are
formed randomly in the cytoplasm and are then trafficked
along microtubules in a dynein-dependent fashion toward the
microtubule-organizing center, where they fuse with lyso-
somes, forming autolysosomes, after which their contents are
degraded (11, 12). The only known mammalian protein that
specifically associates with the autophagosome membrane
(as opposed to other vesicles) is MAP1 LC3 (microtubule-
associated protein 1 light chain 3), which is post-translation-
ally modified into cytosolic LC3-I, which conjugates with
phosphatidylethanolamine upon autophagy induction to
form autophagosome-associated LC3-II (13).
Recent studies have shown that constitutive autophagy may

play a pivotal role in the clearance of normally occurring cellu-
larmisfolded proteins, as loss of basal autophagy by conditional
knock-out of key autophagy genes, such as Atg5 and Atg7, in
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mouse brains resulted in a neurodegenerative phenotype and
the formation of protein aggregates (14, 15). We have shown
that mutant huntingtin fragments, expanded polyalanines
tagged with GFP, and mutant forms of �-synuclein (associated
with forms of Parkinson disease) are highly dependent on auto-
phagy for their clearance in cell models (8, 16). The clearance of
these mutant proteins is delayed by autophagy inhibitors like
3-methyladenine and bafilomycin A1 or by knockdown of auto-
phagy genes, whereas autophagy induction with rapamycin
enhances their clearance (8, 17, 18). Subsequently, other aggre-
gate-prone proteins, such as Tau causing frontotemporal
dementias, mutant ataxin-3 associated with SCA3, mutant
SOD1 (superoxide dismutase 1) associated with ALS, and
mutant prion proteins causing prion diseases, have been shown
to be autophagy substrates (19–22). Althoughmost of thewild-
type counterparts of these mutant proteins are poor autophagy
substrates, wild-type �-synuclein has been shown to be de-
graded by chaperone-mediated autophagy, a distinct lysosome
pathway (23). Thus, up-regulating autophagymay be beneficial
for the treatment of neurodegenerative diseases, and identifica-
tion of autophagy enhancers could provide potential therapeu-
tic candidates (Table 1) (24, 25).

Chemical Inhibitors of mTOR as Autophagy Inducers
At the timewe did the first of these studies, the only drug that

was known to induce autophagy that was in clinical use (for

other indications) was rapamycin. Rapamycin is a highly spe-
cific inhibitor ofmTOR.ThemTORpathway,which is essential
for controlling cell growth, protein synthesis, ribosome bio-
genesis, nutrient metabolism, and autophagy, involves two
functional complexes called mTORC1 and mTORC2 (26). In
mammalian cells, rapamycin forms a complex with the
immunophilin FKBP12 (FK506-binding protein of 12 kDa),
which binds to mTORC1 and inhibits its activity (Fig. 2) (27).
However, recent studies have shown that prolonged treat-
ment with rapamycin can inhibit mTORC2 activity in cer-
tain mammalian cell types (28, 29). Recently, a selective
ATP-competitive small molecule mTOR inhibitor called
Torin1 has been found to induce autophagy to a much
greater extent than rapamycin (30).
Recently, Roberge and co-workers (31) reported a study in

which they screened a library of 3500 chemicals with an auto-
mated cell-based assay to detect increases in autophagosome
numbers. The screen identified four compounds (perhexiline,
niclosamide, amiodarone, and rottlerin) that stimulated auto-
phagy by inhibiting mTORC1 (but not mTORC2) signaling
(Fig. 2). Rottlerin inhibited mTORC1 signaling via TSC2
(tuberous sclerosis complex 2), whereas the other drugs inhib-
ited mTORC1 signaling in a TSC2-independent manner (31).
Interestingly, three of the identified compounds (amiodarone,
perhexiline, and niclosamide) are drugs already approved for
other therapeutic indications, thereby reinforcing the rationale
for targeting mTORC1 activity in diseases in which positive
modulation of autophagy may be beneficial.
Recent studies have identified some of themolecular compo-

nents in mammalian autophagy downstream of mTORC1.
Rapamycin appears to regulate mammalian autophagy by
inhibiting the mTOR-mediated phosphorylation of Atg13 and
ULK1, which are involved in autophagosome formation. This
leads to dephosphorylation-dependent activation ofULK1 (and
ULK2) and ULK1-mediated phosphorylation of Atg13, FIP200,
and ULK1 itself, which triggers autophagy (Fig. 2). Thus, the
ULK1-Atg13-FIP200 complex appears to integrate the autoph-
agy signals downstreamofmTORC1 (32–34).However, it is not
yet clear how phosphorylation of these proteins regulates their
activities.
Subsequent studies have provided robust support for our

assertions using genetic and chemical approaches and suggest
that autophagy is important for clearance of mutant huntingtin

Lysosome

Degradation of 
mutant aggregate-
prone proteins

Mutant aggregate-
prone proteins

Phagophore

Induction by 
autophagy 
enhancers

Neurodegeneration

Reduction of mutant
protein aggregates 
and toxicityAutophagy

FIGURE 1. Autophagy as a protective pathway for neurodegenerative dis-
eases. Autophagy is a major degradation pathway for the clearance of various
intracytosolic toxic aggregate-prone proteins associated with neurodegenera-
tive diseases. Chemical induction of autophagy by autophagy enhancers triggers
cellular signaling pathways, leading to formation of double-membrane cytoplas-
mic structures called phagophores. These structures elongate and engulf mutant
aggregate-prone proteins along with portions of the cytoplasm to form autopha-
gosomes. Autophagosomes then ultimately fuse with the lysosomes to form
autolysosomes, where their contents are degraded by acidic lysosomal hydro-
lases. Enhancing autophagic clearance of these mutant aggregate-prone pro-
teins results in reduction of mutant protein aggregates and toxicity, which is
protective in several models of neurodegenerative diseases.

TABLE 1
List of autophagy enhancers for neurodegenerative diseases and their mode of action

Autophagy enhancers Mode of action Refs.

Rapamycin, CCI-779, Glc, Glc-6-P, Torin1,
perhexiline, niclosamide, rottlerin

Inhibit mTORC1 8, 20, 30, 31, 37, 39

Lithium, L-690,330 Inhibit IMPase and reduce inositol and IP3 levels; mTOR-independent 41, 47
Carbamazepine, sodium valproate Reduce inositol and IP3 levels; mTOR-independent 41, 48
Verapamil, loperamide, amiodarone, nimodipine,
nitrendipine, niguldipine, pimozide

Ca2� channel blockers; reduce intracytosolic Ca2� levels; mTOR-independent 48, 54

Calpastatin, calpeptin Calpain inhibitors; mTOR-independent 48
Clonidine, rilmenidine Imidazoline-1 receptor agonists; reduce cAMP levels; mTOR-independent 48
2�,5�-Dideoxyadenosine Adenylyl cyclase inhibitor; reduces cAMP levels; mTOR-independent 48
NF449 G�s inhibitor; mTOR-independent 48
Minoxidil K�

ATP channel opener; mTOR-independent 48
Penitrem A Inhibits high conductance Ca2�-activated K� channel; mTOR-independent 54
Fluspirilene, trifluoperazine Dopamine antagonists; mTOR-independent 54
Trehalose Unknown; mTOR-independent 60
SMER10, SMER18, SMER28, SMER analogs Unknown; mTOR-independent 50
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fragments, at least as large as the first one-third of the protein as
well as full-length mutant huntingtin, and that wild-type forms
are far less dependent on autophagy for their clearance com-
pared with the mutant forms (17, 18, 24, 35, 36). We showed
that rapamycin attenuated mutant huntingtin fragment toxic-
ity in cells and in transgenic Drosophila and mouse models of
HD (37). The protective effects of rapamycin were blocked in
flies expressing mutant polyalanines or expanded polyQ when
the expression of different autophagy genes was reduced (20,
38),suggestingthatthemajorbenefitsofthisdrugareautophagy-
dependent and not mediated by alternative mechanisms such
as impaired translation (at least in these in vivo settings). Our
data in cell and flymodels show that rapamycin-mediated auto-
phagy up-regulation may be valuable for many other intracel-
lular proteinopathies, including SCA3, and both mutant and
wild-type Tau (20). Tau was of particular interest, as it is
mutated in certain frontotemporal dementias, and wild-type
Tau is the major component of the neurofibrillary tangles that
are believed to contribute to pathology in sporadic Alzheimer
disease (20). Furthermore, elevated intracellular glucose or glu-
cose 6-phosphate also induces autophagy by inhibiting mTOR
(Fig. 2) (39).
An additional benefit of autophagy up-regulation in these

diseases is that it appears to protect cells against apoptotic
insults (40). Thus, enhancing autophagy may have two benefi-
cial effects in the context of neurodegenerative diseases. First, it
enhances removal of the toxic aggregate-prone protein, and
second, it protects cells from apoptosis.
The autosomal-dominant proteinopathies that are poten-

tially amenable to autophagy up-regulation present an impor-
tant opportunity for delaying the onset of disease.Most patients

will have a positive family history, and thus, it is possible to
identify most cases at risk of developing disease with a simple
genetic test (4). Ideally, one would like to start treatment at the
earliest possible age in such individuals to aim to delay the onset
of disease. For instance, in HD, one would aim to delay onset
from a median age of 40 until after normal life expectancy and
thus effectively prevent the disease.
One issue that remains unresolved is whether long-term

autophagy up-regulation may have deleterious effects. It is
important to point out that our mouse studies involved rapa-
mycin administration regimes that were pulsatile (37), and
thus, it is very unlikely that autophagy was induced all the time;
rather, autophagy would have been induced between periods of
normal autophagy. Rapamycin is a drug designed for long-term
use, and although it has some side effects in patients and mice
due tomTOR inhibition, these do not appear to bemediated by
autophagy. Although one may argue that the side effect profile
of rapamycin is outweighed by its potential benefits in many of
these devastating diseases, it would be desirable to identify
compounds that are better tolerated because one may need to
treat patients who are at risk for developing these diseases for
decades. Hence, we have tried to identify drugs that act inde-
pendently of mTOR (Table 1).

Chemical Inducers of mTOR-independent Autophagy

The first hint that there may be mTOR-independent path-
ways controlling autophagy was the discovery that intracellular
IP3 levels negatively regulate autophagy (41). We have shown
that autophagy canbe induced by lowering intracellular inositol
or IP3 levels independently ofmTOR. Lithiumand othermood-
stabilizing agents used for treatment of bipolar disorder, such as
carbamazepine and sodium valproate, enhances the clearance
of autophagy substrates by reducing intracellular inositol levels
(Fig. 3) (41, 42). The ability of lithium to induce autophagy is
due to inhibition of IMPase, which prevents inositol recycling,
leading to depletion of cellular inositol and inhibition of the
phosphoinositol cycle (41, 43). Accordingly, the specific
IMPase inhibitor L-690,330mimics the effects of lithiumon the
clearance of autophagy substrates. Sodium valproate induces
autophagy by inhibiting inositol synthesis and decreasing IP3
levels (41, 44). Consistent with a role of IP3 in autophagy, phar-
macological inhibition of the IP3R by xestospongin B also
induces autophagy (45). It was further shown that xestospongin
B induces autophagy by disrupting the IP3R-beclin 1 complex,
which can also be modulated by Bcl-2 levels (Fig. 3) (46).
Lithium and sodium valproate reduced mutant huntingtin

aggregation/toxicity in HD cell models and protected against
neurodegeneration in Drosophila models of HD (41, 47, 48).
Recently, lithium treatment in ALS patients andmouse models
was found to increase survival and attenuate the disease pro-
gression (19). All of the ALS patients on lithium treatment for
15months survived, but�30% of the control patients receiving
riluzole died (19). Apart from the neuroprotective effects of
lithium (49), this fascinating but preliminary result was attrib-
uted partly to autophagy up-regulation (19).
To identify novel pathways regulating autophagy thatmay be

relevant to neurodegenerative diseases, we and others have per-
formed chemical screens. Three major screens have been
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FIGURE 2. Regulation of autophagy by the mTOR pathway. Autophagy is
negatively regulated by mTOR, which is downstream in the phosphatidylino-
sitol 3-kinase (PI3K) pathway. A diverse range of signals, such as growth fac-
tors and amino acids, regulates mTORC1 by inhibiting TSC1/2, thereby allevi-
ating the inhibitory effect of TSC1/2 on Rheb, which subsequently activates
mTORC1. Several kinases, such as Akt, signal to mTORC1 by phosphorylating
TSC2 and inhibiting the activity of the TSC1/2 heterodimer. Rapamycin forms
a complex with the immunophilin FKBP12, which inhibits the kinase activity
of mTORC1. Inhibition of mTOR by rapamycin induces autophagy and
enhances the clearance of mutant aggregate-prone proteins. The ULK1-
Atg13-FIP200 complex acts as an integrator of the autophagy signals down-
stream of mTORC1. Under nutrient-rich conditions, mTORC1 suppresses
autophagy by interacting with this complex and mediating phosphorylation-
dependent inhibition of Atg13 and ULK1. Treatment with rapamycin dissoci-
ates mTOR from the complex, resulting in dephosphorylation-dependent
activation of ULK1 and ULK1-mediated phosphorylations of Atg13, FIP200,
and ULK1 itself, which triggers autophagy. Other chemical inhibitors of
mTORC1 include CCI-779, glucose, glucose 6-phosphate, Torin1, perhexiline,
niclosamide, and rottlerin. These may act directly or indirectly.
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reported so far. The first of these screens started in the yeast
Saccharomyces cerevisiae and aimed to identify small molecule
chemicalmodifiers of the growth inhibitory effect of rapamycin
(50). Of 50,729 compounds tested in a high-throughput screen,
a number of small molecule inhibitors and enhancers (SMERs)
of the cytostatic effects of rapamycin were identified and sub-
sequently analyzed in a secondary screen inmammalian cells by
analyzing the clearance of A53T mutant �-synuclein (a good
autophagy substrate) in the absence of rapamycin as putative
modulators of autophagy. We confirmed that SMER10,
SMER18, and SMER28 were positive regulators of autophagy
acting independently of rapamycin. These SMERs increased
autophagosome synthesis and enhanced the clearance ofmodel
autophagy substrates such as A53T �-synuclein and mutant
huntingtin fragments. Autophagy induced by SMERs was
mTOR-independent. Furthermore, these SMERs were protec-
tive in a Drosophila model of HD. Further screening of the
structural analogs of these three SMERs identified 18 additional
small molecules that enhanced the clearance of aggregate-
prone proteins (50).
In an attempt to identify novel potential therapeutic

agents capable of inducing mTOR-independent autophagy,
we screened a library of 253 compounds, comprising FDA-ap-
proveddrugs andpharmacologically active compounds belong-
ing to different classes with known biological activities, by ana-
lyzing their effects on the clearance of known autophagy
substrates, such as the A30P and A53T �-synucleinmutants, in
a stable inducible PC12 cell line. From the primary screen, we

identified several mTOR-indepen-
dent autophagy enhancers, such as
L-type Ca2� channel antagonists
(verapamil, loperamide, amioda-
rone, nimodipine, and nitrendip-
ine), a K�

ATP channel opener
(minoxidil), and a Gi-signaling acti-
vator (clonidine), whose mecha-
nisms of action were linked in a
cyclical manner (Fig. 3) (48). L-type
Ca2� channel antagonists, as well as
the K�

ATP channel opener, prevent
the influx of Ca2� and decrease
intracytosolic Ca2� levels, leading
to inhibition of Ca2�-dependent
cysteine proteases called calpains
and induction of autophagy. This is
consistent with an earlier finding
that raised intracytosolic Ca2� lev-
els impair autophagy (51). Pharma-
cological inhibition of calpain by
calpastatin or calpeptin or calpain
knockdown also induces autophagy.
Conversely, calpain activation in-
hibits autophagy by cleaving and
activating the �-subunit of hetero-
trimeric G-proteins (G�s), resulting
in adenylyl cyclase activation and,
consequently, cAMP production
(48, 52). Reduction in cAMP levels

by inhibitors of G�s (NF449) or adenylyl cyclase (2�,5�-
dideoxyadenosine) induces autophagy. Likewise, imidazoline-1
receptor agonists (clonidine and rilmenidine) that also reduce
cAMP levels trigger autophagy (48). On the other hand,
increased cAMP activates Epac, which in turn activates the
small G-protein Rap2B, leading to activation of PLC� and, con-
sequently, increased IP3 generation by PLC�-mediated hydro-
lysis of phosphatidylinositol 4,5-bisphosphate (53). Consistent
with our previous finding that generation of IP3 inhibits auto-
phagy, inhibition of the cAMP-Epac-Rap2B-PLC�-IP3 pathway
activates autophagy (48). Regulation of autophagy by intracel-
lular IP3 levels is most likely dependent on it being a signal for
ER Ca2� release, as elevated cytosolic IP3 levels bind the ER-
resident IP3Rs to mobilize the ER Ca2� stores and increase
cytosolic Ca2�, which has autophagy inhibitory effects (43, 48).
This creates an elaboratemTOR-independent autophagy path-
way where Ca2�-calpain-G�s signaling is linked to cAMP-
Epac-PLC�-IP3 in a potential cyclical fashion. Among the vari-
ous autophagy enhancers identified in this screen that reduced
huntingtin aggregation/toxicity in HD cell models, verapamil
and clonidine were shown to protect against neurodegenera-
tion in HD fly models, and calpastatin, 2�,5�-dideoxyadenosine,
verapamil, and clonidine were protective in an HD zebrafish
model (48).
Some of the L-type Ca2� channel antagonists identified in

our screen as autophagy inducers were also reported by an
independent high-throughput image-based screen with 480
bioactive compounds inwhich the number ofGFP-LC3 vesicles
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FIGURE 3. Cyclical mTOR-independent autophagy pathway with multiple drug targets for neurodegen-
erative diseases. Shown is a cyclical mTOR-independent pathway regulating mammalian autophagy, com-
prising cAMP-Epac-PLC�-IP3 and Ca2�-calpain-G�s pathways, which has multiple drug targets for neurodegen-
erative diseases. Intracellular cAMP levels are increased by adenylyl cyclase (AC) activity, thus activating Epac,
which then activates the small G-protein Rap2B, thereby activating PLC�. PLC� mediates the production of IP3
from phosphatidylinositol 4,5-bisphosphate (PIP2), thereby increasing the levels of IP3 that binds to ER-resident
IP3Rs, leading to release of Ca2� from the ER stores. Intracytosolic Ca2� levels are also increased by L-type Ca2�

channel agonists. Elevated intracytosolic Ca2� activates calpains, which then cleave and activate G�s. In turn,
activation of G�s increases adenylyl cyclase activity to elevate cAMP levels, thereby forming a loop. Activation
of this pathway inhibits autophagy. Multiple drug targets acting at distinct stages in this pathway trigger
autophagy, such as imidazoline-1 receptor (I1R) agonists (clonidine and rilmenidine) and the adenylyl cyclase
inhibitor 2�,5�-dideoxyadenosine (2�5�ddA), which decrease cAMP levels; agents that lower inositol (Ins) and IP3
levels (carbamazepine and sodium valproate); IMPase inhibitors that also reduce inositol and IP3 levels (lithium
and L-690,330); Ca2� channel blockers (verapamil, loperamide, amiodarone, nimodipine, nitrendipine, nigul-
dipine, and pimozide); calpain inhibitors (calpastatin and calpeptin); and the G�s inhibitor NF449. Furthermore,
inhibition of the IP3R by xestospongin B also induces autophagy by disrupting the IP3R-beclin 1 complex and,
consequently, the Bcl-2-beclin 1 autophagy inhibitory complex. Enhancing autophagy through this mTOR-
independent pathway is protective in various models of HD.

MINIREVIEW: Autophagy Drugs and Neurodegeneration

11064 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 15 • APRIL 9, 2010



was measured as a readout (54). This screen yielded eight
compounds that trigger mTOR-independent autophagy and
reduce expanded polyQ aggregates. These include fluspiril-
ene and trifluoperazine (dopamine antagonists); pimozide,
niguldipine, amiodarone, and loperamide (Ca2� channel
blockers); and penitrem A (inhibitor of high conductance
Ca2�-activated K� channels), which provide a number of
potential therapeutic candidates for neurodegenerative dis-
orders, as most of these compounds were FDA-approved
drugs (Fig. 3) (54). Note that amiodarone, identified both in
this and our screens, was classified as an mTOR-indepen-
dent autophagy inducer (48, 54). This contrasts with the
recent screen by Roberge and co-workers (31), in which this
compound was shown to inhibit mTORC1 at 10–50-fold
higher concentrations compared with where it can induce
autophagy without inhibiting mTOR (48, 54).
The negative regulation of autophagy by intracytosolic Ca2�

levels was first suggested by Seglen and co-workers (51), con-
sistent with the data from our recent screen (Fig. 3) (48). Auto-
phagy was inhibited with agents that increase intracytosolic
Ca2� levels such as thapsigargin (an ER Ca2�/Mg2�-ATPase
inhibitor that releases Ca2� from ER stores) and ionomycin (a
Ca2� ionophore that releases Ca2� from intracellular stores)
(51). Interestingly, thapsigargin blocks autophagic flux at two
stages of the pathway. It increases LC3-II levels and vesicle
numbers by impairing autophagosome-lysosome fusion and
also reduces autophagosome synthesis by activating calpains
(48). Although another study reported an autophagy-inducing
effect of thapsigargin, this measured only GFP-LC3 dots rather
than autophagic flux, and our data suggested that these GFP-
LC3 dots would increase due to impaired autophagosome-lyso-
some fusion: LC3 vesicle numbers can increase if there is either
induction of autophagosome synthesis (increased autophagic
flux) or inhibition of autophagosome-lysosome fusion (decreased
flux) (55, 56). Furthermore, calcium phosphate precipitates were
shown to induce autophagy at early time points but blocked auto-
phagosome-lysosome fusion after longer exposures (57, 58).How-
ever, the compartmentswhere theseprecipitates act in thecontext
of autophagy are not known. Thus, these studies suggest complex
roles for Ca2� in autophagy.

Another chemical screen to identify inhibitors of polyQ-me-
diated protein aggregation in vitro identified trehalose (a disac-
charide) as an inhibitor of mutant huntingtin aggregation,
which reduced toxicity in HD cell models and attenuated dis-
ease pathology in a mouse model of HD (59). This protective
effect of trehalose was suggested to be mediated by its ability to
act as a chemical chaperone through its binding to the polyQ-
expandedmutant huntingtin and influencing its protein folding
and aggregation. However, we have shown that trehalose
enhances the autophagy pathway independently of mTOR,
thereby increasing the clearance of mutant aggregate-prone
proteins (60). Additionally, trehalose protected against pro-
apoptotic insults via autophagy (60). The myriad of protective
properties of trehalose acting as an autophagy inducer and
chemical chaperone, coupled with its lack of toxicity, may be of
benefit in the treatment of neurodegenerative disorders.

Additive Effects of mTOR-dependent and
mTOR-independent Autophagy Pathways

The existence of mTOR-dependent and mTOR-indepen-
dent pathways regulating autophagy allows the combined use
of different perturbations to increase the autophagic clearance
of aggregate-prone proteins. For instance, although lithium
induces autophagy in anmTOR-independentmanner by inhib-
iting IMPase, it also inhibits GSK-3�, which activates mTOR
(47, 61). ThismTORactivation acts to partially inhibit the auto-
phagy-inducing effects of lithium action via IMPase inhibition
(47). We have shown that treatment with rapamycin impedes
the GSK-3�-dependent activation of mTOR that occurs
with the simultaneous treatment with lithium, thereby elimi-
nating the undesirable effects on autophagy resulting from
mTOR activation. Combinatorial treatment with rapamycin
and lithium enables greater autophagic clearance of mutant
huntingtin in HD cell models and exerts a greater protection
against the neurodegeneration inHD flymodels comparedwith
either treatment alone. Consequently, lithium treatment in an
HD flymodel with a heterozygous TORmutation rescued against
neurodegeneration to agreater extent than theheterozygousTOR
mutation alone (47).Moreover, this strategymay alsobenefit from
the cytoprotective effects of GSK-3� inhibition occurring as a
result of lithium treatment due to activation of the �-catenin-T-
cell factor pathway, which may serve as an additional protective
effect in the context of neurodegenerative diseases in which there
are secondary apoptotic insults (47, 62).
We have further shown that simultaneous treatment with

rapamycin and other mTOR-independent autophagy inducers,
such as trehalose, calpastatin, and the SMERs, results in a
greater up-regulation of autophagy than the single treatments
alone (48, 50, 60). The combined therapy approach may mini-
mize the side effects arising from these treatments by lowering
the required doses of each compound, thereby providing a safer
strategy for long-term treatments. Therefore, the use of com-
bination treatment with lower doses not only provides additive
mechanisms for enhancing autophagy but also may abrogate
undesirable effects resulting from the perturbations of these
signaling pathways on their own.

Future Prospects of Autophagy as a Therapeutic
Strategy

Recent advances in the field of autophagy have implicated its
role in various physiological and pathological conditions such
as development, longevity, cancer, and infectious and cardio-
vascular diseases (10). Indeed, autophagy is a critical pathway
that regulates the clearance of diverse intracellular pathogens
(63). We have shown that two of the autophagy-inducing
SMERs could reduce the number of viable intracellular myco-
bacteria in primary macrophages in an autophagy-dependent
manner, providing evidence for their benefit in infectious dis-
eases as well (64). Thus, chemical inducers of autophagy offer
great potential for future studies and could also be utilized in
various contexts outside neurodegeneration, either in the treat-
ment of disease conditions in which autophagy serves as a pro-
tective pathway or in the investigation of signaling pathways
regulating autophagy.
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Intracellular Ca2� signaling is fundamental to neuronal phys-
iology and viability. Because of its ubiquitous roles, disruptions
in Ca2� homeostasis are implicated in diverse disease processes
and have become amajor focus of study inmultifactorial neuro-
degenerative diseases such as Alzheimer disease (AD). A hall-
mark of AD is the excessive production of �-amyloid (A�) and
itsmassive accumulation in amyloidplaques. In thisminireview,
we highlight the pathogenic interactions between altered cellu-
lar Ca2� signaling and A� in its different aggregation states and
how these elements coalesce to alter the course of the neurode-
generative disease. Ca2� and A� intersect at several functional
levels and temporal stages of AD, thereby altering neurotrans-
mitter receptor properties, disrupting membrane integrity, and
initiating apoptotic signaling cascades. Notably, there are recip-
rocal interactions between Ca2� pathways and amyloid pathol-
ogy; altered Ca2� signaling accelerates A� formation, whereas
A� peptides, particularly in soluble oligomeric forms, induce
Ca2�disruptions. Adegenerative feed-forward cycle of toxicA�
generation and Ca2� perturbations results, which in turn can
spin off to accelerate more global neuropathological cascades,
ultimately leading to synaptic breakdown, cell death, and devas-
tating memory loss. Although no cause or cure is currently
known, targeting Ca2� dyshomeostasis as an underlying and
integral component of AD pathology may result in novel and
effective treatments for AD.

Alzheimer disease (AD)2 is an idiopathic neurodegenerative
disease, and little is yet understood of its underlying causes or
mechanisms. Certain diagnostic features are central to AD
(amyloid plaques, neurofibrillary tangles, and elevated levels of
soluble amyloids in the brain and cerebrospinal fluid), but their
roles in the most devastating aspect of the disease, namely
memory loss, are unclear. One common factor that underlies
AD pathogenesis is neuronal Ca2� dysregulation. In this mini-

review, we focus specifically on the pathogenic interplay
between �-amyloid (A�) and Ca2� signaling dysregulation.
Ca2� signaling is fundamental to cellular function, involving a
multitude of entry and release channels, clearance mecha-
nisms, and intracellular stores. Among these Ca2�-regulating
entities, A� may interact with a critical subset as discussed
below and enableADprogression by alteringCa2� homeostasis
and triggering downstream pathogenic signaling cascades
(1–3).

Implications of Cellular Ca2� Dysregulation

Sustained disruptions in Ca2� signaling have significant
implications for the health and functionality of neurons over
the lifetime of an organism (4) and form the basis of the Ca2�

hypothesis of AD (5). Under resting conditions, cytosolic Ca2�

is maintained at low nanomolar concentrations by an array of
pumps, buffers, and transportmechanisms. Ca2� entry into the
cytosol is rigorously regulated and originates from one of two
major sources: the extracellular fluid via entry across the
plasma membrane (through receptor-, voltage-, and store-op-
erated channels and Ca2� exchangers) and intracellular stores
such as the endoplasmic reticulum (ER) and mitochondria (6).
Interactions between A� and intracellular Ca2� are particu-

larly relevant to AD pathogenesis, as Ca2� perturbations are a
causal factor in excitotoxicity, synaptic degeneration, and cell
death, whereas reduced Ca2� release is neuroprotective (7).
Both neuroprotective and pathogenic Ca2� cascades can be
triggered sequentially: the cell attempting to first compensate
for metabolic stress by up-regulating protective mechanisms
and then succumbing to sustained insults and initiating patho-
genic and/or apoptotic pathways. For example, excess Ca2�

release initially activates anti-apoptotic transcription factors
such as NF�B (8), which protects cells by inducing genes that
promote cell survival and anti-apoptotic proteins (e.g. Bcl-2)
and the cAMP response element-binding protein (CREB),
which is Ca2�-dependent and plays a critical role in synaptic
plasticity and neuronal survival (9). Among pathogenic
responses, expression of C/EBP homologous protein (CHOP)
inhibits protective proteins such as Bcl-2. IncreasedCa2� levels
through A�-mediated mechanisms can also lead to mitochon-
drial Ca2� overload, generation of superoxide radicals, and pro-
apoptotic mitochondrial proteins such as caspases and cyto-
chrome c, which are linked to cell death and neurodegeneration
in several AD models (1).

A� Physiology and Pathophysiology

A� is a 39–42-amino acid peptide produced by the proteo-
lytic cleavage of the amyloid precursor protein (APP), an inte-
gral membrane protein involved in signal transduction path-
ways. Cleavage of APP by �- or �-secretases forms the
C-terminal portion of A�, and subsequently, the remaining
membrane-bound C-terminal fragment is cleaved within its
transmembrane domain by the aspartyl protease complex
�-secretase, of which presenilin is a crucial component (10).
Mutations in the genes encoding APP and presenilin are asso-
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ciated with familial forms of AD and lead to increased A� pro-
duction, suggesting a causal relationship between A� overpro-
duction and AD pathogenesis (11). Moreover, the majority of
mutations linked to early-onset AD cause increased production
of A�42 (A� ending at position 42) relative to A�40, and A�42
appears to be the more toxic form of the peptide and more
prone to undergo aggregation (12, 13).

A� Aggregation States: Which Is the Toxic Species?

A� plaques are themost obvious and characteristic feature of
AD. However, increasing evidence suggests that they may not
be primarily responsible for the neurological deficits but rather
implicates small soluble oligomeric aggregation states of A�.
Protein aggregation is an aberrant self-associating process that
can produce macroscopic entities such as the extracellular
aggregates of A� peptide found in the brains of many AD
patients. This process proceeds, in both in vitro and in vivo
settings, through various intermediate aggregation states of A�
peptides, ranging from small soluble oligomeric species formed
by 2–50 peptides to insoluble filamentous aggregates from
which plaques are formed (Fig. 1) (14). Several studies have
characterized these intermediates, which most likely represent
the most toxic forms of A� aggregates (15–18).
The monomeric form of A� (either 1–40 or 1–42) has long

been considered to be nontoxic or even protective and fails to
evoke Ca2� influx in in vitro experiments (18, 19, 20). From
these monomers, up to 50 A� subunits can form intermediate
aggregates, termed“small oligomers.”These lowmolecularweight
aggregates are found in the growth medium of A�-secreting cells
(21) and in extracts from human brain (17, 22). This category also
includes A�-derived diffusible ligands, a neurotoxic species of A�
aggregate formed by trimers through 24-mers secreted in in vitro
preparations and found in murine and human brain extracts (16,
23–25). Small oligomers are reported to be themost toxic species
of A� and potently disrupt cellular Ca2� homeostasis (16, 18, 26).
A different approach for classifying A� toxicity has been recently
proposed by Glabe (27) based on the use of conformation-depen-
dent antibodies that recognize generic epitopes associated with
distinct peptide aggregation state of peptides rather than specific
amino acid sequence and number of peptides.

The final stageofA�peptideaggregation is representedbyamy-
loid plaques in the brains of AD patients. Although plaques are a
hallmark of AD, their density does not correlate well with the
degreeofneuronalorcognitivedeficits (28).Onthecontrary, ithas
been proposed that plaques may contribute to the removal and
inactivation of the smaller soluble toxic species (17, 29), rendering
the insoluble plaque deposits as potentially neuroprotective, par-
ticularly in the early stage of the disease.
As detailed below, numerous publications studying possible

molecular mechanisms of A�40/42 oligomers have proposed
diversemodalities of action.We believe thatmany of the appar-
ently contradictory results in the literaturemay be attributed to
different experimental methods and inconsistencies in prepa-
ration of A� oligomers, resulting in variability in the initial
structure and aggregation state of the peptide, the presence of
different solvents, heterogeneous nucleation, pH, and starting
concentrations of the peptide (30).

A� and Membrane Ca2� Permeability

Amajor mechanism by which A� is believed to alter cellular
Ca2� homeostasis involves disruption of membrane Ca2� per-
meability. It is widely accepted that application of A� to cul-
tured cells triggers unregulated flux of Ca2� through the
plasma membrane (5, 18, 26). However, the precise molecular
mechanism of A� toxicity remains to be determined. Here, we
outline the three major proposed mechanisms of A� interac-
tion with cell membranes, involving interactions with endoge-
nous Ca2�-permeable channels, disruption of membrane lipid
integrity, and formation of Ca2�-permeable channels by A�.
Actions of A� on Endogenous Plasmalemmal Ion Channels—

Interactions of A�with various Ca2�-permeable channels have
been established (31, 32), including voltage-gated Ca2� chan-
nels (N, P, and Q), nicotinic acetylcholine channels (�7 and
�4�2), glutamate receptors (AMPA and NMDA), dopamine
receptors, serotonin receptors (5-hydroxytryptamine type 3),
and intracellular inositol trisphosphate receptors (IP3Rs). Sev-
eral lines of evidence point to complex dynamics between A�
and both the cholinergic and glutamatergic neurotransmitter
systems during the progression of AD (33, 34). Receptor sub-
types within these two receptor families, such as �7-nAChRs
and AMPA and NMDA glutamate receptors, are all Ca2�-per-
meable and expressed in brain regions supporting higher cog-
nitive functions such as the neocortex and hippocampus (35).
Moreover, neuronal loss during the course of the disease occurs
predominantly in these brain areas (36). These observations,
together with the discovery of substantial neocortical deficits in
choline acetyltransferase and reduced choline uptake in AD
animal models, led to the “cholinergic hypothesis of AD,”
wherein the degeneration of cholinergic neurons and loss of
cholinergic neurotransmission significantly contribute to cog-
nitive deterioration (37). This hypothesis has been strength-
ened by positive correlations between nAChR �7- and �4-sub-
unit expression and neurons that accumulate A� and by the
colocalization of �7-nAChRs with plaques (38). However, A�
affects nAChR functioning with conflicting results describing
A� as either an agonist or antagonist of nAChRs (33). Impor-
tantly, A� has been shown to bind with high affinity to �7- and
�4�2-nAChRs (respective Ki of �5 pM and 30 nM) in cortical

FIGURE 1. Schematic model for A� monomers in which misfolding trig-
gers self-aggregation into dimers, trimers, oligomers, fibrils, and fibril-
lar aggregates or plaques. The A� aggregates formed by 2–50 monomers
are considered the toxic species.
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and hippocampal synaptic membrane preparations, suggesting
that A� peptide accumulation in the synaptic cleft of choliner-
gic synapses may promote the formation of A���7-nAChR
complexes that seed plaque formation (39).
Similar findings have been reported for the glutamatergic

system. TheNMDAR is highly Ca2�-permeable (single channel
conductance of �60 pS, with �10% of the current carried by
Ca2�) (40) and is therefore a highly studied target of A�-Ca2�

interactions. A� peptides affect neuronal function in brain
regions where NMDARs are the principal excitotoxic media-
tors and underlie cell loss during the disease progression (41).
Moreover, A� oligomers trigger increases in NMDAR-medi-
atedCa2� influx, which disrupts neuronal transmission. In crit-
ical and vulnerable brain regions such as the hippocampus,
impaired neurotransmission could further impact learning and
memory mechanisms (17, 42).
Although several studies have examined the effects of amy-

loid on NMDAR function and Ca2� influx, the results are not
consistent. These differences may partially reflect the distinct
effects of different A� species on cellular activity, as well as
experimental differences in acute versus chronic exposures. For
example, short-term incubation of neuronal cultures with A�
oligomers has been shown to increase Ca2� influx through
NMDA channels. In turn, this is linked to downstream patho-
genic effects, such as dynamin 1 degradation, increased reactive
oxygen species production, and aberrant calpain activation
(43), all of which can impair synaptic integrity. Acute treatment
studies applying A�1–40 and A�25–35 peptides have demon-
strated similar patterns of enhanced NMDA currents (44). In
contrast, sustained exposure of neurons to A� oligomeric pep-
tides reduces NMDA cell-surface expression, Ca2� influx, and
glutamatergic currents (17, 45, 46). Spine density loss, reduced
AMPA currents, and impaired synaptic plasticity are resulting
consequences and likely involve alterations in calcineurin, a
Ca2�-sensitive phosphatase, and cofilin, a cytoskeleton-regu-
lating protein that is activated by calcineurin-mediated dephos-
phorylation (47).
Another major source of cytosolic Ca2� entry in neurons is

through voltage-gated plasmalemmal Ca2� channels. Ca2�

entry through the high threshold, low conductance N- and
T-type channels (8–13 pS) and high conductance L-type chan-
nels (25 pS) (48) is thought to be increased by amyloid peptides
(A�1–40) (31, 49), resulting in increased postsynaptic Ca2�

responses. In contrast, the high threshold, predominantly pre-
synaptic P/Q-type channels (15–17 pS) are suppressed by A�
oligomers (50), which serves to reduce synaptic vesicle release,
neurotransmission, and plasticity.
Disruption of Membrane Lipid Integrity—A� peptides inter-

act withmembrane lipids such as phosphoinositides (51), phos-
phatidylglycerol (52), phosphatidylcholine (53), and ganglio-
sides (54). A direct interaction of A� with cell membranes was
initially proposed byCotman and co-workers (55), who showed
that D- and L-stereoisomers of a truncated form of A� induced
similar toxicity levels in cultured hippocampal neurons, sug-
gesting that A� toxicity does not involve a specific ligand-re-
ceptor interaction. Fluorescence spectroscopy measurements
indicate that A� interaction with the synaptic plasma mem-
brane causes substantial changes in themembrane fluidity both

in the bulk lipid milieu and in proximity to integral membrane
proteins. This may account for the effects of A� peptides in
increasing membrane permeability to Ca2�, Na�, and K� ions
as well as larger molecules such as dyes (56, 57). However, dif-
ferent groups have shown varying results, reporting increases
(58), decreases (59), or no effect (60) of A� peptides on mem-
brane fluidity.
More recently, using uniformpreparations ofA�peptides (in

their monomeric, oligomeric, and fibrillar forms), Sokolov and
co-workers (19, 61) reported increases in conductance of lipid
bilayer and patch-clamped mammalian cell membranes exclu-
sively by the oligomeric form of A�1–42. Because the A�-in-
duced conductance showed no selectivity between anionic and
cationic probes and was apparent only in membranes formed
from soft highly compressible lipids, the authors suggested that
A� oligomers thin the membrane, thereby lowering the dielec-
tric barrier and increasing its conductance. However, this
mechanism has been challenged. Capone et al. (62) proposed
that the membrane thinning was due to the residual solvent
(hexafluoroisopropanol) used during A� oligomer preparation
and was independent of the peptide itself.
A� Pore Formation—A different mechanism of action posits

that A� peptides incorporate into the cell membrane and reor-
ganize to form nonselective high conductance cation pores
(63–65). Electrophysiological recordings using artificial lipid
membranes exposed to A� demonstrated cation channels with
the permeability sequence PCs � PLi � PCa � PK � PNa (66),
which were blocked by Zn2�. These A� channels exhibit sev-
eral different conductances, with spontaneous transition
between levels ranging from 400 pS up to 5 nS (63). Channel
formation has been proposed as amolecularmechanism for A�
toxicity because ionic leakages of Na�, K�, and Ca2� through
such high conductance channels could rapidly disrupt cellular
homeostasis (63, 67). The pore-forming mechanism for amy-
loid proteins has been further supported by studies employing
atomic force microscopy (64), electron microscopy (68, 69),
and theoretical modeling (70, 71). Moreover, high resolution
transmission electron microscopy has revealed the presence of
A� pores distributed in situ in the cell membrane of post-mor-
tem brains of AD patients but not in healthy patients (72).
In a search for a specific blocker, Arispe (73) further

strengthened the A� channel hypothesis by designing short
peptides complementary to the putativemouth of theA� chan-
nel that potently and selectively blocked A� channels and
inhibited A� cytotoxicity. More recently, Arispe and co-work-
ers (74) also showed that two small enantiomeric molecules,
MRS2481 andMRS2485, were both blockers of A� channels in
the micromolar range and exhibited protective behavior
against A� neurotoxicity in neurons.

Intracellular Ca2� Sources and A�

In addition to extracellular Ca2� sources, the ER constitutes
a large reservoir of sequestered Ca2� that is liberated via IP3Rs
(whose activation requires binding of the second messenger
IP3) and ryanodine receptors (RyRs). Both of these receptor/
channel types are activated by Ca2� itself in a regenerative
process termed Ca2�-induced Ca2� release. Numerous studies
have linked up-regulation of ER Ca2� release with presenilin
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mutations in early stages of AD progression, prior to the onset
of A� plaques, neurofibrillary tangles, or cognitive impairment
(1, 75), yet evidence exists that A� also influences intracellular
Ca2� signaling at later disease stages subsequent to histopa-
thology onset (6). For example, exposing RyRs to A�1–42 pep-
tides in lipid bilayers increases the channel open probability
and alters gating kinetics, resulting in increased Ca2� flux (76).
Likewise, A� exposure enhances the IP3R-evoked Ca2�

response in neurons (77). More subtle interactions of A� with
Ca2�-regulating G-protein-coupled membrane proteins have
also been uncovered. Preincubation with the A�1–40 peptide
enhances both the expression of Gq-coupledmetabotropic glu-
tamate receptor 5, which generates the Ca2�-mobilizing mes-
senger IP3, and the intracellular Ca2� response to the group I
metabotropic glutamate receptor agonist (S)-3,5-dihydroxy-
phenylglycine (78). A� also interferes with the interplay
between the APP haloprotein and Go, which leads to G-pro-
tein-coupled Ca2� activation and eventually cell death (79).
New on the neuronal Ca2� channel list is CALHM1, which is

highly permeable to Ca2� and localized to the ER and plasma
membranes. Notably, a CALHM1 polymorphism has been
associated with AD and leads to increased A� formation by
interfering with Ca2� permeability (80). In addition to being
relevant fromaCa2� signaling/amyloid perspective, the discov-
ery of this polymorphism association with AD adds another
possible marker to the short list of genetic risk factors (includ-
ing ApoE4 allele expression) linked to sporadic AD, thereby
permitting early intervention for patients with an otherwise
idiopathic neurodegenerative disease.

Functional Evidence for A� and Ca2� Interactions in Brain

Attempts to establish causative links between A� histopa-
thology and ADmemory deficits have been tenuous, with little
direct correlation between plaque load and cognitive decline
(81, 82). However, recent evidence demonstrates functional
associations between dense core plaques and Ca2� signaling
alterations in AD mouse models. A series of in vivo imaging
studies show that A� deposits result in intracellular Ca2� dys-
regulation in neurons and glia (83, 84) and a structural break-
down of dendritic processes in later stages of AD pathology
(85). Utilizing fluorescent live cell imaging techniques in
plaque-bearing APP transgenic mice, increased resting Ca2�

levels have been observed in neurites in close proximity (�20
�m) to dense core plaques (83), suggesting that plaques exert a
direct pathogenic effect on steady-stateCa2� levels in dendrites
and spines, regions critical for electrochemical signal transmis-
sion. In concert, the compartmentalization of Ca2� signals
between spine heads and the neighboring dendritic branch is
lost. These alterations would likely have implications for signal
transduction and synaptic transmission, which are reliant on
precise spatial and temporal Ca2� signaling.

Possibly related to the above findings is the observation of
increased spontaneous Ca2� transients in the soma of cells
close to plaques, perhaps resulting from reduced inhibitory
input through reduced GABAergic tone (86). Alterations in
Ca2� transients may exert global alterations in intracellular
function and affect long-range coordination among cells medi-
ated by intercellular Ca2� waves. This phenomenon is not lim-

ited to neurons, as increased Ca2� activity and synchronized
Ca2� waves are observed across networks of astrocytes (84).
Interestingly, astrocytic Ca2� signals differ from those in neu-
rons in that they are independent of proximity to plaques.
Although these in vivo studies detailed above provide some of
the most direct evidence for pathogenic A� and Ca2� interac-
tions in intact brains, they are limited in their interpretation
because only dense core plaques were visualized, and the role
and localization of other A� species, notably oligomeric forms,
could not be identified in these preparations.
Structural abnormalities in neurites have also been attrib-

uted to the activity of calcineurin, a Ca2�-sensitive phosphatase
whose many functions include regulation of cofilin, which
maintains neuronal cytoarchitecture. These findingsmay relate
to the breakdown of synapses attributed to fibrillar and oligo-
meric A� (87) in that aberrant Ca2� levels can disrupt gluta-
mate receptor trafficking and Ca2�/calmodulin-dependent
protein kinase II and calcineurin activity and alter spine head
geometry (88, 89).
A� oligomers have also been found to disrupt synaptic func-

tion at the circuit level. Associations between naturally pro-
duced A� oligomers and AD pathology were made by Selkoe
and co-workers (90), who identified a naturally secreted species
of A� aggregates capable of disrupting neuronal plasticity. Sol-
uble A� oligomers extracted from AD patients inhibit long-
term potentiation, enhance long-term depression, and trigger
dendritic spine reduction in rodent hippocampus (17, 91).
These pathological effects were shown to be specifically attrib-
utable to A�1–42 dimers.

A Vicious Spiral in AD: A� and Ca2� Go Round and Round

Increased Ca2� levels are functionally linked to most of the
major features and risk factors ofAD: presenilin andAPPmuta-
tions, ApoE4 expression, CALHM1 mutations, A� plaques,
Tau hyperphosphorylation, apoptosis, and synaptic dysfunc-
tion (1). In many of these interactions, a pathogenic feed-for-
ward cascade evolves, wherein Ca2� facilitates a pathogenic
state, which in turn increases Ca2� levels. For example, Ca2�

can facilitate the formation of pathogenic A� fibril formation
(92), and in parallel, A� can form Ca2�-permeable channels,
interfere with existing Ca2� channels, and increase RyR func-
tion (43, 93, 94). Apoptosis can also be triggered by Ca2�-sen-
sitive cell death pathways via caspase and calpain activation and
vice versa. Ca2� dysregulation may then reflect a lifetime of
episodic and slowly accumulating insults that favor the aggre-
gation and deposition of pathogenic A� peptides, trigger apo-
ptosis via ER and mitochondrial stress responses, and impair
synaptic morphology and membrane function. The culmina-
tion of these downstream Ca2�-mediated events may ulti-
mately lead to the devastating loss ofmemory and deteriorating
cognitive functions (Fig. 2).

Future Directions

In light of the ubiquity of Ca2� signaling in neurons and glia
and its complex reciprocal interactions with A� in the patho-
genesis of AD, research is likely to progress in parallel along
multiple paths. Below, we highlight just a few areas that we
believe most promising.
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Consistency of A� Preparations—Studies of A� toxicity are
confounded by inconsistencies in oligomeric state of the pep-
tide, a factor that likely accounts for widely varying and some-
times contradictory reports in the literature. There is therefore
a clear need to resolve the effects of the various A� species by
systematically examining the effect of uniformly prepared and
characterized A� aggregates.
Mechanisms of A� Ca2� Toxicity—Disruption of membrane

integrity and the resulting unregulated Ca2� flux are now well
established as major factors underlying A� oligomer toxicity.
There is strong evidence that A� itself forms cation pores in the
membrane, but actions on the lipid bilayer and on endogenous
membrane channels may also contribute. Elucidation of
themechanism(s) bywhichA� acts on surface and intracellular
membranes is crucial, as this represents a selective and most
attractive therapeutic target. Experiments have thus far been
limited largely to in vitro systems, but developments in tech-
niques for optical imaging of single channel Ca2� flux (95) offer
considerable potential for extending these studies to intact cell
systems (96).
Ca2� Signaling as a Therapeutic Target—Because Ca2� sig-

naling impinges upon nearly every characteristic feature,
genetic cause, andmajor risk factor inAD, it is an obvious target
for potential therapeutic strategies. Compounds that normalize
dysregulated Ca2� levels or specifically block Ca2�-regulated
pathogenic signaling cascades could, in theory, prevent or
reduce many of the histopathological and cognitive compo-
nents of AD. Indeed, the few effective treatments currently
available for early-to-mid-stage AD directly or indirectly
include some aspect of Ca2� modification. Memantine is a low
affinity NMDAR Ca2� channel antagonist that prevents exces-
sive Ca2� influx while maintaining glutamatergic transmission
sufficiently to support synaptic transmission and plasticity (97).
Another example is dimebon, which was suggested in clinical
trials to sustain cognitive function inADpatients. Although the
mechanism is unclear, the neuroprotective effects of dimebon
may lie in its ability to inhibit L-type Ca2� channels and
NMDAR and protect against mitochondrial stress (98).
Another target, though not yet in clinical trials, is the RyR, an
intracellular Ca2� release channel that is up-regulated in an
initially neuroprotective manner in response to A�1–42 expo-
sure (94) and that shows increased expression and Ca2� flux in

certain familial forms of AD (99, 100). Given the ubiquity of
Ca2� signaling, a caveat with these approaches is the potential
to disrupt normal neuronal function. The design of novel com-
pounds to block Ca2�-permeable pores formed by A� thus
holds particular promise (73, 74).
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Venoms of snakes, scorpions, spiders, insects, sea anemones,
and cone snails are complex mixtures of mostly peptides and
small proteins that have evolved for prey capture and/or
defense. These deadly animals have long fascinated scientists
and the public. Early studies isolated lethal components in the
search for cures and understanding of their mechanisms of
action. Ion channels have emerged as targets for many venom
peptides, providing researchers highly selective and potent
molecular probes that have proved invaluable in unraveling ion
channel structure and function. This minireview highlights
molecular details of their toxin-receptor interactions and
opportunities for development of peptide therapeutics.

Ion channels are a diverse class of membrane proteins that
play critical roles in cellular physiology, underlying such essen-
tial processes as neuronal signaling andmuscle contractility (1).
Given these key functions, it is not surprising many toxins have
evolved to block or activate ion channels, often with exquisite
potency and selectivity. This is most evident among venoms of
snakes, spiders, scorpions, insects, cone snails, and sea anemo-
nes used for prey capture and predator defense. Their venoms
provide a virtually untapped reservoir of millions of bioactive
peptides with highly diverse sequences and structures, includ-
ing many that target ion channels of clinical importance (2).
Venom peptides typically act on peripheral targets after injec-
tion through a specialized envenomation apparatus such as
fangs, stings, harpoons, and nematocysts. Their high potency
and target specificity for membrane proteins have been
achieved through the evolution of structurally rigid peptide
folds with well defined functional faces.
Key ion channel targets of venom peptides include voltage-

gated potassium, sodium, and calcium channels and the ligand-
gated nicotinic acetylcholine receptors, where toxins acting at
different binding sites have evolved across multiple phyla. In
addition, a smaller set of venom peptides have evolved to target

the NMDA3 receptor and ASICs. This minireview examines a
selection of venompeptides used to probe these ion channels at
the functional and structural level.

Potassium Channel Toxins

K� channels are four-domainmembrane proteins that selec-
tively transport K� ions across the cell membrane, where they
play a key role in regulating cell excitability (3) and non-excit-
able cell physiology. K� channels comprise two conserved
transmembrane segments in each domain, which form the core
of the ion-conducting pore and support an extracellular linker
that folds back into the channel to form the ion selectivity filter.
Apart from these conserved elements, the topology of K� chan-
nel subtypes varies greatly, with each domain comprising two,
four, or six transmembrane segments. Since the groundbreak-
ing study of the MacKinnon group in 1998 (4), multiple crystal
structures of K� channels have expanded our understanding of
ion selectivity and gating mechanisms that regulate passage of
ions due to changes in membrane potential.
The diversity of K� channels is considerable, with�75 genes

identified in mammalian genomes (5), and includes voltage-
activated K� channels (Kv), Ca2�-activated K� channels (KCa),
inward rectifier K� channels (Kir), and two-pore K� channels
(K2P). Thankfully, the venoms of snakes, cone snails, spiders,
anemones, and particularly scorpions have provided research-
ers with potent subtype-selective pharmacological tools, in-
cluding several with therapeutic potential (2). Many of these
peptides possess a conserved functional dyad, comprising a Lys
residue near a Tyr, Phe, or Leu, indicative of convergent evolu-
tion among many (6) but not all (7) K� channel toxins.
Scorpion—Some 25 years ago, noxiustoxin, isolated from

venomofCentruroides noxius, was the first identified K� chan-
nel-blocking peptide (8). Since then, �120 KTxs ranging from
23 to 64 aa have been sequenced (9). Based on sequence identity
and cysteine pairing, scorpion toxins are classified into three
subfamilies, the �-, �-, and �-KTxs. Most KTx structures
exhibit a characteristic fold comprising short elements of sec-
ondary structure (one�-helix and two or three�-strands). This
suggests a conserved binding mode. However, KTxs have
evolved to use different faces of their structure to interact with
different K� channels (9). For instance, charybdotoxin
(KTx1.1) and agitoxin 2 (KTx3.2) interact with the Shaker (or
Kv1) channel using residues protruding from the �-strand
motif (10, 11), whereas BmPO5 (KTx5.3) binds to the KCa2.2
channel using residues in the �-helical motif (12).

After the release of the three-dimensional coordinates of the
K� channel crystal structure, several groupsmodeled the inter-
action of scorpion toxins with their target (12, 13). These mod-
els generally agreed with mutagenesis data and helped predict
interacting pairs of residues. However, the recent solid-state
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NMRstructure revealed significant rearrangements and/or sta-
bilization of specific conformations in both kaliotoxin and a
chimeric K� channel that occurred upon toxin binding (14),
although the critical Lys27 physically occludes the pore as pre-
dicted. This mode of binding appears to be shared with some
anemone and cone snail K� channel toxins (Fig. 1A).
Sea Anemone—Sea anemones also have yielded a diversity of

K� channel peptide inhibitors classified into three main types
(15). Type 1 toxins comprise 35–37 aa constrained by three
disulfide bonds andmostly target Kv1 (Shaker) channels. Struc-
ture-activity studies reveal an SKY motif in both ShK (Ser20,
Lys22, and Tyr23) and BgK (Ser23, Lys25, and Tyr26) toxins that
are critical for binding. This SKY motif is absolutely conserved
in all type 1 toxins, and docking studies based on double-mu-
tant cycle analysis reveal a plausible mode of interaction (Fig.
1A) (16). Recently, a stable and Kv1.3-selective analog of ShK
demonstrated potential in the treatment of autoimmune dis-
eases such as multiple sclerosis and rheumatoid arthritis (17).
Type 2 toxins, comprising 58–59 aa and three disulfide bonds,
also block Kv1 channels but not as potently as type 1 toxins.
Type 2 toxins belong to the Kunitz-type family of peptides and
have dual K� channel and protease inhibitory activity (18).
Type 3 toxins comprise 42–43 aa and three disulfide bonds.
BDS-I and BDS-II are selective inhibitors of the Kv3.4 channel,
whereas APETx1 is selective for the HERG (human ether-a-go-
go-related gene) K� channel. Presently, no docking simulations
have been reported for these toxins.
Cone Snail—Several toxins isolated from venom of Conus

species affect K� channels. The first discovered was �-cono-

toxin PVIIA (27 aa) from the venomofConus purpurascens and
shown to inhibit the Shaker K� channel (19) through the func-
tional dyad comprising Lys7 and Phe9 plus Lys25 (20). A model
of the �-conotoxin PVIIA-Shaker K� channel complex showed
a reasonable correlation with experimental data (Fig. 1A) (21).
Interestingly, �-PVIIA can reduce infarct size in rabbit hearts
when administered at reperfusion (22). In contrast, the struc-
turally unrelated �M-RIIIK has a distinct binding mode (Fig.
1A) that is apparently not based on a functional dyad (23). A
number of conopeptides with unrelated structures have been
reported recently, including conkunitzin-S1, which is structur-
ally homologous to snake dendrotoxins, and pl14a from Conus
planorbis, which was docked onto Kv1.6 (Fig. 1A).
Snake—Isolated �20 years ago from African snakes (Den-

droaspis sp.), dendrotoxins have proved remarkable tools to
study K� channel structure and function. These peptides com-
prise 57–60 aa and three disulfide bonds that stabilize a
“Kunitz-type toxin” fold. Initially, the high affinity binding of
dendrotoxins was exploited to isolate a K� channel protein
(24). Later, structure-activity studies of �- and �-dendrotoxins
revealed the importance of the functional dyad, and several
models of the interaction of dendrotoxins with K� channels
have been proposed (25, 26). Other snake toxins also affect
K� channel activity, including �-bungarotoxin, sarafotoxins,
and the much larger natrin. Recently, natrin was docked
onto Kv1.3 through a small contact surface (Fig. 1A), sug-
gesting truncated forms of natrin may yield novel channel
inhibitors.
Spider—Spider venoms contain “gating modifier peptides”

that act at K� channels. Hanatoxin, 35-aa three-disulfide bond
peptide, binds to the S3b helix of the voltage sensor paddle
motif of the K� channel (27). Other spider toxins targeting the
K� channel voltage sensor include guangxitoxin (GxTx1E),
which has high affinity for Kv2.1; stromatoxin (ScTx1) and het-
eroscodratoxins (HmTx1,2), which target Kv2 and Kv4 chan-
nels; heteropodatoxins (HpTx1–3), phrixotoxins (PaTx1,2),
and TLTx1–3, which preferentially inhibit Kv4 channels;
PhTx3-1, which inhibits the outward rectifier A-type K� chan-
nel; and the Kunitz-type huwentoxin XI, which inhibits trypsin
and weakly Kv1.1. Interestingly, the bacterial Kv channel iso-
lated from VsTx1 (28) may allow a spider toxin-K� channel
co-crystal structure to be solved.

Sodium Channel Toxins

Voltage-sensitive Na� channels are four-domain membrane
proteins essential for electrical signaling in cells. Nine sodium
channel subtypes (Nav1–9) have been cloned (1), including
some selectively expressed in pain pathways such as Nav1.8. A
number of Nav mutations that underlie genetic diseases,
including epilepsy and migraines, have been identified.
Seven toxin-binding sites have been described for Nav chan-

nels (sites 1–7) that enhance or inhibit passage ofNa� ions. The
first Na� channel inhibitor described was TTX, a poison pro-
duced by bacteria and accumulated through the diet of puffer
fish. TTX binds in themouth of the ion-conducting pore at low
nM concentrations at TTX-sensitive (Nav1.1–1.4, Nav1.6, and
Nav1.7) and �M concentrations at TTX-resistant (Nav1.5,
Nav1.8, and Nav1.9) Na� channels. TTX and related saxitoxins

FIGURE 1. Venom peptides in complex with K� and Na� channels. Inter-
acting residues are shown in stick representation, with toxins in red and the
two apposing receptor subunits in blue and green. Except for the kaliotoxin-
KcsA-Kv1.3 complex (14), derived from solid-state NMR data, all other toxin-
receptor complexes are theoretical models derived from computational sim-
ulations. A, scorpion, anemone, and cone snail toxin complexes with their
respective K� channels. For clarity, only the turret selectivity filter of the chan-
nel is shown for BgK-Kv1.1 (16), PVIIA-Shaker (21), RIIIK-TSha1 (87), pl14a-Kv1.6
(88), and natrin-Kv1.3 (89) complexes. B, cone snail and scorpion toxin com-
plexes with Na� channels. �-Conotoxin GIIIA (Ctx-GIIIA) is shown docked onto
the selectivity filter of a Nav1.4 model (90), and scorpion toxin CssIV is shown
interacting with the voltage sensor of Nav1.2 (33).
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produced by dinoflagellates define site 1 in the pore of the
�-subunit of Na� channels. Other non-peptidic Na� channel
poisons include the site 2 activating alkaloid toxins from frogs
and plants (batrachotoxin and veratridine), the site 5 activating
dinoflagellate polyether toxins (brevetoxins and ciguatoxins)
responsible for neurological shellfish poisoning and ciguatera,
and the site 7 activating insect-selective plant pyrethroids. In
contrast, venom peptides act at sites 1, 3, 4, and 6.
Scorpion—The long chain Na� channel toxins found in scor-

pion venom comprise �64 aa with four disulfide bonds that
constrain a highly structured globular ����-fold. Two classes
of activating scorpion toxins have been characterized. The
scorpion �-toxins slow inactivation, and the scorpion �-toxins
shift the voltage dependence of activation and first defined sites
3 and 4, respectively (29). Rogers et al. (30) provided initial
details about receptor site 3 of scorpion �-toxins. Combining
the natural variation in peptide sequence withmutational stud-
ies is now revealing specific regions important for scorpion �-
and�-toxins. For instance, details about the interaction of scor-
pion �-toxins with receptor site 4 have been uncovered by
mutagenesis and double-mutant cycle analysis (31, 32), and a
model depicting howa scorpion�-toxinmight interactwith the
voltage sensor of Nav1.2 has been proposed (Fig. 1B) (33).
Cone Snail—The �-conotoxins were among the first peptide

inhibitors of Na� channels identified. These small polar
16–25-aa peptides possess a tightly folded globular structure
stabilized by three disulfide bonds. NMR solution structures of
SIIIA, TIIIA, PIIIA,GIIIA,GIIIB, KIIIA, and SmIIIA reveal they
all have a similar fold except SIIIA, which has a much shorter
loop 1 and an helical motif between residues 11 and 16 (34) not
seen in the larger �-conotoxins like TIIIA (35). All �-conotox-
ins possess either an exposed Arg or Lys in loop 2 that is impor-
tant for high affinity interactions with the Na� channel. How-
ever, its role is less critical for SIIIA and KIIIA, where the
pharmacophore has shifted into the helical region of the pep-
tide. �-Conotoxins preferentially target Nav1.4 and Nav1.2 and
have weak or no detectable affinity at the validated therapeutic
targets Nav1.7 and Nav1.8. A docking model depicting how
�-conotoxin GIIIA might plug the selectivity filter of the mus-
cle Na� channel (Nav1.4) is shown in Fig. 1B. This model high-
lights the critical role of Arg13 in the high affinity interaction
with Nav1.4. As our understanding of the architecture of the
outer vestibule of theNa� channel develops, conotoxins able to
block specific Na� channel subtypes may be rationally
designed.
Cone snail venoms contain two other classes of hydrophobic

Na� channel toxins, the �O-conotoxins MrVIA and MrVIB
isolated from Conus marmoreus and the more diverse �-cono-
toxins isolated frommollusc- and fish-hunting cone snails. The
�O-conotoxins are 31-aa peptides that preferentially block
(�15-fold selective) Nav1.8 and Nav1.4 over other voltage-
gated Na� channel subtypes by interfering with the domain II
voltage sensor of the Na� channel (36). In rats, intrathecal
administration of MrVIA was analgesic at doses that produced
no local anesthetic-like effects on movement or coordination,
revealing that chemical dissection of Nav1.8 has therapeutic
potential (37). MrVIB was also analgesic after peripheral
administration, but effects onNav1.4 complicate interpretation

of behavioral data. Structure-activity relationships of
�O-conotoxins are hampered by difficulties in folding and
purifying these peptides efficiently.
The 27–31-residue �-conotoxins have structures reminis-

cent of the �O-conotoxins but inhibit Na� channel inactiva-
tion like the scorpion �-toxins (38). The �-conotoxins include
TxVIA, a selective activator of mollusc Na� channels, and
EVIA, a selective activator of mammalian neuronal Na� chan-
nels (39). A cladistics approach is starting to reveal residues that
contribute to their structure-activity at Na� channels (40).
ConoServer provides an online database of conotoxins and
conopeptides (41).
Spider—Tx1 from the South American armed spider Pho-

neutria nigriventer was recently found to inhibit �-conotoxin
GIIIB but not TTX binding (42), revealing that pore block can
be achieved at multiple overlapping positions in the mouth of
Na� channels. Perhaps the most interesting spider toxins are
gating modifiers that trap Na� channels in non-conducting
state(s). These include protoxin II from the tarantula Thrix-
opelma pruriens, a 30-aa three-disulfide bond cysteine knot
peptide that traps the voltage sensor (43) and preferentially
inhibits the pain target Nav1.7 (44). The slightly larger hainan-
toxins andhuwentoxins from theChinese bird spiderOrnithoc-
tonus spp. are also gating modifiers (45). Interestingly, the site
of action of huwentoxin IV overlaps site 4 but traps the voltage
sensor of domain II in the inward configuration in contrast with
scorpion �-toxins, which trap the voltage sensor in an outward
configuration (46). Another well studied toxin,Magi 5 from the
hexathelid spider Macrothele gigas, is less than half the size of
the scorpion �-toxins (29 residues) that act at site 4, making it a
valuable tool for structure-function relationship studies (47).
Magi 5 binds to receptor site 4 onmammalianNav1.2 and com-
petes with scorpion�-toxins such as CssIV. A complete alanine
scan revealed nine mutants lost biological activity, with an NMR
structure attributing these residues todistinctpolar andnon-polar
surfaces (48). Thus, spider toxins provide opportunities for devel-
opment of subtype-specific Na� channel inhibitors.
Not surprisingly given their prey, spiders produce an array of

insect-active Na� channel toxins, including the �40-aa four-
disulfide bond �-atracotoxins (renamed �-hexatoxins), which
activate Na� channels through site 3 by slowing inactivation.
Interestingly, recent structural comparisons reveal key residues
important for �-hexatoxin activity appear to be distributed in a
similar manner to that seen in the distantly related scorpion
�-toxins (49). Given their potent ability to kill insects, spider
toxins acting at Na� channels also have potential as selective
insecticides in agricultural settings (50). ArachnoServer pro-
vides a comprehensive online database of spider toxins (51).

Calcium Channel Toxins

VGCCs are structurally related to voltage-gated Na� chan-
nels. These channels selectively gate the influx of Ca� ions
required for muscle contraction and neurotransmitter release.
In recent years, much has been discovered about the nature of
these channels, which have been classified as L-, N-, P-, Q-, T-,
and R-types according to their electrophysiological and phar-
macological characteristics. Given their diversity and overlap-
ping roles in neurotransmitter release, subtype-selective inhib-
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itors are required to determine their relative roles in normal
and disease processes. Unfortunately, lack of appropriate crys-
tal structure templates for mammalian calcium channels has
limited attempts to generate predictive homology models.
Cone Snail—�-Conotoxins from fish-hunting cone snails are

among the most potent ichthyotoxins. However, it is their
selectivity for specific mammalian Ca� channel subtypes that
has been pivotal in determining the physiological role of spe-
cific neuronal Ca� channels, especially Cav2.2, where �-cono-
toxins remain themost selective inhibitors known. The striking
ability of subnanomole doses of �-conotoxin MVIIA or CVID
(52) to produce analgesia in rats for up to 24 h when delivered
intraspinally (intrathecally) helped identify the pivotal role of
N-type VGCCs in spinal pain transmission (53) and led to
development of a new class of pain therapeutic, with �-cono-
toxin MVIIA (Prialt, Elan Corp.) approved for severe pain.
Unfortunately, MVIIA and CVID (AM336 or Leconitide) had
unwanted side effects at efficacious doses, possibly a result of
on-target effects at inhibitory spinal synapses and supraspinal
sites. �-Conotoxin affinity for N-type Ca� channels is reduced
upon coexpression with the auxiliary �2�-subunit (54), which
might reduce the therapeutic window. Extensive structure-ac-
tivity studies allow the development of several pharmacophore
models for �-conotoxins, but mimetics with high affinity
remain elusive.
Spider—The 48-aa four-disulfide bond �-agatoxin IVA from

grass spider Agelenopsis aperta has become a reference inhibi-
tor used to define the role of Cav2.1 in cells and tissues (55). The
�-agatoxins are gating modifier toxins that bind to S3 in
domain IV, a region that overlaps the binding site of other gat-
ing modifier toxins that act on K� and Na� channels, albeit
with different effects on channel gating (56). The 41-residue
three-disulfide bond SNX482 (�-theraphotoxin Hg1a) from
the tarantulaHysterocrates gigas interacts with domains III and
IV to inhibit activation of VGCCs, including Cav2.3 (57). Ca�

channel modulators from spiders also target insect Ca2� chan-
nels and may prove valuable in validating insecticidal Ca�

channel targets.
Snake—Snake venoms contain a diversity of L-type Ca�

channel inhibitors. Calciseptine, a 60-aa four-disulfide bond
peptide from black mamba Dendroaspis polylepsis polylepis
venom, selectively inhibits dihydropyridine-sensitive cardiac
L-type Ca2� channels but enhances L-type current in skeletal
muscle (58). Calcicludine from the green mamba Dendroaspis
angusticeps is a 60-residue three-disulfide bondpeptide, resem-
bling the dendrotoxins in structure, that blocks L-type Ca2�

currents (59). Calcicludine causes only a partial block of current
through interactions across multiple domains to stabilize a low
conductance state of the channel in a manner reminiscent of
inhibition by dihydropyridines (60).

Nicotinic Acetylcholine Receptors

nAChRs are nonselective pentameric cation channels that
open in response to acetylcholine binding (61). The adult mus-
cle nAChR is the major neurotransmitter receptor at the neu-
romuscular junction and represents a target of choice for many
paralyzing toxins. From the 12 neuronal subunits known, few
form functional homopentamers (�7 and �9), with most native

nAChRs having a subunit stoichiometry that comprises combi-
nations of different �- and �-subunits, e.g. �3�2 or �6�4�2�3.

The soluble homopentameric AChBP, isolated by the Smit
group from Lymnaea, is structurally and functionally homolo-
gous to the ECD of nAChRs, albeit with low sequence identity
(�25%) (61). The structure of AChBPwas first solved at atomic
resolution by Sixma and co-workers (62), revealing the archi-
tecture of the ACh-binding site in great detail. AChBP coordi-
nates have been used to model the ECD of ligand-gated ion
channels, especially nAChRs. Alkaloid poisons from plants
(nicotine, cytisine, anabaseine, methyllycaconitine, and
tubocurarine), poison dart frogs (epibatidine and analogs),
algae (anatoxin), and molluscs (neosurugatoxin) act at
nAChRs (63), with three toxins (nicotine, epibatidine, and
methyllycaconitine) co-crystallizedwithAChBP (supplemental
Fig. 2). Toxins within a structural family appear to bind in a
similar manner despite significant differences in primary
sequence.
Snake—The snake�-neurotoxins (60–74 aa) are high affinity

nAChR ligands first used to help isolate and characterize the
nAChR. One of the most studied and widely used is �-bunga-
rotoxin, purified in the 1960s from venom of the banded krait
Bungarus multicinctus and now co-crystallized with the rat
nAChR �1-subunit (64). This work represents the first atomic
resolution structure of the ECD of a mammalian ligand-gated
ion channel component, revealing a remarkable conservation
of architecture across species, with the ECD coordinates virtu-
ally superimposable with the structure of AChBP bound to the
related �-cobratoxin (supplemental Fig. 2). It is evident both
�-bungarotoxin and �-cobratoxin utilize a common structural
motif comprising a short �-helix to interact with the receptor,
confirming the large body of mutagenesis data.
Cone Snail—Conus species have evolved a broad range of

small �-conotoxins that target nerve andmuscle nAChRs for
prey capture. A recent screen over the nAChR homolog
AChBP revealed the venom of all 30 species examined con-
tained significant nicotinic activity (65), indicating many
new ligands remain to be isolated. Indeed, subtype-selective
�-conotoxins have significantly contributed to the charac-
terization of nAChRs both in vivo and in vitro, and some
even may have therapeutic applications. Three conotoxins
(�-conotoxin ImI and variants of �-conotoxins PnIA and
TxIA) have been co-crystallized with AChBP, revealing a
similar binding mode within the acetylcholine-binding
pocket (65–68). Common among the three structures is the
strong contribution of hydrophobic contacts between a con-
served proline and several hydrophobic residues of �-cono-
toxins and residues in the aromatic cage of AChBP
(supplemental Fig. 2). Specific electrostatic interactions and
hydrogen bonds that are unique for each �-conotoxin estab-
lish affinity and selectivity. For instance, the recently discov-
ered �-conotoxin TxIA utilizes a strong electrostatic pairing
between Arg5 and AChBP Asp195 binding (65) that contrib-
utes to a tilt in its orientation within the acetylcholine-bind-
ing pocket. Based on these crystal structures, models for sev-
eral nAChR subtypes have been built and used as templates
to dock �-conotoxins (69–72). Results from mutagenesis
experiments using these models were in agreement with the
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predictions, highlighting the potential of these docking
models to guide ligand design (73).

NMDA Receptors

NMDA receptors are tetrameric ligand-gated ion channels
with high Ca2� permeability that mediate fast excitatory neu-
rotransmission in the central nervous system. They are com-
posed mainly of two NR1 and two NR2 subunits and are impli-
cated in chronic and acute neurological disorders. Gouaux and
co-workers (74, 75) provided atomic resolution structures of
the NMDA extracellular binding domains bound to agonists,
partial agonists, and antagonists, opening the way to rational
development of NMDA receptor antagonists. To date, only
cone snails have yielded venom peptides targeting NMDA
receptors.
Conantokins are small peptides (17–22 aa) that selectively

and potently inhibit NMDA receptors. The first was isolated
from Conus geographus (76). Conantokins have potential as
analgesics (77) and anticonvulsants (78). Structure-activity
studies of conantokins (79) and a docking model suggesting
that conantokin G can fit into the agonist-binding cleft of the
NR2 subunit (supplemental Fig. 3) (80) should allow rational
design of mimetics.

Acid-sensing Ion Channels

ASICs are proton-gated cationic channels in the degenerin/
epithelial Na� channel superfamily. ASICs play essential roles
in the detection and processing of sensory information. In
mammals, four genes code for ASICs, but alternative splicing
leads to six isoforms (ASIC1a, ASIC1b, ASIC2a, ASIC2b,
ASIC3, and ASIC4). Gouaux and co-workers (81) recently
determined the x-ray structure of an ASIC1 protein from
chicken, which revealed a chalice-like shaped trimer, with each
subunit composed of two transmembrane domains, a large
multidomain extracellular region, and a negatively charged
pocket at the interface of two adjacent subunits forming the
proton-binding site. To date, only a sea anemone and a spider
venom peptide have been shown to target ASICs, but only the
latter has been investigated in detail (82).
PcTx1, a 40-aa peptide from the SouthAmerican spiderPsal-

mopoeus cambridgei, potently and selectively inhibits homo-
mericASIC1a (IC50� 1 nM) (83). PcTx1 reduces ischemic brain
injury in rat and mouse models of ischemia and reduces ther-
mal, mechanical, chemical, inflammatory, and neuropathic
pain behaviors in rodents (84). Docking of PcTx1 onto ASIC1
channel (85, 86) suggests it binds at the interface of two sub-
units, near the proton-binding site, consistent with experimen-
tal data.

Conclusions

Venom peptides have evolved to target ion channels using a
diversity of structures and modes of interaction. Given that
�99% of venom peptides are pharmacologically uncharacter-
ized and that most known toxins target ion channels, venom
peptides remain a virtually untapped source of new probes for
research and leads to new therapeutics. With the increasing
availability of ion channel crystal structure templates, advanced
computational tools, and high throughput ion channel assays,

its is becoming viable to rationally designmodified venom pep-
tides for improved selectivity, distribution, and in vivo plasma
half-life, providing an alternative to traditional approaches to
ion channel drug discovery.
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The mammalian target of rapamycin (mTOR) protein kinase
responds to diverse environmental cues to control a plethora of
cellular processes. mTOR forms the catalytic core of at least two
distinct signaling complexes known as mTOR complexes 1 and
2. Differing sensitivities to the mTOR inhibitor rapamycin,
unique partner proteins, distinct substrates, and unique cellular
functions distinguish the complexes. Here, we review recent
progress in our understanding of the regulation and function of
mTOR signaling networks in cellular physiology.

The target of rapamycin (TOR),2 an evolutionarily conserved
Ser/Thr protein kinase, forms the catalytic core of at least two
functionally distinct complexes, TOR complex 1 (TORC1) and
TOR complex 2 (TORC2) (1–6). These complexes contain
shared and distinct partner proteins and control a myriad of
cellular processes in response to diverse environmental cues.
Whereas higher eukaryotes (mammals, flies, worms) contain
only one TOR gene (e.g. mTOR, dTOR, ceTOR), yeast (Saccha-
romyces cerevisiae, Schizosaccharomyces pombe) contain two
TOR genes, with Tor1 (or Tor2 in its absence) forming TORC1
and Tor2 forming TORC2 in S. cerevisiae (2, 7). The bacterial
macrolide-derived rapamycin (clinically known as sirolimus)
interacts with the cellular protein FKBP12, and this complex
directly binds to the TOR FKBP12-rapamycin-binding (FRB)
domain to allosterically inhibit TOR (8). During acute treat-
ment, rapamycin inhibits assembled mammalian TORC1
(mTORC1) but not assembled mTORC2 (8, 9). Although the
mechanism by which rapamycin inhibits mTORC1 remains
incompletely defined, rapamycin weakens the interaction
between mTOR and raptor (regulatory associated protein of
mTOR), an mTORC1 regulatory partner (10), and reduces
mTORC1 intrinsic kinase activity (11, 12). Chronic high-dose

rapamycin inhibits mTORC2 signaling in certain cell types by
impeding mTORC2 assembly, however (8, 9).
The clinical utility of rapamycin as an immunosuppressive

agent and cardiology drug that reduces coronary artery stent
restenosis underscores the importance of mTOR in organismal
physiology. Additionally, many neoplasms, including tuberous
sclerosis complex (TSC) tumors, exhibit aberrantly highmTOR
signaling (8, 13, 14). Consequently, rapamycin analogs (13, 14)
and novel second generation mTOR catalytic inhibitors (8,
15–18) hold therapeutic promise as anticancer agents.
Although we have learned a great deal about mTORC1 signal-
ing over the �15 years since the identification of TOR, much
important biology remains to be deciphered regarding cellular
mTORC1 and mTORC2 signaling networks, their functions in
physiology and disease, and their potential roles as therapeutic
targets. This minireview will focus on mTOR signaling net-
works (for more information on invertebrate TOR biology, see
Ref. 7).

mTORC1 and mTORC2: Composition, Substrates, and
Functions

mTORC Composition—mTORC1 and mTORC2 contain
shared and unique partners, the molecular functions of which
remain poorly understood. Each complex contains mTOR,
mLST8/G�L, and deptor (Fig. 1) (1–6). mLST8/G�L binds the
mTOR kinase domain in both complexes but appears more
critical for mTORC2 assembly and signaling (19). Deptor func-
tions as an inhibitor of both complexes (4, 20). Other partner
proteins distinguish the two complexes. mTORC1 contains
exclusively raptor (Kog1 in budding yeast) and PRAS40. Raptor
functions as a scaffolding protein that links the mTOR kinase
with mTORC1 substrates to promote mTORC1 signaling.
PRAS40 functions in an incompletely defined and controversial
regulatory capacity as an mTORC1 inhibitor, competitive sub-
strate, or both (3). Thus, disagreement exists in the field as to
whether PRAS40 represents a core mTORC1 partner or an
interacting substrate. In contrast, mTORC2 contains exclu-
sively rictor (rapamycin-insensitive companion of mTOR)
(Avo3 in S. cerevisiae),mSin1 (Avo1 in S. cerevisiae), and PRR5/
protor (1–6). Rictor and mSin1 promote mTORC2 assembly
and signaling; the function of PRR5/protor remains obscure.
mTORC1 Substrates and Functions—mTORC1 senses and

integrates diverse extra- and intracellular signals to promote
anabolic and inhibit catabolic cellular processes. Growth fac-
tors andnutrients (e.g. aminoacids, energy)promotemTORC1-
dependent protein synthesis, cell growth (increase in cell mass/
size), cell proliferation, and cell metabolism (3, 21). Conversely,
insufficient levels of these factors, or signals of cell stress, blunt
mTORC1 action to maintain cellular biosynthetic rates appro-
priate for suboptimal cellular conditions (3, 21, 22). Reduced
mTORC1 signaling also promotesmacroautophagy, a degrada-
tive process that enhances cell survival in the face of decreased
nutrient availability via the breakdown of cell constituents into
amino acids and other small molecules (23). TORC1 in yeast
and mammals also promotes “ribosome biogenesis,” a process
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January, 2011.

1 To whom correspondence should be addressed. E-mail: dfingar@
umich.edu.

2 The abbreviations used are: TOR, target of rapamycin; TORC, TOR complex;
FRB, FKBP12-rapamycin-binding; mTORC, mammalian TORC; TSC, tuber-
ous sclerosis complex; TOS, mTOR signaling; eIF, eukaryotic initiation fac-
tor; HM, hydrophobic motif; PI3K, phosphatidylinositol 3-kinase; PKC�,
protein kinase C�; EGF, epidermal growth factor; MAPK, mitogen-activated
protein kinase; MEK, MAPK/extracellular signal-regulated kinase kinase;
RSK, ribosomal S6 kinase; AMPK, AMP-activated protein kinase; E, embry-
onic day; G�L, G-protein �-subunit-like.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 19, pp. 14071–14077, May 7, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 7, 2010 • VOLUME 285 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 14071

MINIREVIEW This paper is available online at www.jbc.org



whereby mTORC1 increases the transcription of ribosomal
RNAs and proteins to augment cellular protein biosynthetic
capacity (24).
Raptor binds directly to mTOR signaling (TOS) motifs on

downstream targets, including S6K1 (ribosomal S6 protein
kinase 1) and 4EBP1 (eukaryotic initiation factor (eIF) 4E-bind-
ing protein 1) (as well as PRAS40 andHif1�), thus linking them
to the mTOR kinase (2, 3, 25–27). The TOS motif is required
for mTOR/raptor-mediated phosphorylation of S6K1 on its
hydrophobic motif (HM) site (Thr389) and 4EBP1 on multiple
sites (Thr37/46, Thr70, Ser65). Raptor mutation within its raptor
N-terminal conserved domain abrogates 4EBP1 binding and
mTORC1-mediated 4EBP1 phosphorylation in vitro while
retainingmTOR interaction (28), thus underscoring the impor-
tance of the raptor-4EBP1 interaction for mTORC1 signaling.
As the avidity of the raptor-mTOR interaction increases during
nutrient and growth factor insufficiency (when mTORC1 sig-
naling is low) (29–32), raptor may possess opposing cell condi-
tion-dependent functions in mTORC1 regulation.
Cell growth, cell cycle progression, and cell proliferation rep-

resent evolutionarily conserved TORC1 functions (33). Strik-
ingly, mTORC1-dependent control of cell size extends to con-
trol of organ and organismal size (34). mTORC1-mediated
signaling to S6K1 and 4EBP1 contributes to mTORC1-driven
cell growth and cell cycle progression, as rapamycin-resistant
S6K1 rescues these rapamycin-inhibited processes, whereas
overexpression of a phosphorylation site-defective mutant of
4EBP1 or a TOS motif mutant of 4EBP1 dominantly inhibits
these processes (25, 35, 36).Mechanisms underlyingmTORC1-
mediated inhibition of cell growth and proliferation remain
incompletely defined but likely involve reduced protein synthe-
sis. Indeed, the two best established substrates of mTORC1,
S6K1 and 4EBP1, each control unique aspects of translation
(21). Inactive S6K1 associates with the eIF3 translation initiation
complex at the 5�-methylguanosine cap of mRNAs. Upon activa-
tion, mTORC1 is recruited to the eIF3 complex, whereby it
directly phosphorylates S6K1 (at Thr389) to enhance translation
via poorly defined mechanisms (21, 37). Substrates of S6K1

include other proteins possessing roles in translational control,
including the ribosomal protein S6, eIF4B, eEF2K (eukaryotic
elongation factor 2 kinase), PDCD4 (programmed cell death 4),
CBP80 (cap-binding protein of 80 kDa), and SKAR (S6K1 Aly/
REF-like target) (21). Upon activation, mTORC1 remains at the
mRNA5�-cap, where it is well positioned to phosphorylate 4EBP1
(on multiple sites, including Thr37/46, Thr70, and Ser65) (21).
When hypophosphorylated, 4EBP1 functions as a translational
repressor that binds and inhibits eIF4E, an initiation factor
bound to the mRNA 5�-cap. mTORC1-mediated 4EBP1 phos-
phorylation induces 4EBP1 dissociation from eIF4E, allowing
eIF4G and eIF4A to assemble with eIF4E, a complex known as
eIF4F, to initiate cap-dependent translation. mTORC1 also
promotes lipogenesis by increasing transcriptional peroxisome
proliferator-activated receptor� and sterol regulatory element-
binding protein activities (38, 39). Thus, mTORC1 drives cell
growth by coordinately promoting both protein and lipid
synthesis.
mTORC1-mediated S6K1 phosphorylation and the subse-

quent S6K1-mediated phosphorylation of the 40 S ribosomal
protein S6 were previously assumed to promote translation of
5�-terminal oligopyrimidine mRNAs, which encode ribosomal
proteins and translation elongation factors. Thus, their trans-
lation prepares cells for high rates of protein synthesis. It is
evident, however, that whereas mTOR contributes to 5�-ter-
minal oligopyrimidine translation, the S6 kinases and phos-
phorylation of the 40 S ribosomal protein S6 do not,
although S6 phosphorylation promotes cell, organ, and body
size via unknown mechanisms (34).
mTORC2 Substrates and Functions—The serine/threonine

protein kinase Akt (also known as protein kinase B) represents
the first identified substrate of mTORC2 (40). Akt promotes
cell proliferation, cell survival, and cell migration and controls
various metabolic processes (41). Full activation of Akt in
response to growth factor-mediated phosphatidylinositol 3-ki-
nase (PI3K) signaling requires dual phosphorylation on its acti-
vation loop site (Thr308) by PDK1 and HM site (Ser473) by
mTORC2 (4, 6, 41).mTORC2 also phosphorylates theHMsites
on SGK1 (Ser422) and protein kinase C� (PKC�; Ser657) (6, 42).
As the mTORC1 substrate S6K1 and the mTORC2 substrates
Akt, PKC�, and SGK1 represent AGC kinases, an emerging
theme in mTOR signaling is that mTORC1 and mTORC2
phosphorylatemembers of theAGCkinase family (Fig. 1) (2, 6).
mTORC2-mediated phosphorylation of the turn motif site
(either directly or indirectly) in Akt (Thr450) as well as several
PKCs appears to stabilize newly synthesized AGC kinases (6,
43, 44).
Control of actin cytoskeleton organization represents the

first noted function of mTORC2 (12, 45). Recently, a role for
mTORC2 in control of cell size and cell cycle progression was
also reported (46). Recent data suggest that rather than control-
ling all cellular functions of Akt, mTORC2-mediated HM site
phosphorylation may modulate substrate specificity (2, 14):
whereas genetic knock-out of rictor, mSin1, or mLST8/G�L in
mouse embryonic fibroblasts abrogated Akt Ser473 but not
Thr308 phosphorylation, Akt-mediated phosphorylation of
FoxO1/3a but not TSC2 orGSK3was strongly reduced (19, 47).
Thus, Akt may require phosphorylation of its HM site (Ser473)
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to phosphorylate FoxO1/3a but not TSC2 or GSK3. As com-
pensation can occur in the context of chronic knock-out, it will
be important to confirm that another AGC kinase does not
substitute for Akt to mediate the phosphorylation of TSC2 and
GSK3 in this cellular scenario.

Regulation of mTORC Signaling Networks

Diverse environmental cues, including growth factors (e.g.
insulin, insulin-like growth factor 1, epidermal growth factor
(EGF)) and nutrients (e.g. amino acids, energy), promote
mTORC1 signaling (Fig. 2). Although many regulatory mole-
cules have been defined (at least formTORC1),many questions
remain, including the direct molecularmechanisms underlying
mTORC regulation.
Growth Factor/Mitogen Sensing by mTORC1—The tumor

suppressor TSC, composed of TSC1 (hamartin) and TSC2
(tuberin), integrates diverse mTORC1 regulatory signals to
suppressmTORC1 function (48). Genetic inactivation of either
TSC1 or TSC2 thus results in constitutively high mTORC1 sig-
naling and causes TSC, a pediatric disease characterized by
benign tumors in diverse organ systems (48). TSC2 contains a
GTPase-activating protein domain that converts the mTORC1
activator Rheb from aGTP-bound active state to a GDP-bound
inactive state. Although the mechanism by which Rheb-GTP
activates mTORC1 signaling remains poorly defined, Rheb-

GTP provided in vitro augments mTORC1 kinase activity
toward substrate (S6K1, 4EBP1) and may promote substrate
binding (49, 50).
Growth factor signaling by PI3K and MAPK inhibits TSC

function via distinct pathways to activate mTORC1. Insulin/
insulin-like growth factor-mediated activation of class I PI3K
leads to production of phosphatidylinositol (3,4,5)-trisphos-
phate on the plasma membrane, followed by recruitment and
activation of Akt via cooperative phosphorylation by PDK1
(Thr308) and mTORC2 (Ser473) (2, 14, 41). Although current
thinking suggests that activated Akt phosphorylates TSC2 at
several sites (Ser939 and Thr1462) to inhibit TSC2 GTPase-acti-
vating protein activity, the data supporting such a widely
embracedmodel remainweak (48).Of concern,mutation of the
Akt phosphorylation sites onDrosophilaTSC2 has no effect on
tissue growth or viability (51). EGF-mediated activation of Ras
leads to activation of MEK and thus MAPK and its substrate
RSK. Both MAPK and RSK phosphorylate TSC2, leading to
suppression of TSC function (48). Thus, growth factors activate
mTORC1 signaling by suppressing TSC function via parallel
PI3K-dependent and PI3K-independent pathways.
Although somewhat controversial, mitogen-stimulated pro-

duction of the lipid secondmessenger phosphatidic acid via the
enzyme phospholipase D promotes mTORC1 signaling via
poorly defined mechanisms, possibly by binding the mTOR
FRB domain (52). Moreover, phosphatidic acid may aid
mTORC1 and mTORC2 complex assembly and compete with
rapamycin for mTOR binding, providing a potential explana-
tion for why cancer cells, which often possess high phospho-
lipase D activity, display variable resistance to rapamycin (53,
54). Wnt ligand, another mTORC1-activating mitogen impli-
cated in cancer, may promote mTORC1 signaling by inhibiting
GSK3 because GSK3 phosphorylates TSC2 to augment its
inhibitory action (55). Thus, TSC/Rheb integrates signals from
diverse mitogens to coordinate mTORC1 action.
Energy, Nutrient, and Stress Sensing by mTORC1—Insuffi-

cient cellular energy levels decrease mTORC1 signaling. Eleva-
tion of the cellular AMP/ATP ratio, together with activation
loop phosphorylation (at Thr172) by LKB1, activates AMP-ac-
tivated protein kinase (AMPK), a master regulator of cellular
energy metabolism (56). AMPK in turn phosphorylates TSC2
(at Ser1345 and potentially other sites) to augment TSC function
and suppress mTORC1 signaling (48, 57). Thus, TSC2 phos-
phorylation either promotes or inhibits TSC function depend-
ing upon the sites of phosphorylation. Various forms of cell
stress, including hypoxia, genotoxic stress, osmotic stress, and
mechanical stress, also reducemTORC1 signaling by augment-
ing TSC action (22).
Amino acid sufficiency represents the most ancestral and

earliest identified activator of mTORC1 but remains the least
understood. Withdrawal of amino acids, particularly the
branched chain amino acids leucine and isoleucine, rapidly
inhibits mTORC1 signaling, even in the face of abundant
growth factors. As mTORC1 remains sensitive to amino acid
levels in TSC-deficient cells (48, 58), this amino acid-regulated
signal interacts with mTORC1 downstream of TSC. hVPS34, a
class III PI3K known to function in vacuolar sorting and auto-
phagy, represents the first identified link between amino acid

FIGURE 2. Regulation of mTORC signaling networks. Growth factors/mito-
gens (insulin, EGF) and nutrients (e.g. amino acids, energy) promote mTORC1
signaling via phosphorylation cascades that converge on TSC and the
mTORCs themselves. Insulin signals via its receptor (Insulin-R) to activate the
PI3K/Akt/TSC/Rheb pathway; EGF signals via its receptor (EGF-R) to activate
the Ras/MEK/MAPK/RSK pathway; amino acid sufficiency signals via hVps34
and the RAG and RalA GTPases; and energy sufficiency suppresses AMPK.
Insulin/PI3K signaling likely promotes mTORC2 signaling via an unknown
pathway. An mTORC1/S6K1-mediated negative feedback loop signals via two
pathways to suppress PI3K/mTORC2/Akt signaling. Arrows versus blocked lines
indicate activation or inhibition of protein function, respectively, by an
upstream regulator. Phosphorylation events (denoted by circled yellow P)
known to modulate protein function are shown. The kinases responsible for
phosphorylation events are also indicated, with (�) or (�) denoting activa-
tion or inhibition of protein function, respectively.
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sufficiency and mTORC1 activation (59, 60). Several GTPases
(e.g. RAGs and RalA) have also been shown to promote
mTORC1 signaling in response to amino acid sufficiency (61–
63). A recentmodel posits that GTP-loaded RAGheterodimers
bind raptor and induce the recruitment of mTORC1 from an ill
defined cytoplasmic compartment to aRab7-positive late endo-
somal membrane compartment that contains the mTORC1
activator Rheb (62). Such a model explains why growth factor-
inducedmTORC1 activation absolutely requires amino acids: if
mTORC1 is in the wrong place (as during amino acid depriva-
tion), it cannot be activated at the right time (by Rheb). More
recently, RalA was reported to promote amino acid-induced
mTORC1 activation downstreamof Rheb (63), and amino acids
were reported to activate the kinase MAP4K3 (64). The molec-
ular mechanisms by which amino acid sufficiency translates to
regulation of such signaling intermediates remain unknown,
although the bidirectional transport of glutamine (out of the
cell) and leucine (into the cell) by the permease SLC7A5-
SLC3A2 seems essential (65).
mTORC2 Regulation?—Relative to mTORC1, the regulatory

inputs to mTORC2 remain virtually unknown. As insulin sig-
naling via PI3K promotesmTORC2-mediatedAkt Ser473 phos-
phorylation (2, 14, 41) and as pharmacological inhibition of
PI3K reduces mTORC2 kinase activity in vitro (66), PI3K pre-
sumably lies upstream of mTORC2. Interestingly, the TSC1-
TSC2 complex may promote mTORC2 signaling, opposite to
its inhibitory mTORC1 action (66).
Feedback Inhibition—Feedback loops complicate the study

of mTORC regulation. mTORC1/S6K1 signaling mediates
inhibitory Ser/Thr phosphorylation of insulin receptor sub-
strate proteins, which uncouples insulin receptor substrate
fromPI3K and leads to reducedPI3K signaling (67). Thus, TSC-
null cells, which bear constitutive mTORC1 signaling, exhibit
attenuated PI3K signaling, which may explain the benign
nature of TSC-null tumors (48, 68). As the mTORC1/S6K1
feedback loop also generates a state of cellular insulin resistance
and as S6K1 knock-out in themouse increaseswhole body insu-
lin sensitivity (69), it is possible that constitutive mTORC1 sig-
naling promoted by excess nutrients (as in states of obesity)
may contribute to insulin resistance and type II diabetes (67,
70). Additionally, S6K1 phosphorylates rictor (at Thr1135) to
reduce mTORC2 signaling (71–73). Thus, the mTORC1/S6K1
axis operates in at least two negative feedback loops to suppress
PI3K and mTORC2.

Novel Insights Gained by Second Generation mTOR
Catalytic Inhibitors

Whereas rapamycin completely inhibitsmTORC1-mediated
S6K1 phosphorylation, rapamycin reduces 4EBP1 phosphory-
lation, protein synthesis, cell growth, and cell proliferation only
incompletely and variably, depending on cell type (8, 74, 75).
Moreover, whereas rapamycin strongly promotes autophagy in
yeast, it does so only modestly in mammalian cells. In contrast,
novel second generation ATP-competitive mTOR inhibitors
(e.g. Torin1, PP242, Ku-0063794, WAY-600) (8, 15–18), which
inhibit both mTORC1 and mTORC2, profoundly inhibit
4EBP1 phosphorylation, protein synthesis, cell growth, and cell
proliferation and strongly promote autophagy. These data sug-

gest that mTOR-dependent but rapamycin-insensitive signal-
ing controls these cellular processes. Although mTORC2 rep-
resents an obvious candidate, it does not appear to mediate
these effects (15, 16). As raptor knockdown phenocopies the
effectofmTORcatalytic inhibitorsbyablating4EBP1phosphor-
ylation (15), these data unexpectedly reveal that depending on
substrate, rapamycin does not inhibit all mTOR/raptor-depen-
dent functions and can signal in a rapamycin-resistant manner.
Recently, RhoE overexpression was found to suppress 4EBP1
but not S6K1 phosphorylation (31). Perhaps RhoE functions as
an inhibitor of rapamycin-insensitive mTORC1? These find-
ings overturn the long-standing presumption in the field that
rapamycin inhibits all mTORC1 function completely (15, 74,
75).
The therapeutic effects ofmTORC1-specific rapamycin ana-

logs on human tumors have proven underwhelming and vari-
able thus far (8), possibly due to rapamycin-resistant mTORC1
action or inadvertent promotion of PI3K signaling upon sup-
pression of the mTORC1 negative feedback loop. Hopefully,
simultaneous inhibition of both mTORC1 and mTORC2 with
mTOR catalytic inhibitors will better battle tumorigenesis.

Direct Molecular Mechanisms of mTORC Regulation

Although many upstream mTORC1 regulators of have been
identified, the direct mechanisms that modulate mTORC1
have only begun to emerge recently. To date, numerous and
diverse mechanisms of direct mTORC1 regulation have been
reported, consistent with the broad and complex network of
pathways that converge upon and modulate mTORC1. The
avidity of interactions within mTORC1 has emerged as an
important point of mTORC1 regulation. mTORC1 activation
leads to modest weakening of the mTOR-raptor, mTOR-dep-
tor, and raptor-PRAS40 interactions (20, 29, 30, 32, 76).
Although quite controversial, Rheb-GTP reportedly interacts
with FKBP38, an endogenous mTORC1 inhibitor that binds to
the mTOR FRB domain, thereby blunting the inhibitory
FKBP38-mTOR interaction (3, 48, 77). Other groups have
failed, however, to experimentally reproducemuch of this work
(50, 78, 79). Cellular insulin stimulation (80) or Rheb-GTP pro-
vided in vitro (50) increases binding of recombinant 4EBP1 sub-
strate to mTORC1.
As reversible protein phosphorylation regulates many com-

ponents in mTORC signaling networks, recent research has
examined a regulatory role for the direct phosphorylation of
mTORC components (Fig. 2). Insulin-stimulated activation
of PI3K leads to Akt- and mTOR-mediated phosphorylation of
PRAS40 (at Thr246 and Ser183/Ser212/Ser221, respectively) (49,
76, 81, 82), which cooperates to reduce PRAS40-mediated sup-
pression of mTORC1. Activated mTOR also phosphorylates
deptor, leading to its degradation and thus relieving its mTOR
inhibitory action (20). Raptor represents another phosphoryla-
tion target. mTORC1 activation by diverse stimuli (e.g. the
PI3K/TSC/Rheb pathway, amino acids, EGF, energy suffi-
ciency) promotes the rapamycin-sensitive and thus mTOR-
mediated phosphorylation of raptor Ser863, which promotes
mTORC1 activity (32, 83). In addition to raptor Ser863, Rheb
overexpression promotes raptor phosphorylation at bat least
five other sites (e.g. Ser696, Thr706, Ser855, Ser859, and Ser877);
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strikingly, the phosphorylation of a subset of these sites occurs
in a hierarchical manner (32). Activation of the Ras-regulated
MAPKpathway leads to RSK-mediated raptor phosphorylation
(Ser719, Ser721, and Ser722), which promotes mTORC1 kinase
activity (84). In response to energy deprivation, AMPK medi-
ates raptor phosphorylation (Ser722 and Ser792) to inhibit
mTORC1 signaling, which activates a metabolic checkpoint to
cause cell cycle arrest (56, 85).Most recently, themitotic kinase
Cdc2 was reported to phosphorylate raptor Ser696 and Thr706,
with unknown functional significance (86). It is also clear that
rictor experiences extensive phosphorylation at multiple sites,
although the functional significance of almost all sites remains
unknown (71–73). The phosphorylation of raptor and rictor at
multiple sites may suggest that partner protein phosphoryla-
tion functions as a biochemical rheostat that fine-tunes
mTORC1 and mTORC2 signaling in response to diverse envi-
ronmental cues.
To date, four mTOR phosphorylation sites have been char-

acterized in the literature, Ser2448, Ser2481 (an autophosphory-
lation site), Thr2446, and Ser1261 (in order of discovery),
although only one (Ser1261) has been found to regulate mTOR
function (30, 87–89). Although Akt was believed originally to
mediate mTOR Ser2448 phosphorylation (87), more recent
work identifies S6K1 as themTOR Ser2448 kinase (90, 91). Prior
to the identification of distinct mTOR complexes, mTOR
Ser2481 autophosphorylation was believed to be insensitive to
rapamycin and amino acid withdrawal, leading to the idea that
modulation of mTOR intrinsic kinase activity does not univer-
sally underlie mTOR regulation (88). More recent work indi-
cates, however, that rapamycin and amino acid withdrawal
reduce mTORC1- but not mTORC2-associated mTOR Ser2481
autophosphorylation, consistent with the known sensitivities
or lack thereof of mTORC1 and mTORC2 to these conditions
(11, 12). Thus, mTORC1- and mTORC2-associated mTOR
Ser2481 autophosphorylation serves as a simple biomarker that
monitors intrinsic mTOR catalytic activity. It is important to
note that mTOR Ser2481 autophosphorylation was reported by
another group to represent an mTORC2-specific event (due to
undetectable Ser2481 autophosphorylation in mTORC1) (92).
These data may suggest higher stoichiometry of mTOR Ser2481
autophosphorylation in mTORC2 relative to mTORC1. In
3T3-L1 adipocytes, insulin signaling via PI3K increases both
mTORC1- andmTORC2-associatedmTOR Ser1261 phosphor-
ylation. Importantly, mTOR Ser1261 phosphorylation pro-
motes, at least in part,mTORC1 catalytic activity (asmonitored
by mTOR Ser2481 phosphorylation) and mTORC1-mediated
substrate phosphorylation (e.g. S6K1, 4EBP1) and cell growth
(30). Currently, the identity of the mTOR Ser1261 kinase
remains unknown. Taken together, the data of many groups
indicate that multiple phosphorylation events on mTORC
components cooperate to regulate mTORC signaling, both
positively and negatively, enabling the mTORCs to function as
sensors of diverse physiological cues.

Future Directions

Although the early embryonic lethality of mice lacking
mTOR (E5.5), raptor (E5.5), rictor (E10.5), and mLST8/G�L
(E10.5) underscores the critical importance of mTORC1 and

mTORC2 in embryonic development, these phenotypes pro-
vide little information regarding the physiological roles for
mTORCs in vivo (19, 70, 93–95). Recent research utilizing
mouse tissue-specific knock-out reveals critical roles for
mTORC1 in adipose tissue and skeletalmusclemetabolism and
physiology (70, 96, 97). Future work should reveal the physio-
logical functions for mTORCs in diverse organ systems and
should facilitate the development of novel therapeutics to treat
mTOR-linked pathologies. It will be important to decipher the
molecular pathway by which mTORC1 senses and responds to
amino acid availability. A good starting point may be the iden-
tification of the guanine nucleotide exchange factors for the
RAG GTPases, which remain unknown. As the yeast protein
Vam6 functions as the guanine nucleotide exchange factor for
the yeast RAG homolog, Gtr1 (98), the mammalian Vam6
ortholog (mVam6) should be investigated as a regulator of
amino acid-dependent mTORC1 activation. Finally, future
work must continue to elucidate the regulation and function of
cellular mTORC1 and mTORC2 signaling, including the iden-
tification of direct mTOR substrates (which remain few) and
the diverse roles for mTORC component phosphorylation
events in mTORC function. As treatment with rapamycin or
knock-out of S6K1 in mice extends life span, similar to caloric
restriction, mTORC1 inhibition has potential to serve as an
elusive “fountain of youth” to delay onset and severity of age-
related pathologies (99).
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Hall, M. N. (2004) Nat. Cell Biol. 6, 1122–1128
13. Chiang, G. G., and Abraham, R. T. (2007) Trends Mol. Med. 13, 433–442
14. Guertin, D. A., and Sabatini, D. M. (2007) Cancer Cell 12, 9–22
15. Thoreen, C. C., Kang, S. A., Chang, J. W., Liu, Q., Zhang, J., Gao, Y.,

Reichling, L. J., Sim, T., Sabatini, D. M., and Gray, N. S. (2009) J. Biol.
Chem. 284, 8023–8032

16. Feldman, M. E., Apsel, B., Uotila, A., Loewith, R., Knight, Z. A., Ruggero,
D., and Shokat, K. M. (2009) PLoS Biol. 7, e38

17. García-Martínez, J. M., Moran, J., Clarke, R. G., Gray, A., Cosulich, S. C.,
Chresta, C. M., and Alessi, D. R. (2009) Biochem. J. 421, 29–42

18. Yu, K., Toral-Barza, L., Shi, C., Zhang, W. G., Lucas, J., Shor, B., Kim, J.,
Verheijen, J., Curran, K., Malwitz, D. J., Cole, D. C., Ellingboe, J., Ayral-
Kaloustian, S., Mansour, T. S., Gibbons, J. J., Abraham, R. T., Nowak, P.,

MINIREVIEW: mTOR, Conducting the Cellular Signaling Symphony

MAY 7, 2010 • VOLUME 285 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 14075



and Zask, A. (2009) Cancer Res. 69, 6232–6240
19. Guertin, D. A., Stevens, D.M., Thoreen, C. C., Burds, A. A., Kalaany, N. Y.,

Moffat, J., Brown,M., Fitzgerald, K. J., and Sabatini, D.M. (2006)Dev. Cell
11, 859–871

20. Peterson, T. R., Laplante, M., Thoreen, C. C., Sancak, Y., Kang, S. A.,
Kuehl, W. M., Gray, N. S., and Sabatini, D. M. (2009) Cell 137, 873–886

21. Ma, X. M., and Blenis, J. (2009) Nat. Rev. Mol. Cell Biol. 10, 307–318
22. Reiling, J. H., and Sabatini, D. M. (2006) Oncogene 25, 6373–6383
23. Chang, Y. Y., Juhász, G., Goraksha-Hicks, P., Arsham, A.M.,Mallin, D. R.,

Muller, L. K., and Neufeld, T. P. (2009) Biochem. Soc. Trans. 37, 232–236
24. Inoki, K., Ouyang, H., Li, Y., and Guan, K. L. (2005) Microbiol. Mol. Biol.

Rev. 69, 79–100
25. Schalm, S. S., Fingar, D. C., Sabatini, D.M., and Blenis, J. (2003)Curr. Biol.

13, 797–806
26. Choi, K. M., McMahon, L. P., and Lawrence, J. C., Jr. (2003) J. Biol. Chem.

278, 19667–19673
27. Nojima, H., Tokunaga, C., Eguchi, S., Oshiro, N., Hidayat, S., Yoshino, K.,

Hara, K., Tanaka, N., Avruch, J., and Yonezawa, K. (2003) J. Biol. Chem.
278, 15461–15464

28. Dunlop, E. A., Dodd, K. M., Seymour, L. A., and Tee, A. R. (2009) Cell.
Signal. 21, 1073–1084

29. Kim, D. H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-
Bromage, H., Tempst, P., and Sabatini, D. M. (2002) Cell 110, 163–175

30. Acosta-Jaquez, H. A., Keller, J. A., Foster, K. G., Ekim, B., Soliman, G. A.,
Feener, E. P., Ballif, B. A., and Fingar, D. C. (2009) Mol. Cell. Biol. 29,
4308–4324

31. Villalonga, P., de Mattos, S. F., and Ridley, A. J. (2009) J. Biol. Chem. 284,
35287–35296

32. Foster, K. G., Acosta-Jaquez, H. A., Romeo, Y., Ekim, B., Soliman, G. A.,
Carriere, A., Roux, P. P., Ballif, B. A., and Fingar, D. C. (2010) J. Biol. Chem.
285, 80–94

33. Fingar, D. C., and Blenis, J. (2004) Oncogene 23, 3151–3171
34. Ruvinsky, I., and Meyuhas, O. (2006) Trends Biochem. Sci. 31, 342–348
35. Fingar, D. C., Salama, S., Tsou, C., Harlow, E., and Blenis, J. (2002) Genes

Dev. 16, 1472–1487
36. Fingar, D. C., Richardson, C. J., Tee, A. R., Cheatham, L., Tsou, C., and

Blenis, J. (2004)Mol. Cell. Biol. 24, 200–216
37. Holz,M. K., Ballif, B. A., Gygi, S. P., and Blenis, J. (2005)Cell 123, 569–580
38. Kim, J. E., and Chen, J. (2004) Diabetes 53, 2748–2756
39. Porstmann, T., Santos, C. R., Griffiths, B., Cully, M., Wu, M., Leevers, S.,

Griffiths, J. R., Chung, Y. L., and Schulze, A. (2008)CellMetab. 8, 224–236
40. Sarbassov, D. D., Guertin, D. A., Ali, S. M., and Sabatini, D. M. (2005)

Science 307, 1098–1101
41. Manning, B. D., and Cantley, L. C. (2007) Cell 129, 1261–1274
42. García-Martínez, J. M., and Alessi, D. R. (2008) Biochem. J. 416, 375–385
43. Facchinetti, V., Ouyang, W., Wei, H., Soto, N., Lazorchak, A., Gould, C.,

Lowry, C., Newton, A. C.,Mao, Y.,Miao, R.Q., Sessa,W.C.,Qin, J., Zhang,
P., Su, B., and Jacinto, E. (2008) EMBO J. 27, 1932–1943

44. Ikenoue, T., Inoki, K., Yang, Q., Zhou, X., and Guan, K. L. (2008) EMBO J.
27, 1919–1931

45. Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A., Latek, R. R., Erd-
jument-Bromage, H., Tempst, P., and Sabatini, D.M. (2004)Curr. Biol. 14,
1296–1302

46. Rosner, M., Fuchs, C., Siegel, N., Valli, A., and Hengstschläger, M. (2009)
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The endemic increase in lipid-associated disorders such as
obesity and type 2 diabetes mellitus has placed triacylglycerol
metabolism and its associated organelle, lipid droplets, in the
spotlight of biomedical research. Key enzymes of triacylglycerol
metabolism are structurally and functionally conserved be-
tween yeast andmammalian cells, and studies in yeast have con-
tributed significantly to the understanding of their biological
function(s). Based on these similarities, studies performed in
yeast may provide further significant mechanistic insight into
themolecular basis of triacylglycerol homeostasis and its impor-
tant physiological roles in healthy and diseased cells.

A central but as yet unanswered question in cell biology con-
cerns the amount of phospholipids or TAG2 that is required in
a living cell: how is lipid homeostasis regulated in coordination
with nutritional and environmental conditions? The cellular
TAG content in yeast varies dramatically between different
stages of growth and development (1, 2), which underscores its
importantmetabolic role and the active involvement of its asso-
ciated organelle, the LD, in cellular physiology. The key ana-
bolic and catabolic enzymes involved in TAG metabolism are
conserved between yeast and mammals (Fig. 1 and supple-
mental Table 1) and have recently been extensively reviewed
(3–6). Therefore, this minireview will focus on the regulatory
and physiological aspects of TAGmetabolism in yeast andwhat
we can potentially learn from studies in this organism about
TAG homeostasis in mammalian cells.

Regulation of TAG Homeostasis

The specific requirements for storage and membrane lipids
oscillate as cells grow and divide or enter the non-replicative
stationary (quiescent) phase. During these periods, it appears to

be crucial to control the metabolic flux of FA either into phos-
pholipids (proliferative state) or into or out of TAG (nutrient
limitation conditions). Because yeast cells typically do not feed
on exogenous FA, all net cellular requirements for membrane,
signaling, and storage lipids need to be satisfied by de novo FA
synthesis, carried out by acetyl-CoA carboxylase and the FA
synthase complex, encoded by the ACC1 and the FAS1 and
FAS2 genes, respectively. Acetyl-CoA carboxylase is the first
and rate-limiting enzyme and is controlled at the transcrip-
tional level in coordination with phospholipid synthesis (7) and
by phosphorylation by Snf1p, the yeast AMP-activated protein
kinase catalytic subunit and ortholog ofmammalianAMPK (8).
Although acetyl-CoA carboxylase activity is controlled by the
Snf1p kinase, it remains to be determined whether TAG home-
ostasis is also directly regulated by this major energy-sensing
kinase. Besides the potential impact of FA de novo synthesis on
TAGcontent, its synthesis is largely controlled by the activity of
the PAH1-encoded PA phosphatase, a heavily phosphorylated
and strictly regulated protein (9–12) that is the functional
ortholog of mammalian lipin (see below) (13). Yeast mutants
lacking PA phosphatase are characterized by a lipodystrophy
phenotype in analogy to their mouse counterparts. The regula-
tion of DGATs, encoded by DGA1 (functional homolog of
mammalian DGAT2) and LRO1 genes (homolog of mamma-
lian lecithin:cholesterol acyltransferase and phosphatidylcho-
line:cholesterol acyltransferase and functionally characterized as
a PDAT), is less clear: during logarithmic growth, PDAT ap-
pears to bemore active, whereasDGAT activitymay contribute
more significantly to TAG formation in early stationary phase
in yeast (14). The specific molecular mechanisms of regulation
of these enzymes are as yet unknown.
Yeast cells entering vegetative growth display a highly stim-

ulated turnover of TAG, which is thought to release lipid pre-
cursors for rapid initiation of (membrane) growth (1). Quanti-
tative simulation of this initial phase of growth by dynamic flux
balance analysis indeed demonstrates the requirement forTAG
degradation for membrane lipid production and cell-surface
expansion (2). During this adaptation to the presence of glu-
cose, de novo FA synthesis appears not to be sufficient to satisfy
the cellular requirements, and the TAG lipases encoded by
TGL3 and TGL4 genes are most active, leading to almost com-
plete TAG degradation (see below) (1, 6). The TGL4-encoded
lipase is the functional ortholog of mammalian adipose triglyc-
eride lipase (desnutrin, PNPLA2 (patatin-like phospholipase
domain-containing protein 2)) (1). Because formation and
function of peroxisomes, the only site of �-oxidation in yeast,
are repressed by glucose, it is evident that lipolysis serves
another purpose in addition to releasing FA for energy produc-
tion during that phase of growth. Both quantitative modeling
and microscopic evidence suggest that replenishment of TAG
pools already takes place while lipolysis is still active in cells
entering vegetative growth.
At the cellular level, TAG synthesis and degradation

indeed oscillate in coordination with the cell division cycle:
Tgl4p lipase-dependent TAG breakdown is activated by
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CDK1 (cyclin-dependent protein kinase 1)/Cdc28p at the
G1/S transition, which is characterized by the morphogene-
sis checkpoint and bud emergence. Lipolysis contributes to
bud formation, presumably by providing precursors for
membrane or signaling lipids (15); in the absence of lipolysis,
cell cycle progression is significantly delayed and becomes
solely dependent on de novo FA synthesis. Conversely, TAG
synthesis is down-regulated by CDK1/Cdc28p-dependent
phosphorylation of PA phosphatase (16, 17). Notably, phos-
phorylation/inhibition of this enzyme occurs at G2/M of the
cell cycle, suggesting that TAG formation and lipolysis oper-
ate in parallel from G1/S until G2/M, albeit at different sub-
cellular locations. The reason for this apparent discrepancy
may reside in the essential cellular requirement to tightly
control the metabolic flux of FA into TAG or phospholipids
during cellular growth. In that respect, it deserves mention-
ing that TAG lipases encoded by TGL3 and TGL5 genes may
also act as transacylases, independent of their “pure” lipo-
lytic activity, supporting their important function also to
control phospholipid acyl composition (18).
Complete TAG breakdown generates glycerol and free FA

that may be reactivated to acyl-CoA by ACSLs, of which six
activities are known in yeast (19) and which can be function-
ally complemented, at least in part, by the mammalian
orthologs (19, 20). In contrast to mammalian cells, FA syn-
thase in yeast releases acyl-CoA rather than free FA, which
makes the yeast ACSL activities dispensable for utilizing de
novo synthesized FA. Notably, the two FAA4- and FAT1-
encoded ACSL enzymes are localized to LD, i.e. in close prox-
imity to the site of TAG storage and lipolytic action (21, 22). It
is tempting to speculate that theseACSL activities are therefore

metabolically coupled to lipolysis,
i.e. for channeling free FA released
from TAG (or steryl ester) break-
down toward activation and further
metabolic utilization.

Spatial Organization of TAG
Metabolism

The apparent futile cycle of ana-
bolic and catabolic processes of TAG
homeostasis acting in parallel during
the cell division cycle (15, 17) is per-
haps better understood in view of
the spatial separation of the biosyn-
thetic and lipolytic processes. Most
of the TAG biosynthetic steps occur
in the ER, including the SCT1-,
GPT2-, SLC1-, and ALE1-encoded
acyltransferases (Fig. 1). However,
more subtle localization patterns of
the glycerol-3-phosphate acyltrans-
ferases Sct1p and Gpt2p to distinct
ER subfractions may also exist (23).
PA phosphatase, which generates

DAG, is associatedwithmembranes
(presumably the ER) in a salt-ex-
tractable form andmay also be pres-

ent in the cytosol and in the nucleus (11), where it may act as a
repressor of phospholipid biosynthetic genes. PDAT, encoded
by LRO1, localizes to the ER, consistent with its preferred utili-
zation of PC as the acyl donor (24). On the other hand, DGAT,
encoded byDGA1, localizes to both the ER and LD in yeast (21,
22, 25). Thus, it appears that this enzyme moves along with the
nascent LD that is believed to emerge from the ER membrane
(26, 27). The dual localization to the ER and LD of ergosterol
biosynthetic enzymes encoded by ERG1, ERG6, and ERG7, the
FA-activating enzymes encoded by FAA4 and FAT1, and the
lyso-PA acyltransferase encoded by SLC1 further underscores
the close functional relationship between the ER and LD, in
particular with respect to lipid fluxes (5, 6, 28–30). The specific
mechanisms that direct and sequester these proteins to the
(nascent) LD are unknown but may involve hydrophobic inter-
actions with multiple protein domains rather than specific LD
“targeting” sequences (31).
Notably, all the enzymes identified so far localizing to both

the ER and LD catalyze anabolic enzymatic steps, whereas
the catabolic enzymes, such as the TAG lipases and steryl
ester hydrolases encoded byTGL3,TGL4,TGL5, andTGL1 and
by YEH1, respectively, are restricted to the LD (1, 5, 6, 30). This
differential localization for anabolic and catabolic enzymes sug-
gests different routes for their LD association either through
sequestration from the cytosol or via targeting to the ER. It
should also be noted that yeast (or bacterial) LD do not appear
to contain homologs of mammalian perilipins (“PAT proteins”
(32): perilipin, ADRP (adipose differentiation-related protein),
TIP47 (tail-interacting protein of 47 kDa), S3–12, and
OXPAT), which regulate cellular lipid stores, e.g. by mediating
phosphorylation-dependent access of lipases to the LD surface.

FIGURE 1. Enzymes involved in TAG homeostasis and their spatial organization. Gene names (italicized)
and their functions are provided in supplemental Table 1 and in text. The area in light blue indicates the ER; the
area in red indicates LD. The inset in gray indicates alternative pathways for the synthesis of potential TAG
precursors; their specific contribution to TAG formation is unclear. Dashed lines indicate multiple enzymatic
steps. FFA, free FA; LPA, lysophosphatidic acid; DAG-PP, DAG pyrophosphate; MAG, monoacylglycerol; Gro,
glycerol; DHAP, dihydroxyacetone phosphate; PL, phospholipid; PI, phosphatidylinositol; PG, phosphatidyl-
glycerol; GPI, glycosylphosphatidylinositol. Note the dual functionality of enzymes encoded by TGL3 and TGL5
genes as TAG lipases and TAG:phospholipid acyltransferases (18).
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Yeast TAG lipases encoded byTGL3,TGL4, andTGL5 are con-
stitutively present on LD and do not alter their localization
during periods of lipolysis or lipogenesis (15). Thus, the lipo-
lytic process in yeast is largely regulated by direct activation or
inactivation of these proteins on LD.

Physiological Importance of TAG

TAG were in the past considered mainly as an efficient stor-
age form of FA that may serve as energy substrates in the
absence of other carbon sources. This view has considerably
changed during the last few years, with emerging evidence that
TAG serve specific metabolic functions. In mammalian cells,
TAG formationwas found to be crucial for the detoxification of
lipotoxic FA (33, 34). Similarly, yeast mutants that are lacking
all four acyltransferases involved in TAG formation are highly
sensitive to unsaturated FA supplementation (35, 36). In the
absence of TAG synthesis, oleic acid supplementation leads to a
rapid block of the secretory pathway at the level of the ER,
up-regulation of the unfolded protein response, and ultimately
cell death (36). Multiple genes involved in iron and phospho-
lipidmetabolism are repressed in the absence of TAG synthesis
(35). Notably, saturated FA are not toxic towild-type yeast or to
TAG-deficient mutants and may indeed suppress unsaturated
FA-induced lipotoxicity in such mutant strains by generating a
more balanced FA composition in cellular phospholipids (36).
Unsaturated FA-induced lipotoxicity in yeast mutants lacking
TAG is also suppressed by expression of the human diacylglyc-
erol acyltransferase DGAT2, providing an intriguing model
system for functional studies of the heterologous enzyme in
yeast (35).
In addition to providing a buffer for excess FA detoxification,

TAG also provide important metabolites for sporulation or cell
cycle progression (15, 18). The specific nature of the lipid-depen-
dent cell cycle checkpoint is currently unclear, but the temporal
coincidence of lipolysis requirements with bud emergence in the
cell division cycle indicates the involvement of themajormorpho-
genesis checkpoint regulator, the Swe1p protein kinase, in this
process. The TAG-derived lipid species required to “grease” the
cell cycle are unknown (15).Multiple homozygous diploid lipase-
deficient mutants are unable to sporulate, demonstrating the
importance of TAG degradation for providing energy substrate
for peroxisomal �-oxidation or for phospholipid remodeling in
the context of spore membrane formation (18).

Coordination of TAG Homeostasis with Other Cellular
Pathways

Because TAG and phospholipids share common precursors,
it is evident that shifting the balanced synthesis either way will
affect the steady-state concentration of the other components.
For instance, defective PC synthesis in mutants lacking the
CHO2- orOPI3-encoded phosphatidylethanolamine and phos-
pholipid methyltransferases, respectively, results in increased
cellular TAGcontent (37). The potential cross-talk between the
Kennedy (CDP-choline) pathway and TAG metabolism is less
clear: in the presence of choline or ethanolamine, DAG result-
ing from lipolysis may potentially be directly utilized for phos-
pholipid synthesis, which would involve a DAG translocation
step from the LD to the ER for its incorporation into phospho-

lipid. However, the position and stereoselectivity of the yeast
lipases have not been determined yet, and it is unclear at pres-
ent if indeed the phospholipid precursor sn-1,2-DAG or rather
sn-1,3- or sn-2,3-DAG species or amixture thereof is generated
by TAG lipolysis. Alternatively, utilization of DAG for phos-
pholipid synthesis in the presence of ethanolamine or choline
may compete with TAG formation; however, no evidence for
either aspect is currently available.
Even less evident is the connection between TAG accumula-

tion in mutants lacking the yeast tafazzin ortholog encoded by
the TAZ1 gene, which harbors monolysocardiolipin acyltrans-
ferase activity required for mitochondrial cardiolipin remodel-
ing (38, 39). Mutations in this gene in humans result in a severe
disease termed Barth syndrome. It was speculated that lack of
this activity may increase PC and DAG levels, giving rise to
increased TAG synthesis (38).
In addition to direct metabolic connections, such as compet-

ing transacylation processes, other “physiological” or regula-
tory processes are likely to control TAG homeostasis. For
instance, a block of the secretory pathway that is induced by
inactivating the COPII component Sec13p involved in ER-to-
Golgi trafficking leads to dysregulation of phospholipid synthe-
sis and concomitant TAG accumulation; thus, TAG synthesis
may function as an alternative “exit” for excess lipid intermedi-
ates that are not disposed off from the ER through the secretory
pathway (40). Othermembrane trafficking pathwaysmay affect
TAG homeostasis in a similar manner.

Identification of Novel Regulators of TAG Homeostasis

The storage compartment for TAG, the LD, interacts with
numerous other cellular organelles and processes (41), and
multiple experimental approaches are undertaken to identify
and characterize novel regulators of LD/TAG homeostasis.
Microscopic analyses are particularly powerful to identify
mutants with altered LD and TAG content. Fig. 2 illustrates the
LD phenotypes of wild-type yeast and various defective
mutants: snf1mutants lack the yeast AMPK and harbor hyper-
active acetyl-CoA carboxylase (8), leading to FA overproduc-
tion and subsequent TAG accumulation; fld1 (few lipid drop-
lets) mutants lack the yeast seipin ortholog (42, 43) and are
characterized by abnormally shaped LD; tgl3 tgl4mutants lack
the major TAG lipases encoded by the genes TGL3 and TGL4,
which results in “obese” cells (1); and a quadruple mutant lack-
ing DGA1, LRO1, ARE1, and ARE2 genes encoding DAG acyl-
transferase activities is devoid of TAG and steryl esters and of
LD altogether (35, 36). Even subtle changes in cellular TAG
content or LD morphology may become easily microscopically
visible or result in changes of biophysical properties of the cells.
In an attempt to isolate mutants with increased TAG content
based on flotation, Kamisaka et al. (44) identified, among other
factors, the protein Snf2p, which is the catalytic subunit of the
SWI/SNF chromatin-remodeling complex, as a potential regu-
lator of lipid metabolism. A physiological link between lipid
homeostasis and chromatin structure is intriguing and deserves
further attention. Imaging-based screens of the entire yeast
deletion collection comprising some�4700 viablemutants and
making use of the lipophilic dyes Nile red (42) and BODIPY
493/503 (43) yielded a large number of factors regulating LD
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content and morphology. The most prominent hit in both
screens identified mutants that lacked the gene FLD1, which is
a functional ortholog of human BSCL2, implicated in a severe
inherited disease termed Berardinelli-Seip congenital lipodys-
trophy type 2 (Fig. 2C). Indeed, heterologous expression of the
wild-type BSCL2 gene, but not of mutant variants, restored
wild-type LD morphology to a yeast fld1 mutant, demonstrat-
ing the functional conservation of the protein (42). Further fac-
tors with a potential role in neutral lipid metabolism resulting
from these imaging-based screens include endosomal/vacuolar
and mitochondrial proteins but also kinases and transcription
factors (41–43). It should be noted that there was surprisingly
little overlap (�10%) among the mutants identified in both
mutant screens, which suggests that (a) these screens are far
from being saturated and (b) LD morphology is very dynamic
and strongly dependent on the respective growth and analysis
conditions. Thus, the chapter of identifying all the relevant
components involved in TAGmetabolism and LD biogenesis is
far from being complete and may hold many more surprises.

Outlook

The commonly used term “neutral lipid” to describe the
major LD components steryl esters and TAG solely reflects
their biophysical property as being uncharged but by no
means does justice to their biological functions. TAGmetab-
olism instead actively participates in vital cellular processes.
The conservation of key metabolic steps makes yeast an
intriguing model for functional analyses of heterologously
expressed mammalian genes involved in TAG metabolism.
Studies in yeast also contribute to understanding complex
metabolic networks, such as those involved in nutrient and
lipid signaling, lipotoxicity, and the metabolic syndrome (45,
46).Notably, some key enzymatic functionswere first identified
and characterized in yeast at themolecular level, such as the PA
phosphatase activity of lipin (12), a mammalian lipodystrophy
factor for many years in search of a biochemical function (13).
Replacement of the yeast orthologs by their mammalian coun-
terparts, either wild-type or mutant forms derived from
patients, has proven to be a viable strategy to assess biological
activity in an in vivo setting that provides an impressive arsenal
of genetic, genomic, and cell biological tools for functional
studies (35, 42).

FIGURE 2. Analyzing LD morphology as an indicator of TAG homeostasis
using different staining and microscopic techniques. A–E, left panels, fluo-
rescence; right panels, transmission (differential interference contrast). Scale
bars � 10 �m. A, LD visualization in wild-type cells using a green fluorescent
protein-tagged reporter construct (1). B, accumulation of LD in an snf1 dele-
tion strain that displays hyperactive Acc1p (8) and TAG accumulation. Note
that the size of LD does not increase in this mutant but rather their number
(BODIPY 493/503 staining). C, morphologically altered LD in an fld1 mutant
(42, 43) lacking the yeast ortholog of mammalian BSCL2, implicated in
Berardinelli-Seip congenital lipodystrophy type 2 (BODIPY 493/503 staining).
D, LD accumulation in an obese yeast mutant lacking the two major TAG
lipases, Tgl3p and Tgl4p (Nile red staining) (1). E, a quadruple mutant lacking
the four acyltransferases involved in TAG synthesis (35, 36) that also lacks LD
and any detectable Nile red staining in the 550 –570-nm emission range (see
Ref. 36 for experimental details). F, coherent anti-Stokes Raman scattering
microscopy of a wild-type strain (left panel) and the quadruple mutant (right
panel). Coherent anti-Stokes Raman scattering enables label-free detection of
LD based on the spectroscopic properties of lipid molecules. A–C and E are
courtesy of Heimo Wolinski (University of Graz); F is courtesy of Lu Fake and
Huang Zhiwei (National University of Singapore).
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Nowthat thebasic enzymatic steps involved inTAGhomeosta-
sis have beenworked out, what are the next challenges?Why does
TAG homeostasis require so many redundant activities, such as
acyltransferases and lipases?Obviously, theseenzymesdisplaydis-
tinct substrate specificities that may be relevant in the context of
maintaining cellular FA and phospholipid homeostasis and regu-
lation under different environmental, nutritional, and develop-
mental conditions. The most intriguing problems concern the
biogenesis of the organelle that accommodates TAG and steryl
esters, the LD, and the functional interplay between the ER and
LDwith respect to controlling lipid fluxes. These “great balls of
fat” were only recently recognized as a highly dynamic cellular
compartment (41, 47–49), which is now subject to extensive
studies in microorganisms, invertebrates, and mammalian and
plant cells. Imaging-based large-scale functional genomic
screens performed in various cell types, including yeast, are
likely to uncover the critical factors required for LD formation,
morphology, catabolism, and inheritance (27, 42, 50). The com-
bination of such refined imaging-based screens in different cell
types with proteomic and lipidomic analyses of isolated LD is
expected to uncover and converge at a critical and conserved
set of proteins and lipids relevant for LD biogenesis andmetab-
olism in eukaryotes. These studies will also contribute to solv-
ing the puzzles as to the highly redundant activities involved in
TAG formation and breakdown and their relevance for cellular
physiology and disease.
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This minireview focuses on structural studies that have pro-
vided insights into our current understanding of thick filament
regulation inmuscle.We describe how different domains in the
myosin molecule interact to produce an inactive “off” state;
included are head-head and head-rod interactions, the role of
the regulatory light chain, and the significance of the �-helical
coiled-coil rod in regulation. Several of these interactions have
nowbeen visualized in awide variety of nativemyosin filaments,
testifying to the generality of these structural motifs across the
phylogenetic tree.

The publication of the crystal structure of the globular head
region of skeletal muscle myosin (subfragment 1 (S1)3) in 1993
(1)made it possible for the first time to understand how biolog-
ical motors function at the atomic level (Fig. 1, A and B). By
fitting, the S1 head structure into macromolecular complexes
of actin filaments decorated with S1, Rayment et al. (2) were
able to propose the first detailed mechanism for the generation
of force andmovement in motile cells. This exciting new struc-
tural framework, together with impressive advances in deter-
mining the displacement and force produced by a singlemolec-
ularmotor, inspired a Biophysical Discussionsmeeting in 1994.
We discussed the role of the light chains in the so-called “lever
arm” of the myosin head (3). Here, we summarize some of the
major developments in the regulation of class II myosins in the
intervening 15 years.

Background

The discovery that phosphorylation of a single serine residue
(Ser19) in one of the two classes of light chains, the so-called
regulatory light chain (RLC), is entirely sufficient to activate
smooth and nonmuscle myosin II was known as early as 1975
(Ref. 4 and reviewed in Ref. 5). Phosphorylation also occurs in
the homologous light chains (LCs) of skeletal and cardiac mus-
cle myosins, but the effect on activity is relatively minor com-

pared with smooth muscle myosin, and regulation takes place
primarily through calcium activation of the thin filament. The
second class of LCs is often referred to as the essential LC (ELC)
because of its strong association with the myosin heavy chain.
Although the crystal structure of S1 highlighted the importance
of the LCs in stabilizing a long �-helical region at the C termi-
nus of the globular catalytic domain, it did little to reveal the
mysteries of how a single post-translational modification could
switch “on” the active site at a distance of �10 nm!

The first structural insight into how LCsmight contribute to
regulation came from the crystal structure of the regulatory
domain of scallop myosin, a class II molluscan myosin that is
thick filament-regulated by calcium binding to the ELC (Fig.
1C) (6). An unusual feature of the calcium-binding site in
domain I of the ELC is that it requires specific interactions with
both the RLC and the myosin heavy chain for stabilization
because the isolated ELC does not bind calcium. Thus, all three
chains are involved in regulation; the absence of calcium desta-
bilizes these linkages, leading to a more flexible lever arm and
an inactive catalytic domain.
One region in the regulatory domain that merits more atten-

tion is the unusual sequence and sharp bend of�60° that inter-
rupts the long�-helical heavy chain near the head-rod junction.
This so-called “hook” is composed of highly hydrophobic resi-
dues (WQW) that are embedded in the hydrophobic core of the
N-terminal lobe of the RLC (Fig. 1C). It is notable that even
though chicken skeletal S1 is not considered a regulated myo-
sin, the LC-binding domain shares considerable structural
homology with the scallop regulatory domain: it too has a hook
region characterized by the sequence WPW that is similarly
enfolded by the hydrophobic core of the RLC (1, 7). All class II
myosins appear to have a signature of hydrophobic residues
clustered in this region of the heavy chain, and they all bind the
RLC rather than the closely related calmodulin. If the RLC is
removed by chemical reagents or by mutagenesis, the heavy
chain self-associates into large aggregates that are unable to
assemble into the highly ordered helical structure of a thick
filament (8). This behavior probably accounts for the loss of
myofibrillar assembly and embryonic lethality observed in the
zebrafish upon disruption of its single cardiac-specific RLC
gene (9). Unconventional myosins all use calmodulin (with an
occasional additional ELC) to stabilize the�-helical C terminus
of themotor domain; the exact number of calmodulins depends
on the length of the lever arm. The RLC is restricted to the class
II myosins, which have a 1:1 stoichiometry between the RLC
and the heavy chain from yeast to humans. The necessity for
this specialized structure at the head-rod junction may be
related to the asymmetric head-head interaction involved in the
inactive state.

Regulation of Contractility by Head-Head Interactions

Although the main structural features of a myosin head
seemed to be preserved across species as diverse as Dictyoste-
lium discoideum and chicken, the structural basis for the inac-
tive “off” state was not well understood. Removal of calcium in
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molluscan myosins and dephosphorylation in thick filament-
regulated vertebrate myosins clearly affected transmission of
information from the lever arm to the active site, but how this

coupling was achieved remained unknown. Electron micro-
scopic images of metal-shadowed smooth muscle and non-
muscle myosins under conditions favoring an inactive state

showed that the normally extended
�-helical rod folded at �50 and 100
nm from the invariant proline that
marks the head-rod junction (Fig.
2A) (10–13). The heads appeared to
be pointed downward toward the
rod, resulting in a compact folded
conformation that sedimented at 10
S (Svedberg) rather than at the 6 S
value characteristic of the highly
elongated conformation of muscle
myosin (Fig. 2A) (13). Importantly,
the 10 S structure was shown to
have virtually no enzymatic activity,
and the nucleotide-binding site
contained tightly bound ADP and
phosphate (14, 15). This off state
requires two heads and a minimum
length of rod; S1 and single-headed
myosin are essentially active (16,
17), but the resolution of the elec-
tron micrographs was too low to
determine any details of the
intramolecular interactions needed
to stabilize the 10 S structure.

FIGURE 1. Structure of the myosin molecule. A, schematic diagram of the myosin molecule. The N-terminal
region of the myosin heavy chain forms the globular motor domain (MD; gray), which contains the sites for ATP
and actin binding. The ELC (blue) and the RLC (orange) stabilize a single �-helical polypeptide chain at the C
terminus of the motor domain. The remainder of the heavy chain forms an �160-nm �-helical coiled-coil rod,
which gives rise to the filamentous properties of class II myosins. Proteolysis of myosin produces a soluble
subfragment (HMM), consisting of the S1 head and the adjacent S2 rod, and the insoluble light meromyosin
(LMM) fragment responsible for myosin assembly. The molecular mass of the myosin heavy chain is �200 kDa; the
RLC and ELC are each �20 kDa. B, ribbon representation of scallop myosin S1 (Protein Data Bank code 1QVI). The
nucleotide (ATP; green) pocket is located at the lower end of a large cleft that serves as a communication pathway
between actin and the nucleotide-binding site. C, ribbon diagram of the scallop regulatory domain (Protein Data
Bank code 1WDC), with Ca2� (cyan) bound to domain 1 of the ELC and Mg2� (yellow) bound to the N terminus of the
RLC. The �-helical myosin heavy chain (gray) has a sharp bend or hook near the C terminus (6, 7).

FIGURE 2. Inhibited configuration of the myosin molecule. A, electron micrographs of smooth muscle myosin rotary-shadowed with platinum at high
(extended 6 S form) and low (folded 10 S form) ionic strength (13). B, electron microscopy of folded smooth muscle myosin molecules by negative staining and
single-particle image processing (22). The accompanying diagram shows the two bends in the rod near residues 1175 and 1535 to form the 10 S structure. A
photoactivated probe (the red arrow points to RLC Cys108) can cross-link the rod to the LC (43). C, electron cryomicroscopy of two-dimensional crystalline arrays
of unphosphorylated smooth muscle HMM on a lipid monolayer surface (19). The outlined blocked head (red) interacts with the converter (green) and the ELC
(blue) on the free head (magenta). The assignment for the S2 density is uncertain and more likely follows a path between the heads as indicated by the
negatively stained molecules in B. D, atomic model of smooth muscle HMM (see C) fitted into the three-dimensional reconstruction of a tarantula muscle
myosin filament obtained by electron cryomicroscopy and single-particle imaging techniques (25). The blocked and free heads are colored green and blue,
respectively, in this representation. Regions of possible interactions are between the ELC and free heads (yellow ellipse) and between the blocked motor
domain and S2 (yellow bracket). SH3, Src homology 3 domain; AB, actin binding; Cnv, converter.
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The big breakthrough came in �2000 with the visualization
of the myosin heads in two-dimensional crystalline arrays of
expressed, dephosphorylated, and thiophosphorylated smooth
muscle heavy meromyosin (HMM; the soluble two-headed
subfragment of myosin) (Fig. 1A) on positively charged lipid
monolayers (18). The two-dimensional projections at 2.3 nm
resolution in negative stain revealed distinct structural dif-
ferences between the two states of RLC phosphorylation: the
active form of the HMM heads showed intermolecular inter-
actions with neighboring molecules, whereas the inactive
form showed clear intramolecular head-head interactions
that immediately suggested a mechanism for inhibition (18).
A subsequent study of dephosphorylated HMM by electron

cryomicroscopy of unstained frozen-hydrated specimens (�2.0
nm resolution) resulted in a three-dimensional image recon-
struction that revealed more details of this asymmetric head
interaction (Fig. 2C) (19). By fitting the crystal structure of the
motor domain plus the ELC (20) into the density of these crys-
talline arrays, it could be shown that the ATPase activity of one
head is “blocked” by positioning its actin-binding interface on
the converter and ELC region of the neighboring so-called “free
head.” The binding to the converter domain prevents the
domain movements needed for phosphate release and activa-
tion. This three-dimensional structure also showed a segment
of the rod (subfragment 2 (S2)) in close proximity to the heads,
but the exact location was uncertain. Although the asymmetric
head structure of dephosphorylated HMM heads provided an
attractivemolecularmechanism for the inhibited state and sug-
gested why phosphorylation would disrupt these multiple pro-
tein interactions, the structure was at first received with some
skepticismbecause of the charged lipid surface. However, when
the same structure was seen with two-dimensional crystals of
intact folded 10 S myosin, which packs very differently on the
lipidmonolayer surface, it was difficult to escape the conclusion
that this asymmetric head-head interaction was an inherent
property of a regulated myosin molecule (21). Moreover, a
recent electron microscopic study using single-particle averag-
ing of negatively stained smoothmusclemyosinmolecules con-
firmed the head-head interaction in 10 Smolecules and showed
that the folded rod starts at the junction between the two heads
and follows a path that interacts with the blocked head before
rejoining the other tail segments (Fig. 2B) (22).

Relaxed State in Native Thick Filaments

At physiological ionic conditions, striated muscle myosin
forms a highly ordered filamentous structure whose backbone
does not change with the state of phosphorylation. Unlike stri-
ated muscles, smooth muscle cells need to maintain a high
degree of mechanical plasticity to adapt to the wide range of
muscle lengths and volumes in hollow organs such as the blad-
der and uterus (23). Consequently, a plausible but still
unproven hypothesis is that smooth muscle myosin filaments
are dynamic structures that can recruit monomers from a large
pool of 10 S myosin when more or longer filaments are needed
and, conversely, shorten their length by a similar mechanism.
Under in vitro conditions of low ionic strength and ATP,
dephosphorylated myosin filaments are not stable and imme-
diately dissociate to the 10 S conformation. Phosphorylation is

needed to convert the folded 10 S to the extended 6 S structure,
which then spontaneously assembles into filaments (13). This
labile property of smooth muscle myosin makes it extremely
difficult to study dephosphorylated heads in a filamentous envi-
ronment. A more propitious model system for studying thick
filament structure has been the phosphorylation-regulated stri-
atedmuscle filaments from tarantulamuscles, which are longer
and thicker than vertebrate filaments and contain a paramyosin
core (24).
The most compelling demonstration for the existence of the

head-head interaction in the relaxed dephosphorylated fila-
mentous state has come from the three-dimensional recon-
struction of tarantula thick filaments using electron cryomi-
croscopy to preserve the native unstained structure (25). Using
a single-particle approach that avoids the need for perfect heli-
cal symmetry in traditional helical reconstructions (26), it was
possible to improve the apparent resolution to �2.5 nm from
the 5 nm resolution previously obtained for negatively stained
tarantula thick filaments. This higher resolution made it possi-
ble to computationally fit the atomic model of smooth muscle
HMM into the appropriate regions of density in the three-di-
mensional reconstruction. It was remarkable to see how well
the model generated by Taylor and co-workers (19) fit into the
reconstruction of this distantly related, invertebrate striated
muscle filament (Fig. 2D). Evidence for the generality of this
motif has come from the published structures of vertebrate car-
diacmyosin filaments frommouse (27) and rabbit (28)muscles,
which also showed the asymmetric two-headed smoothmuscle
myosin structure although at lower resolution (�4 nm). Unlike
tarantula filaments, not all the heads in the striated muscle fil-
aments could be fitted with the smooth muscle HMM model
due to perturbations of helical symmetry and the increased
mobility of heads in vertebrate thick filaments. Nevertheless,
the head-head interactions seen in the cardiacmuscle filaments
received independent support from visualization of the folded
10 S conformation in isolated cardiac and skeletal muscle myo-
sin molecules by electron microscopy (29). It is clear that the
heads of unregulatedmyosins (vertebrate striated) can undergo
interactions similar to those of regulated myosins (vertebrate
smooth and nonmuscle) in the relaxed (bound ADP�Pi) state.
However, the intramolecular interactions are far weaker in a
thin filament-regulated myosin, and blebbistatin, a noncom-
petitive inhibitor of ATPase activity, was added to stabilize the
heads in the relaxed conformation in both isolated molecules
(29) and filaments (27).
The asymmetric headmotif has now been found in a number

of other species under relaxing conditions, including scallop
muscle myosin filaments (30) and Limulus (horseshoe crab)
muscle thick filaments (31), adding further support to the
hypothesis that intramolecular head-head interactions exist in
the off state across the phylogenetic tree (32). This striking new
structure explains many earlier puzzling observations, fore-
most among them being that the biochemical properties of
skeletal muscle myosin were relatively unchanged upon phos-
phorylation and failed to explain why the sequence of a phos-
phorylatable serine was conserved throughout evolution. Phys-
iological experiments on skinned fast twitch muscle fibers had
shown a small but significant temperature-dependent increase
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in force production at low levels of calcium upon RLC phos-
phorylation (33). Electronmicroscopy of rabbit skeletal muscle
thick filaments indicated increased disorder in the surface array
of phosphorylated cross-bridges compared with the ordered
heads in relaxed filaments (34). These observations led
Sweeney et al. (33) to propose that phosphorylation shifts the
distribution of cross-bridges away from the thick filament
backbone toward the thin filament, thereby optimizing the rate
of force production and muscle performance. The central con-
cept of this mechanism for the role of LC phosphorylation in
vertebrate striatedmuscles was essentially correct, but it lacked
the structural information implicating intramolecular head-
head interactions in the relaxed state of the thick filament.

Role of the �-Helical Coiled-coil Rod in Myosin
Regulation

There is general agreement that the rod stabilizes the 10 S
conformation and enhances the ability of the heads to trapADP
and Pi at the active site (15). Possible intra- and intermolecular
interactions between the heads and S2 (the soluble one-third of
the �160-nm long rod nearest to the heads) (Fig. 1A) are sug-
gested by the fitting of atomic models into three-dimensional
reconstructions of tarantula and Limulus thick filaments (Fig.
2D) (25, 31).
Insights into the functional role of the S2 rod segment (other

than a simple joining of two heads) have come from an investi-
gation of theminimum length of S2 required to regulate activity
in expressed smooth muscle HMM (35). The �-helical coiled-
coil S2 sequence has a periodic repeat of hydrophobic apolar
residues at positions a and d within 7 residues (the so-called
“heptad” repeat of the form abcdefg) that accounts for the
“knobs-into-holes” packing of two �-helices. The remaining
residues in the heptad tend to be charged; some favor inter-
chain ionic interactions stabilizing the coiled coil (e and g),
whereas the outermost residues (b, c, and f)may lead to protein-
protein interactions necessary for filament formation.
Expressed HMM constructs consisting of 2, 7, or 15 heptads
past the invariant proline marking the head-rod junction were
analyzed for their ability to regulate ATPase activity by phos-
phorylation (35). To stabilize the dimeric form of these trun-
cated constructs, the GCN4 leucine zipper (a transcriptional
activator containing only 32 amino acids but a preponderance
of leucine residues) was added to the C terminus of the HMM
constructs. Although the 2- and 7-heptad HMM dimers had
some degree of regulation (3–5-fold change in ATPase activity
between the phosphorylated and dephosphorylated states), an
HMM construct consisting of 15 heptads was able to achieve a
fully regulated state (�20-fold) characteristic of HMM pre-
pared by chymotryptic digestion.
One interpretation of these findings is that the heads in the

inhibited state need to interact with the charged surface of the
rod to maintain the off state. A segment of 15 heptads approx-
imates the length of the myosin head. This interaction may be
more dependent on the pattern of charged residues than on a
specific sequence of polar residues based on the unexpected
finding that a striated muscle rod sequence could replace the
smooth muscle rod in a chimeric HMM construct without any
loss of regulation (35). The ability to interchange isoform-spe-

cific rod sequences has become more comprehensible by the
finding that the crystal structure of 15-heptad smooth muscle
S24 is very similar to the coiled-coil atomic structure of 18-hep-
tad human cardiac S2 (36); a common motif is a pronounced
unwinding of the coiled coil at the N terminus of regulated
smooth muscle S2. An unwinding of the two �-helices at the
N-terminal region has also been observed in a shorter (�7-
heptad) fragment from the scallop myosin rod, suggesting
that this instability near the head-rod junction may be an
important feature of class II myosins (37). Another interest-
ing characteristic of the S2 crystal structures is the departure
from strict 2-fold symmetry due to axial staggering of core
residues between the two helices; an asymmetric S2 struc-
ture may well be a prerequisite for an asymmetric head-head
interaction (36).
An unwound but �-helical head-rod junction appears to be

an essential element for optimal mechanical function as well as
regulation of enzymatic activity. When a leucine zipper was
engineered into the rod region immediately adjacent to the
heads (0-heptad zip), the power stroke of wild-type smooth
muscle HMMwas reduced from a unitary step size of �10 nm
to�1 nm asmeasured by an optical trap assay (38).Moving the
leucine zipper to 15 heptads beyond the conserved invariant
proline restored the step size, leading to the conclusion that
flexibility at the head-rod function is inherent in the design of
class II motors.
Consistent with the structural and biophysical studies, com-

putational normal mode analysis has suggested that uncoiling
of 2–3 heptads at the head-rod junction is necessary for cou-
pling the torsional motions of the S1 heads with the rod to
achieve an optimal inhibited state (39).Molecularmodeling has
also provided a key insight into how ATP binding can cause
dephosphorylated smooth muscle myosin filaments to dissoci-
ate to the 10 S state in vitro. The strain introduced by twisting
the separated myosin heads into a compact asymmetric struc-
ture may be propagated along the rod so that even the assem-
bly-competent light meromyosin is subject to small distortions
that destabilize the rod-rod interactions in the thick filament
backbone (39).

Role of the Regulatory Light Chain

The folded core structure of the RLC has been seen in crystal
structures of chicken skeletalmyosin (1) and scallopmyosin (6),
but unfortunately, �20 residues of the N-terminal domain are
too disordered to be visible. What information we have has
come mainly from mutational analysis, cross-linking, spectro-
scopic measurements, and molecular dynamics. Mutational
studies showed that the region encompassing Lys11–Arg16 was
particularly important in stabilizing the 10 S conformation (40).
Phosphorylation of Ser19 disrupts these multiple weak, pre-
dominantly ionic interactions between the heads in the off
state. EPR studies on spin-labeled RLC bound to myosin (41),
coupled with molecular dynamic simulations (42), suggested
that the disruption by phosphorylation is caused by a transition
from a disordered to a more ordered helical structure that is
stabilized by a salt bridge between Ser19 and Arg16.

4 U. B. Nair, M. A. Rould, and K. M. Trybus, personal communication.
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Extensive photo-cross-linking studies have attempted to
characterize putative interactions between the RLC and rod in
unphosphorylated (10 S) myosin. Cross-links have been found
between a photoactivated probe on RLC Cys108 (43) and resi-
dues spanning region 1500–1600 of the rod, consistent with a
folded structure (Fig. 2B). Cross-links have also been shown
between theN-terminal domain of oneRLCand theC-terminal
domain of the partner RLC on the neighboring head in the 10 S
conformation (44), but these cross-linked peptides are incom-
patible with the geometry of the asymmetric head-head struc-
ture (21). Given the dynamic nature of the myosin subunits
involved in regulation, it is conceivable that the cross-linking
reaction may have captured one of the less populated states in
the equilibrium between the on and off states.

Perspectives

One of the most challenging goals for understanding the
mechanismof regulation is to obtain a high resolution structure
of a two-headed myosin molecule in the inhibited state. Such a
crystallographic structure would provide the first opportunity
to see in detail the interactions between the heads and with the
rod. It might even be possible to visualize the elusive N-termi-
nal domain of the RLC and to determine how it contributes to
the stabilization of the off state.
An area of rapid progress has been in high resolution electron

cryomicroscopy, with the aim of analyzing less than perfectly
ordered helical structures to near-atomic resolution. This
would clearly benefit the visualization of filamentous myosin
interactions, especially in the more disordered vertebrate mus-
cle thick filaments, where perturbations are thought to arise
from the presence of accessory proteins such as titin and myo-
sin-binding protein C (27, 28).
Although our understanding of muscle regulation has made

impressive progress during the last decade,many aspects of this
complex cellular mechanism remain poorly understood. In
addition to more crystallographic and electron microscopic
studies, techniques such as single-molecule biophysics and
molecular dynamics may reveal transitory states that cannot be
captured by current structural approaches.
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Rotaviruses perform the remarkable tasks of transcribing and
replicating 11 distinct double-stranded RNA genome segments
within the confines of a subviral particle. Multiple viral poly-
merases are tethered to the interior of a particle, each dedicated
to a solitary genome segment but acting in synchrony to synthe-
size RNA. Although the rotavirus polymerase specifically re-
cognizes RNA templates in the absence of other proteins, its
enzymatic activity is contingent upon interaction with the viral
capsid. This intraparticle strategy of RNA synthesis helps
orchestrate the concerted packaging and replication of the viral
genome.Here,we reviewour current understandingof rotavirus
RNA synthetic mechanisms.

A distinguishing feature of viruses with segmented double-
stranded RNA (dsRNA)2 genomes is that they perform all
stages of RNA synthesis inside icosahedral subviral particles
(1–4). Each genome segment is dedicated to a single polymer-
ase complex (PC) anchored to the interior of the particle. Par-
ticle-associated PCs act in synchrony to transcribe and repli-
cate the viral dsRNA segments. Thus, subviral particles of
dsRNA viruses can be viewed as nanoscale factories containing
multiple highly coordinated PC machines. During transcrip-
tion, each genome segment serves as a template for the gener-
ation of plus-strand RNAs (�RNAs). In addition to directing
viral protein expression, �RNAs also serve as templates for
minus-strand synthesis to recreate dsRNAduplexes. The intra-
particle mechanism of RNA synthesis not only protects the
genome from recognition by antiviral dsRNA sensors but also
provides a mechanism for coordinating �RNA packaging with
genome replication (4).
As the primary cause of life-threatening gastroenteritis in

young children, rotaviruses (RVs) have long been the subject of
basic research (5). Specifically, biochemical studies have probed
the functions of viral proteins involved in RNA synthesis and

have elucidated critical features of viral RNA templates. More-
over, the recent determination of a high resolution structure of
the RV RNA-dependent RNA polymerase (RdRp) in complex
with RNA has greatly enhanced our understanding of intrapar-
ticle RNA synthesis (6).

Triple-layered Structure of RV Particles

Infectious RVs are non-enveloped, icosahedral, triple-lay-
ered particles (TLPs) that encapsidate genomes consisting of 11
segments of dsRNA (7–10). The outer protein layer of the TLP
hasT� 13 symmetry and is composed of 60 trimers of the viral
attachment protein (VP4) and 260 trimers of the viral glycopro-
tein (VP7) (Fig. 1) (8–12). The intermediate layer also has T �
13 symmetry and is formed by 260 trimers of VP6 (Fig. 1) (8, 9,
13). The innermost layer of the TLP, referred to as the T � 1
core shell, is made up of 120 copies of VP2 organized as 12
decamers (Fig. 1) (13, 14). Each decamer is composed of five
VP2-A monomers and five structurally quasi-equivalent but
chemically identical VP2-B monomers. VP2-A monomers
tightly encircle the 5-fold vertex of the decamer, whereas
VP2-B monomers are situated farther back and intercalate
VP2-A (13). An aqueous channel traversing the VP6 and VP2
layers at each 5-fold vertex (type I channel) serves as a conduit
for the exit of�RNAs, and additional channels permit the entry
of nucleotide triphosphates (NTPs) and divalent cations (9, 15,
16). Tethered to the inner surface of the VP2 shell near each
5-fold vertex is a single PC, consisting of the viral RdRp (VP1)
and the viral RNA-capping enzyme (VP3) (13, 17–20). Within
the core shell, the genome is organized in symmetrical layers,
with each segment spooled around one PC (13, 19). Because
there are 12 5-fold vertices in the icosahedral core particle and
only 11 segments of dsRNA in the RV genome, one vertex may
lack an associated RNA molecule or PC. Together, the 11 RV
genome segments encode six viral structural proteins (VP1–
VP4, VP6, and VP7) and six nonstructural proteins (NSP1–
NSP6) (7).

RNA Synthesis during the RV Life Cycle

During entry into a host cell, theVP4–VP7 outer capsid layer
of the TLP is lost, yielding a double-layered particle (DLP) (Fig.
2) (7, 21). In the cytoplasm, the DLP becomes transcriptionally
active; its interior PCs act in concert to produce the 11 species
of viral �RNA (1, 15, 22–24). Transcription is conservative,
with the parental plus and minus strands of dsRNA segments
retained within the DLP. Multiple rounds of transcription
result in the accumulation of numerous copies of each �RNA
(1, 24). Following synthesis of the first few nucleotides of nas-
cent transcripts, the VP3 component of the PC adds a 5�-termi-
nal m7G cap (17, 25). Thereafter, �RNA molecules are
extruded out of the DLP and into the cytosol through type I
channels located above the PCs (1, 15, 26). These �RNAs not
only direct protein synthesis but also accumulate in electron-
dense cytoplasmic inclusions termed viroplasms.
Viroplasms represent viral factories that are nucleated by the

interaction of two multifunctional nonstructural proteins
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(NSP2 and NSP5) (27–29). The NSP2 component is a homo-
octamer with strong affinity for single-stranded RNA and helix
unwinding and NTPase activities (28, 30–33). Its counterpart,
NSP5, is a serine/threonine-rich phosphoprotein that forms
dimers, which bridgeNSP2octamers (28, 29, 34–36).NSP2 and
NSP5 are presumed to be responsible not only for recruiting
unassembled core proteins to viroplasms but also for retaining
�RNAs made by DLPs in these inclusions. The interaction of
NSP2 and NSP5 with core proteins and �RNAmay be vital for
regulating the complex sequence of events required to assemble
progeny cores (24, 28, 29). Indeed, the NSP2 octamer under-

goes ATP-dependent conformational shifts, consistent with
the possibility that it serves as a packaging motor that intro-
duces �RNAs into cores (30).
The characterization of replication intermediates (RIs) iso-

lated from infected cells has provided important clues into the
process by which core assembly is coordinated with �RNA
packaging and dsRNA synthesis (Fig. 2) (37–40). These studies
indicate that the PC proteins, VP1 and VP3, interact with
�RNAs in the viroplasm to form replication-incompetent pre-
core RIs (28, 37, 40). It is during the formation of precore RIs
that RNA-RNA interactions are thought to drive assortment,
selection of the 11 different viral �RNAs that will be packaged
and replicated. Interactions of VP2 with precore RIs mediate
the formation of replication-competent core RIs, structures
that contain the full complement of viral �RNAs (37, 40). The
PC proteins of core RIs synthesize 11 viral dsRNAs from the
packaged �RNAs. Each PC directs a single round of minus-
strand synthesis, and the dsRNA product is retained within the
core. Interestingly, core RIs decrease in size and become
RNase-resistant as genome replication proceeds, yet genomic
dsRNA is protected from dsRNA-specific RNase (40). These
observations suggest that, initially, �RNAs are incompletely
encapsidated by the VP2 shell of the core RI but are completely
protected by the time the VP2 shell has fully matured and
genome replication is complete. Following replication, VP6 tri-
mers interact with core RIs, generating progeny DLPs. Some
newly formed DLPs may become transcriptionally active,
allowing them to contribute to the pool of �RNAs in the viro-
plasm that will be encapsidated and replicated within assem-
bling cores (41). In the final stages of virion assembly, DLPs
transit to the endoplasmic reticulum, where they acquire VP4
and VP7 prior to lytic release from the cell (7, 42).

Protein Requirements for RV
RNA Synthesis

Although VP3 is a component of
RV PCs, VP1 does not require the
viral capping enzyme for dsRNA
synthesis in vitro (43). Notably, this
enzyme does have an important role
in genome replication in vivo, as
small interfering RNA-mediated
knockdown of VP3 expression in
infected cells yields a reduction in
progeny particles containing dsRNA
(41, 44). In contrast, both in vitro
and in vivo experiments have shown
that dsRNA synthesis by VP1 is
strictly dependent upon the pres-
ence of the core shell protein VP2
(41, 45–47). It is not clear how VP1
is regulated by VP2, but prevailing
evidence suggests that an interac-
tion between these two proteins
during core assembly triggers the
RdRp to begin minus-strand syn-
thesis (48, 49). Recombinant VP2
is capable of self-assembling into

FIGURE 1. Structural organization of the RV virion as determined by cryo-
electron microscopy and image reconstruction. Left, cutaway of the TLP,
identifying the outer capsid attachment protein VP4, glycoprotein VP7, and
the internal VP6 and VP2 protein layers. Middle, the DLP, which has been
colored based on radial distance from the center of the particle. Part of the
VP2 and VP6 layers has been computationally removed to reveal the tubular
organization of dsRNA spooled around internal projections formed at 5-fold
vertices by VP2 N termini, VP1, and VP3. Right, the VP2 core shell, which is
shown primarily in green, with VP2-A monomers encircling one 5-fold vertex
shown in red and VP2-B monomers encircling one 3-fold vertex shown in
purple. A single asymmetrical VP2 dimer formed by the interaction of a VP2-A
monomer of one vertex and the VP2-B monomer of another vertex is outlined
in white. The location of a type I channel is indicated. Images were kindly
provided by B. V. V. Prasad (Baylor College of Medicine).

FIGURE 2. Model of RNA synthesis during the RV life cycle. During entry into target cells, VP4 (orange) and
VP7 (yellow) are lost from TLPs. In the resultant DLPs, PCs composed of VP1 (purple) and VP3 (pink) catalyze
synthesis of multiple copies of each of the 11 species of RV �RNAs (black ellipses), which anneal in cis to form
panhandle structures, with the 3�CS� remaining largely unbase-paired. The �RNAs serve as templates for
translation or are packaged into assembling particles. As viral proteins and �RNAs accumulate in the viroplasm
(gray), VP1, VP3, and �RNAs associate to form precore RIs, followed by addition of VP2 (green) to form catalyt-
ically active core RIs. Genome replication results in synthesis of the 11 genomic dsRNA segments. VP6 (blue) is
added to mature cores, forming DLPs. Finally, DLPs move into the endoplasmic reticulum (ER) where, by budding,
they acquire the outer VP4 and VP7 layer.
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empty core-like particles and putative assembly intermediates
(i.e. decamers), making it an ideal scaffold (50, 51). The N ter-
mini of VP2 molecules cluster to form an internal hub at each
5-fold vertex that is in proximity to engage VP1 (Fig. 1) (13).
Removal of VP2 N termini not only abrogates VP1 and VP3
encapsidation into core-like particles but also severely dimin-
ishes VP1-mediated in vitro genome replication (47, 51–53).
This result suggests that the VP2 N-terminal structure plays an
important role in genome replication either by directly trigger-
ing VP1 to begin RNA synthesis or by facilitating interactions
between the RdRp and the T � 1 shell. The molar ratio of VP1
to VP2 for optimal in vitro genome replication is 1:10, which
reflects the stoichiometry of the RV core (49). Thus, an attrac-
tive model for RV assembly and genome replication is that VP2
decamers form around individual �RNA-bound PCs, making
complete 5-fold vertices. It is likely that VP1 within the PC
remains inactive until all 12 vertices interact to form an
icosahedron.
Unlike genome replication, RV transcription has not been

reconstituted in vitro using recombinant proteins. Conse-
quently, the minimal components required for �RNA synthe-
sis are not known. DLPs isolated from RV-infected cells are
transcriptionally active in vitro, whereas single-layered core
particles are not, suggesting that VP6 is required (1). Addition
of recombinant VP6 to isolated RV core particles can restore
their transcriptional activity (54–56). Still, mere recoating is
not sufficient, as some forms of VP6 are capable of binding
cores but not inducing transcription (54–56). These results
suggest that VP6 induces precise but as of yet unidentified
structural changes in theVP2 layer, which influence the activity
of the internally bound PCs. In addition to VP6, the outer VP7
layer is also an important regulator of transcription. Specifi-
cally, structural studies have shown that removal of VP7
exposes channels in the VP6 andVP2 layers, presumably allow-
ingNTPs anddivalent cations to flow into theDLP interior (57).
Moreover, in the absence of VP7, the diameter of the type I
channels is increased, facilitating exit of newly made �RNAs
(57). During assembly of TLPs, addition of VP7 may serve to
inhibit the transcriptional activity of newly formed DLPs.

Critical Features of RV RNA Templates

RV RNA molecules contain important sequence and struc-
tural elements that promote their use as templates for replica-
tion and transcription. The �RNA templates for dsRNA syn-
thesis contain 5�-m7G caps but lack 3�-poly(A) tails (58). RV
�RNAs typically contain a single open reading frame flanked
by 5�- and 3�-untranslated regions, which are of variable length.
There is little sequence identity among the �RNAs, except for
short consensus sequences (CSs) located at the extreme termini
(59). The 3�CS of RV �RNA (3�CS�) has the sequence
5�-UGUGACC-3�. This element has been functionally defined,
using in vitro replication assays, as the minimal essential pro-
moter for dsRNA synthesis (43, 49, 60, 61). The 5�- and 3�-un-
translated regions contain complementary sequences that
mediate folding of �RNAs in cis into structures with extended
panhandles. In these structures, the 3�CS� is either not base-
paired or only partially so, leaving the 3�-end of the�RNAs in a
single-stranded conformation accessible to the RdRp (62, 63).

Cell-free replication assays have established that the 3�-termi-
nal CC residues of the 3�CS� are required for initiation of
minus-strand synthesis; on the other hand, electrophoretic
mobility assays have shown that the UGUG residues of the
3�CS� are important for specific recognition of�RNAsbyVP1
(46, 49, 60, 61, 64). Thus, the 3�CS� is a multifunctional ele-
ment that contributes not only to template recognition but also
to RNA catalysis.
VP1 recognition of the highly conserved 3�CS� likely repre-

sents a critical step in packaging of �RNAs into viral cores, pro-
viding a mechanism by which viral RNAs can be distinguished
fromnonviral RNAs. Stem-loops are predicted to extend from the
5�–3�-panhandles of folded RV �RNAs (63, 65, 66). Because the
precise location and length of the putative stem-loops differ
among the 11 RV �RNAs, these structures are hypothesized to
serve as assortment signals that mediate RNA-specific packaging
of the 11 viral RNAs during core formation (65).
The minus strands of dsRNA genome segments serve as the

templates for transcription. Unlike the 5�-end of the plus
strand, the minus strand lacks a 5�-cap (3). The 3�CS of the
minus strand (3�CS�) is less conserved than the 3�CS� of
�RNAs, usually consisting of the sequence 5�-(A/U)7GCC-3�
(3). Our understanding of the critical residues and elements
in the minus strand that promote �RNA synthesis is limited
by the lack of an efficient in vitro transcription system that
can utilize exogenous dsRNA templates. Nonetheless, the
conservation of the terminal CC residues in both the 3�CS�
and 3�CS� suggest that this dinucleotide plays a critical role
in initiating both �RNA and minus-strand RNA (�RNA)
synthesis.

Structure of VP1 and Its Interactions with RNA

The catalytic polypeptide of the RV PC is VP1, a hollow
enzyme composed of three domains: a globular N-terminal
domain, a central polymerase domain, and a C-terminal brace-
let domain (Fig. 3) (6). The polymerase domain is similar to
those of other RdRps, containing fingers, palm, and thumb sub-
domains as well as the six canonical motifs (A–F) (Figs. 3 and 4)
(67). The largeN- andC-terminal domains ofVP1 sandwich the
polymerase domain, enclosing its catalytic center and forming
four tunnels between the interior and exterior of the enzyme
(Fig. 3,C andD). Based on a comparisonwith the reovirus RdRp
(�3), the functions of the VP1 tunnels have been identified as (i)
template RNA entry, (ii) NTP entry and pyrophosphate exit,
(iii) dsRNA and�RNA exit, and (iv)�RNA exit (68). Although
other viral RdRps typically contain only three tunnels, the
unique four-tunnel arrangement of reovirus and RV RdRps
permits the exit of transcription and replication products
through different conduits (48). Specifically, during transcrip-
tion, nascent �RNAs are directed out of VP1 by a route that
permits capping via VP3 and exit from the DLP through type I
channels. In contrast, during genome replication, nascent
dsRNAs are directed out of a separate tunnel in VP1 and placed
into the interior of the core. In the solved structure of VP1, the
extreme C terminus forms an �-helix that resides within the
dsRNA/�RNA exit tunnel (Fig. 3,B andC) (6). The diameter of
this C-terminal “plug” is sufficient to block passage of dsRNA,
suggesting that it must be removed during genome replication.
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A putative cap-binding site resides adjacent to the template entry
tunnel on the exterior of VP1 (Fig. 3, A and B). Although its con-
tributiontoRVRNAsynthesishasnotyetbeen formally tested, the
cap-binding sitemay tether the5�-endofRNAtemplates and indi-
rectly recruit the 3� termini toward the entry tunnel via base pair-
ing (48). This feature would be of particular significance during
transcription, whereupon VP1 must continuously re-engage the
minus strand of dsRNA genome segments.
Structures derived from soaks of VP1 crystals with RNA oli-

gonucleotides representing the 3�CS� and 3�CS� confirmed

the results of biochemical studies and provided additional
insight into mechanisms of RV template recognition (6). VP1
binds the 3�CS� within the template entry tunnel, with the 3�
terminus of the oligonucleotide extending into the catalytic
center of the RdRp (Fig. 4). The 3�CS� is bound via both non-
specific and sequence-specific interactions (Fig. 4B). In partic-
ular, residues in the VP1 template entry tunnel form seven
hydrogen bonds with the UGUG bases as well as 11 hydrogen
bonds with the phosphate backbone of the 3�CS�. VP2 and
VP3 are also capable of binding RNA, but VP1 is the sole com-
ponent of the RV core that exhibits specific recognition of
�RNAs (6, 46, 49, 69). Thus, VP1 is likely to play an important
role in selecting RV�RNAs during packaging, and interactions
with the UGUG bases of the 3�CS� may contribute to this
process. Within the center of VP1, the bases of the ACC nucle-
otides of the 3�CS� form a stack that sits adjacent to the cata-
lytic site (Fig. 4C) (6). These nonspecific stacking interactions
might help align templates with the priming site (P site) and
incoming nucleotide site (N site) NTPs for catalysis. Interest-
ingly, specific recognition of the 3�CS� by residues in the VP1
template entry tunnel aligns the �RNA template such that it
has overshot the correct register for initiation by a single nucle-
otide (6). As a consequence, the AC residues of the terminal
ACC of the 3�CS� sit adjacent to the N and P sites. This over-
shot alignment results in the formation of an autoinhibited
VP1/�RNA complex that would need to be corrected for RNA
synthesis to commence with the first residue of the template
strand.
During transcription, VP1 interacts with the 3� terminus of

the minus strand of dsRNA. In contrast to the base-specific
recognition observed for the 3�CS�, VP1 recognizes the 3�CS�
solely through nonspecific interactions (6). The manner in
whichVP1 engages the 3�CS� is nearly identical to the nonspe-
cific contacts between VP1 and the 3�CS�. Thus, VP1 interac-
tions with the 3�CS� likely represent a conserved mechanism
of nonspecific RNA recognition that permits VP1 to guide RNA
templates of differing sequence into its catalytic center. Spe-
cific recognition of the 3�CS� is not as important as specific
recognition of the 3�CS� because dsRNA templates for tran-

scription have already been encapsi-
dated within the DLP.

De Novo Initiation of RV RNA
Synthesis and VP1 Activation

Generation of a stable initiation
complex is the first step in RV RNA
synthesis and involves (i) in-register
alignment of the 3�-end of the RNA
template; (ii) occupation of the P
andN sites byNTPs; and (iii) forma-
tion of the first phosphodiester
bond, creating an initiating dinucle-
otide. Unlike RdRps that utilize a
protein or RNA primer, VP1 uses a
de novo mechanism of initiation
for RNA synthesis. Therefore, VP1
must be able to support the priming
NTP yet permit elongation of the

FIGURE 3. Structural organization of the RV RdRp. A and B, surface and
ribbon representations of VP1 (Protein Data Bank code 2R7R). A m7G cap
(orange sticks) is shown in the putative cap-binding site. C, cutaway of VP1
(rotated 90° to the right relative to the image in A) showing the four-tunnel
architecture of the polymerase. Putative functions of the tunnels are indi-
cated. For A–C, the N-terminal domain of VP1 is colored yellow; the C-terminal
domain is colored pink; and the fingers, palm, and thumb subdomains of the
polymerase domain are colored blue, red, and green, respectively. The C-ter-
minal plug is colored cyan. D, schematic depicting the four tunnels of VP1,
oriented as in C, during transcription. �RNA is colored black, and �RNA is
colored red. The 5�-cap (green) of the plus strand of a dsRNA template under-
going transcription is shown anchored into the cap-binding site.

FIGURE 4. VP1 RNA recognition and polymerization. Shown are ribbon drawings of the polymerase domain
(A), template recognition region (B), and catalytic site (C) of VP1 (Protein Data Bank code 2R7R). In all images, a
bound oligonucleotide (3�CS�, 5�-UGUGACC-3�; yellow sticks) is shown, and RdRp motifs are colored as fol-
lows: motif A (pink), motif B (purple), motif C (green), motif D (navy), motif E (yellow), and motif F (light blue). The
remaining portions of VP1 are colored gray. In B, nucleotide bases of the 3�CS� are labeled, and side chains of
VP1 residues that interact with the RNA are shown. Hydrogen bonds formed with the RNA bases and ribose
phosphate backbone are shown with green and red lines, respectively. In A and C, the RV priming loop is colored
red. In C, nucleotide bases of the 3�-terminal ACC stack are labeled, and the catalytic aspartates of motifs A and
C are shown. NTPs (green sticks), divalent cations (slate-blue spheres), and the priming loop (gold) from the
structure of reovirus �3 RdRp (Protein Data Bank code 1N1H) have been overlaid to highlight the overshot
position of the RNA and the differences in priming loop orientation of the two polymerases.
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nascent strand. A loop located between two �-helices of the
palm subdomain, close to the P site, is an ideal candidate struc-
ture to serve as a platform for initiation complex formation (Fig.
4C) (6). In the enzymatically inactive form of VP1, this priming
loop is bent away from the P site such that it is incapable ofNTP
binding. However, in the structure of enzymatically active reo-
virus RdRp, the homologous loop is bent toward the P site,
supporting the priming NTP by binding its triphosphates (68).
This result suggests that the priming loop of VP1must be repo-
sitioned for RNA catalysis to occur.
Although VP1 can bind viral �RNA templates alone, initia-

tion of genome replication requires the core shell protein VP2
(6, 45–47). Thus, in addition to its role as a scaffold, VP2
appears to activate VP1, likely by inducing multiple conforma-
tional changes in the RdRp. These changes are anticipated to
include (i) realignment of overshot�RNA templates, (ii)move-
ment of the priming loop, and (iii) removal of a C-terminal
�-helical plug that obstructs dsRNA exit (6, 48). As mentioned
above, VP1 recognizes the 3�CS� sequence in a manner that
causes the terminus of the template to overshoot the initiation
register by a single nucleotide (Fig. 4C) (6). It is possible that
interactions with VP2 shift the equilibrium toward a properly
aligned �RNA template. Oligonucleotides representing a
3�CS� with a deleted A residue (5�-UGUGCC-3�) align in reg-
ister for initiation (6), yet templates with this 3�-sequence still
cannot be replicated by VP1 in the absence of VP2 (6). Thus,
proper alignment of the template may be important, but it is
insufficient to render VP1 replication-competent. In addition
to the overshot �RNA templates, the position of the priming
loop might contribute to the incapacity of VP1 to replicate
�RNA in the absence of VP2 (Fig. 4C) (6). Interactions with
VP2 are expected tomove the flexible VP1 priming loop toward
the P site, permitting initiation complex formation. Moreover,
a C-terminal �-helical plug resides in the VP1 dsRNA/�RNA
exit tunnel (Fig. 3, B and C) (6). In the presence of the plug, the
tunnel is toonarrow topermitpassageofdsRNA.However,move-
ment of the plug, perhaps as a result of interaction with VP2, is
anticipated to widen the tunnel sufficiently for exit of nascent
genome segments. VP1 proteins inwhich theC-terminal plug has
been deleted are equivalently active to wild-type VP1 in vitro (6).
However, they do not gain the capacity to replicate RNA in the
absence of VP2. Thus, similar to template alignment, removal of
theC-terminal plug is insufficient to renderVP1 replication-com-
petent on its own. Taken together, current findings suggest that at
least these three conformational changes are required to activate
VP1. Since initiation complex formation for transcription entails
the same steps as for genome replication, it is likely that some of
these conformational changes are also required forVP1 activation
during�RNA synthesis.

Future Directions and Concluding Remarks

Although biochemical and structural studies have shed light
on the molecular mechanism of RV RNA synthesis, there are
several key gaps in knowledge that warrant future investigation.
One of the most interesting unresolved events of RV biology is
assortment, the efficient packaging of 11 different �RNA seg-
ments. Since VP1 is the only viral protein known to bind
�RNAs specifically, and it does so via sequences that are con-

served across all 11 genome segments, it is likely that RNA-
RNA interactions primarily mediate assortment (6). Sequences
differ substantially among the 11 RV genome segments and
may contain segment-specific packaging information (3, 59).
RNA secondary structural elements, exemplified by predicted
stem-loop structures (mentioned above), likely play a promi-
nent role in gene-specific packaging (63, 65, 66). Assortment
based on RNA-RNA interactions is a strategy that is not unique
to RVs. Mounting evidence suggests that assortment for influ-
enza viruses (which encapsidate eight different segments of
negative-sense RNA) involves a segment-specific arrangement
of RNA mediated by RNA-RNA interactions (70–75). Further
insight into RV assortment may be gained from the develop-
ment of a tractable packaging assay or reverse genetics system.
Aspects of the structural features and interactions between

proteins involved in RV intraparticle RNA synthesis also
remain incompletely understood. In particular, little is known
about how the core shell protein VP2 activates the RV RdRp
VP1. The precise interactive domains between these proteins
have not yet been mapped, and the changes that occur in VP1
following VP2 binding remain speculative. Although there is
evidence that VP1 and VP3 reside near 5-fold vertices in the
interior of the core, the precise location of these enzymes
remains unclear (19). The nearly immediate capping of nascent
�RNAs suggests that VP3 abuts the �RNA exit tunnel of VP1
(25). However, a formal interaction between VP1 and VP3 has
not been demonstrated, and structural information for VP3 is
currently unavailable. Although addition of VP6 to RV cores
results in a switch in VP1 function from replication to tran-
scription, the mechanism of this switch and the components
through which these signals are mediated (VP1, VP2, VP3, or
RNA) remain unknown (54–56). Future structural and bio-
chemical studies may clarify these unresolved issues.
Intraparticle RNA synthesis is a strategy that is shared with

other segmented dsRNA viruses such as reovirus and blue-
tongue virus. Although the specific arrangement of proteins
and number of layers composing virions differ among these
viruses, each forms a T � 1 core structure that houses the viral
RdRps and capping machinery (2, 10, 14, 19, 25, 76–79). Sur-
prisingly, unlike VP1, the RdRps of reovirus and bluetongue
virus are active in vitro in the absence of other viral proteins (68,
80). An independently active RdRp could synthesize dsRNA
prior to core assembly, a process that would expose the genome
to the cellular contents and that has not been observed previ-
ously in infected cells. It remains to be seen whether these dif-
ferences in RdRp activity are artifacts of in vitro assays and
whether we can exploit them to engineer VP1 proteins whose
activity is independent of VP2 for future studies of RV RNA
synthesis.
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For many years, one of the fundamental barriers to defining
the mechanisms of molecular and cellular processes was our
inability to observe individual molecules becausemost conven-
tional experimental approaches reveal only the average proper-
ties of ensembles of molecules existing in different states. For
example, although individual protein molecules in solution are
likely to differ at any given time in their conformation and the
ions and molecules with which they are interacting, most
experimental approaches monitor only their average confor-
mation and average binding properties. Defining the individual
states accessible to a molecule is central to defining the mech-
anisms of the biological processes in which it participates.
Within the past couple of decades, a suite of extraordinarily

sensitive methods has been developed that allows the dimen-
sions andmotions of individual biologicalmolecules to bemon-
itored andmanipulated both in solution and in cells. Molecules
can be visualized by attaching either fluorescent labels or
microscopic beads that can be visualized with spectrophotom-
eters or microscopes while mechanical, optical, and magnetic
forces, generally applied in vitro to a molecule tethered to a
surface, allow them to be manipulated. Although newmethod-
ologies are constantly being developed, the approaches most
widely used at this time are optical monitoring of fluorescent
labels or reporter microbeads, fluorescence resonance energy
transfer, atomic force microscopy, magnetic tweezers, and
optical tweezers (or traps).
These approaches differ in themolecular properties that they

monitor and their temporal and spatial resolution, and, thus,
different approaches are often optimal for different systems. At
the same time, applying several approaches to the same prob-
lem can increase the depth of understanding that can be
achieved. Observations made with single fluorescent labels or
reporter microbeads typically provide insights into the move-
ment of entiremolecules, for example, themovement ofmyosin
heads along an actin filament. Fluorescence energy resonance
transfer between two fluorophores assesses the distance
between them and changes in that distance over time as a result
of intramolecular motion or changes in the interactions be-
tween molecules. The remaining three methods, atomic force
microscopy, magnetic tweezers, and optical tweezers, all apply
force to a molecule that is tethered at both ends and measure
the effect of the force on themolecule. Typically, one end of the
molecule is tethered to a surface, whereas the second is
attached to a cantilever, in atomic force microscopy, or a

microbead,withmagnetic and optical tweezers. Thesemethods
are widely used to study the unfolding of RNA or proteins or
changes in DNA topology. In atomic force microscopy, the
cantilever to which the molecule is attached applies a mechan-
ical force to the molecule, and the effect of the force on the
molecule is evaluated by monitoring the reflection of a laser
beam from the cantilever. In magnetic tweezers experiments,
the microbead to which the molecule is attached is superpara-
magnetic and positioned below the poles of a pair ofmagnets so
that decreasing the distance between the magnets and the sur-
face to which themolecule is tetheredwill stretch themolecule,
whereas rotating the magnet will exert torque on the molecule.
In contrast, in an optical tweezers experiment, the bead ismade
of a dielectric material, and the force is generated by the elec-
tromagnetic field produced by a laser beam.
Single-molecule methods can provide novel new insights

into an extraordinarily broad range of questions, including
enzyme mechanisms; folding of DNA, RNA, proteins, and
polysaccharides; membrane protein structure and function;
motor proteins and cytoskeletal dynamics; rotary motors; pro-
cessive nucleic acid enzymes; protein-nucleic acid interactions;
single-molecule sequencing; vesicle trafficking; membrane
fusion; and even brain imaging. The four minireviews in this
series illustrate a few of the ways in which these approaches can
be used.
The first minireview, by Alegre-Cebollada et al., describes

how they used atomic force microscopy to compare and dem-
onstrate differences at subatomic resolution in the transition
states of disulfide bondoxidation catalyzed by variousmembers
of the thioredoxin family. By determining the relationship
between the force applied to the disulfide bond and the rate of
oxidation, Alegre-Cebollada et al.were able to evaluate the dif-
ference in the length of the disulfide bond in the ground and
transition states for a simple Sn2 reaction. They found that,
whereas the force dependence of the reaction is always positive
for small reducing agents, the effect of the applied force on the
rates of reactions catalyzed by thioredoxins varies with the
structure and dynamics of the enzyme. This approach should
be useful in studying and comparing other enzymes that cleave
covalent bonds, and the minireview defines the criteria that
must be met in applying this approach to other enzymes.
In the second minireview, Neuman focuses on how torque

produced by magnetic and optical tweezers can be used to
control and measure the supercoiling of DNAmolecules and
the relationship between supercoiling and the mechanical
properties of DNA. Neuman reviews how these approaches
have been employed to monitor supercoil relaxation by two
topoisomerases, negative supercoiling by DNA gyrase, and
promoter opening and transcriptional initiation by bacterial

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.
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asbmb.org.
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RNA polymerase. The minireview looks to future work on
the topology of chromatin fibers and rotary motors such as
RNA polymerase.
The third minireview, by Finzi and Dunlap, emphasizes the

structures, kinetics, and thermodynamics of the DNA loops
that form in transcriptional regulatory nucleoprotein com-
plexes as a result of protein-protein interactions. The studies of
the lac, gal, and � repressors presented in this minireview uti-
lize atomic force microscopy, magnetic tweezers, and the teth-
ered-particle method, in which movement of a reporter bead
attached to tethered DNA enables the changes in length of the
DNA resulting from loop formation or release to be detected.
This minireview also discusses the role of DNA-coiling and
DNA-bending cofactors in both prokaryotic and eukaryotic
systems, particularly Snf2 chromatin-remodeling factors.
The last minireview in this series, by Hamdan and van Oijen,

describes how single-molecule flow-stretching experiments
have led to new insights into how the molecular events in
DNA replication in T7 phage are coordinated. In the exper-
iments described, DNA molecules tagged at each end with

microbeads were oriented by laminar flow so that their
lengths could be determined. Because transitions between
double- and single-stranded DNAs alter the length of the
DNA, the steps in replication in which these transitions
occur can be identified. Like Finzi and Dunlap, Hamdan and
van Oijen were particularly interested in DNA loops created
by protein-protein interactions, in this case, the loops that
form in the lagging DNA strand to keep replication of the
leading and lagging strands in phase. They set out to deter-
mine what triggers release of the loops. Is it the synthesis of
a new primer molecule or the collision of the polymerase
with the Okazaki fragment previously synthesized? In fact,
they found that both mechanisms operate to ensure that
Okazaki fragments of the correct length are synthesized.
This series covers only a small fraction of the topics that can

be investigated with single-molecule methods. The Journal of
Biological Chemistry is expanding its coverage of this important
area and encourages submission ofmanuscripts that use single-
moleculemethods to provide novel and important insights into
molecular and cellular processes.
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Enzyme catalysis has been traditionally studied using a
diverse set of techniques such as bulk biochemistry, x-ray crys-
tallography, and NMR. Recently, single-molecule force spec-
troscopy by atomic forcemicroscopy has been used as a new tool
to study the catalytic properties of an enzyme. In this approach,
a mechanical force ranging up to hundreds of piconewtons is
applied to the substrate of an enzymatic reaction, altering the
conformational energy of the substrate-enzyme interactions
during catalysis. From these measurements, the force depen-
dence of an enzymatic reaction can be determined. The
force dependence provides valuable new information about the
dynamics of enzyme catalysis with sub-angstrom resolution, a
feat unmatched by any other current technique. To date, single-
molecule force spectroscopy has been applied to gain insight
into the reduction of disulfide bonds by different enzymes of the
thioredoxin family. This minireview aims to present a perspec-
tive on this new approach to study enzyme catalysis and to sum-
marize the results that have already been obtained from it.
Finally, the specific requirements that must be fulfilled to apply
this new methodology to any other enzyme will be discussed.

Enzymes are one of the main actors in a living organism, as
they are able to specifically catalyze a great number of chemical
reactions necessary for life. Enzyme-catalyzed reactions can
proceed 1010–1023 times faster than the corresponding uncata-
lyzed counterparts (1). In the last decades, themechanisms that
sustain catalytic activity have been inspected by increasingly
sophisticated techniques, from bulk biochemistry assays to
high-resolution x-ray crystallography or NMR. These studies
have identified many structural features and conformational
changes necessary for the catalytic activity of enzymes. As a
consequence, different pictures of how enzymes work have
emerged. From the primigenious “lock and key” model to the
current transition state theory, a considerable improvement in
our knowledge of themechanisms of enzyme catalysis has been

achieved (2). Unfortunately, we are still far from a definitive
description of enzymatic activity, as demonstrated by the sys-
tematic reduced catalytic efficiency shown by de novo designed
enzymes (3). New approaches to the study of enzyme catalysis
are required to fill the gaps that still exist.
In the last decades, it has been postulated that enzyme

dynamics may play an important role in catalysis (4–7). In par-
ticular, the ability to distort substrates may be considered as a
dynamic property of enzymes (1, 8). Asmost proteins, enzymes
are dynamic entities whose conformation is not rigid but fluc-
tuates (9). Experimentally, two types of conformational fluctu-
ations with different time scales have been found for enzymes,
i.e. those on the nano- to picosecond time scale and those on the
milli- to microsecond time scale (10). The latter are coincident
with the time scales reported for most catalytic cycles. Even
though the proposal that enzyme dynamics is important for
catalysis is not free from controversy (11), it is supported by a
number of experimental evidences. For example, it has been
observed that the theoretically predicted hinge centers in most
enzymes colocalize with their catalytic sites (12). In addition,
the fact that mutations far from the catalytic site are able to
reduce the catalytic rate of enzymes has been related to the
hampering of motions important for catalysis (13, 14). Further-
more, NMR experiments have identified multiple conforma-
tions in the catalytic pathways of different enzymes whose pro-
portions change as the reaction develops (15, 16). Accordingly,
single-molecule fluorescence and fluorescence energy transfer
assays have been able to correlate changes in the catalytic rate of
an enzyme with conformational fluctuations (17, 18). Still,
exploring the dynamic sub-angstrom rearrangements of the
atoms participating in catalysis is experimentally challenging
(10).
One method especially suited to the investigation of the

dynamics of proteins over a wide range of time scales with
atomic resolution isNMR (19, 20); however, withNMR, there is
no easy means to separate the motions relevant to catalysis
from those that are not (21). In addition, NMR determinations
usually require working under steady-state conditions, which
are accessible only for reversible reactions (20). Combined
quantummechanics/molecularmechanicsmethods are used to
study the relevance of specific enzyme motions in the catalytic
activity (10). Even though quantum mechanics/molecular
mechanics simulation techniques will presumably be improved
over the coming years (22), important limitations remain. For
instance, it is not likely that simulations can reach the time
scales of most enzymatic reactions in the near future. There-
fore, there is a need to develop new assays able to explore the
dynamics of enzymes during catalysis, providing new informa-
tion that complements the results obtained by existing experi-
mental approaches (1). In this regard, force is a highly appro-
priate probe if it can be used to dynamically alter the system on
a relevant scale. The application of force to a substrate could, in
that case, explain motions that are important for catalysis. In
fact, simple chemical reactions aremodulated by force as a con-
sequence of the spatial rearrangements of the participating

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL66030 and HL61228 (to J. M. F.). This is the first article in the The-
matic Minireview Series on Single-molecule Measurements in Biochemis-
try and Molecular Biology. This minireview will be reprinted in the 2010
Minireview Compendium, which will be available in January, 2011.
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atoms (23).What scale is relevant for these interactions? As the
stiffness of a covalent bond is on the order of �10 nN/Å (24)4
and the transition state distance for a chemical reaction typi-
cally is a fraction of an angstrom, this necessitates an appropri-
ate force probe to be in the range of �100 pN up to �1 nN per
bond, which is specially suited for atomic force microscopy
(AFM) determinations. Taking into account that force is a vec-
tor and not a scalar, measuring the effect of force on bulk reac-
tions cannot be easily achieved (23). The appearance of single-
molecule techniques has overcome this limitation. For
example, both fluorescence and optical tweezers have been
extensively used to detect forces and motions of molecular
motors (25, 26). Only recently has it become possible to mea-
sure the influence of force on the enzymatic cleavage of cova-
lent bonds. In particular, single-molecule force spectroscopy
has emerged as a useful tool to study the force dependence of
the reduction of disulfide bonds by different thioredoxins
(Trxs) (14, 27). In this approach, a mechanical force is directly
applied to the substrate disulfide bond. It has been shown that
the force dependence of the reaction is directly related to the
sub-angstrom rearrangements of enzyme and substrate during
catalysis. This minireview aims to present a perspective on this
new methodology to study enzyme catalysis.

Disulfide Bond Reduction Studied by Single-molecule
Force Spectroscopy

Single-molecule force spectroscopy by AFM has proven use-
ful to study the force dependence of the reduction of disulfide
bonds both by chemicals and by different Trxs (27, 28). In the
standard assay, a polyprotein composed of several copies of an

immunoglobulin domain from human cardiac titin (I27) is held
between the tip of an AFM cantilever and a gold surface on top
of a piezoelectric positioner (Fig. 1A). Polyproteins composed
of eight I27 modules are usually employed. Each one of the I27
modules includes an engineered disulfide bond between resi-
dues 32 and 75, (I27G32C-A75C)8 (Fig. 1B). In the force-clamp
mode of AFM, it is possible to set the force exerted to the
polyprotein up to several hundreds of piconewtons (29). In this
mode of operation, the deflection of the cantilever is held con-
stant because of an electronic feedback system that controls the
extension of the polyprotein via the piezoelectric positioner
(30). Response times of �5 ms can be easily achieved with the
current instrumentation.
The behavior of both I27 and I27G32C-A75C upon application

of mechanical loads has been thoroughly examined by AFM
(31, 32). The unfolding rate of I27G32C-A75C at �200 pN is high
(30 s�1) (28). Thus, a double-pulse protocol is employed to
detect the reduction of disulfide bonds. A first pulse of force
(160–190 pN during 0.3–1.0 s) unfolds the domains of the
polyprotein. In these experiments, the disulfide bonds act as
force transducers; therefore, the I27G32C-A75C modules extend
only up to the disulfide bonds (Fig. 1, C andD), as forces higher
than 1 nN are required to cleave covalent bonds (33). The indi-
vidual unfolding events can be unambiguously detected as step
increases of �10.8 nm in the length of the polyprotein, which
give rise to a well defined staircase in a length versus time plot
(Fig. 2A). Each step in size is accompanied by a sudden decrease
in the force, which is rapidly compensated by the feedback (Fig.
2A). Therefore, this series of unfolding steps serves as a well
defined fingerprint that unambiguously distinguishes the
polyprotein of interest from any other spurious interactions. In
addition, the unfolding events promote a steric switch that now
allows the disulfide bonds that were buried in the protein to be

4 The abbreviations used are: nN, nanonewtons; pN, piconewtons; AFM,
atomic force microscopy; Trx, thioredoxin; DTT, dithiothreitol.

FIGURE 1. Single-molecule force spectroscopy assay for the detection of single reduction events by the enzyme Trx. A, in the standard assay,
(I27G32C-A75C)8 is stretched between the tip of an AFM cantilever and a gold surface. In the force-clamp mode, the signal received by the photodetector is kept
constant by an electronic feedback system that controls the extension of the polyprotein via the piezoelectric positioner. Note that, for the sake of simplicity,
only three monomers of the polyprotein are depicted in the diagram. B, shown is the I27 monomer, with the residues forming the disulfide bond indicated in
yellow (Protein Data Bank code 1TIT). C, shown is the structure of one I27G32C-A75C module after unfolding according to molecular dynamics simulations (27).
Because of the presence of the disulfide bond, only part of the protein unfolds (shown in red). D, as long as the modules remain folded, the disulfide bond in
each I27G32C-A75C domain cannot be reduced by Trx. The unfolding event acts as a steric switch that allows the disulfide bond to be accommodated into the
active site of Trx and be reduced. Concomitant to the reduction, a second length increase is detected, as the trapped residues extend (shown in blue). The
probability of reduction drastically depends on the applied force as a consequence of the dynamics of enzyme and substrate during catalysis.
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reduced by reducing agents contained in the solution (Fig. 1D)
(27, 28, 34). After the unfolding of the domains, a second pulse
of force is applied for up to minutes to monitor single-disulfide
reductions.When a disulfide bond is reduced, the region of the
protein whose unfolding was hampered by the disulfide bond
now extends. These extensions are recorded as a second series
of steps of �13.2 nm/disulfide bond reduction (Fig. 2A). As in
the unfolding steps, a sudden decrease in the force accompanies
the reduction events (Fig. 2A). Generally, 15–50 traces, as
shown in Fig. 2A, are accumulated per force. In the more
straightforward analysis, the traces are averaged and fitted with
a single exponential with time constant � (Fig. 2B). From this fit,
it is possible to obtain the reduction rate at a given force (r �
1/�) (28). It has been observed that, as a consequence of the
detachment kinetics of the polyprotein from the surface or the

cantilever, the results can be biased to faster rates. To avoid this
artifact, only traces with long detachment times should be
included in the analysis (35). As an alternative to exponential
fits, a dwell time analysis technique has been implemented
recently for the study of single-molecule mechanochemical
reactions (36). This procedure overcomes the limitations of
exponential fits whenmultiple-reaction pathways occur simul-
taneously; however, a large pool of events (�1000) needs to be
collected.

Chemical Reactions under Force at the Single-molecule
Level

To better understand the effects of force on a reaction cata-
lyzed by an enzyme, let us first consider the case ofmore simple
uncatalyzed chemical reactions. It has been shown that the rate

FIGURE 2. Single-molecule force spectroscopy as a probe to study chemical reactions and enzyme catalysis. A, when (I27G32C-A75C)8 is pulled at 165 pN,
a series of 10.8-nm steps is detected, reflecting the rapid unfolding of the modules up to the disulfide bond (see inset). If a reducing agent such as the enzyme
Trx is present in solution (red trace), a second series of 13.2-nm steps is detected. These correspond to the reduction of the disulfide bonds and the subsequent
release of the residues from 32 to 75. No reduction happens if there is no reducing agent in the solution (blue trace). Note the sharp peaks in the force trace
reflecting the fast response of the feedback system after the unfolding and reduction events. B, 15–50 traces as that shown in Fig. 2A are averaged per force,
and a single exponential is fitted to each averaged trace (smooth line) to get the reduction rates (r). C, shown is the force dependence of the reduction rate for
a small reducing agent (L-Cys, 12.5 mM; blue circles), human Trx (10 �M; red squares), and E. coli Trx (10 �M; green triangles). Error bars were obtained by
bootstrapping methods (27). D, the diagram represents the energy landscape for the thiol/disulfide exchange reaction under force. The application of force
reduces the activation energy by F��x. Force-clamp determinations indicate the distance to the transition state (�x) with sub-angstrom resolution. E, the
schematic shows the Trx-catalyzed reduction of a disulfide bond in a stretched polypeptide. To acquire the correct geometry for an Sn2 reaction, the substrate
disulfide bond has to rotate by angle �, which causes a contraction of the substrate against the pulling force. It has been hypothesized that this contraction is
responsible for the negative �x obtained in single-molecule force spectroscopy experiments (see text).
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of reduction of the disulfide bonds in (I27G32C-A75C)8 by small
reducing agents such as dithiothreitol (DTT) or L-Cys is expo-
nentially dependent on the applied force (Fig. 2C) (28, 37, 38).
The exponential dependence is given by a Bell-like (39) rela-
tionship: r(F)�A�exp((F��x�Ea)/kB�T). In this expression,A is
the attempt frequency, �x is the distance to the transition state
of the reaction, Ea is the activation energy barrier for the reac-
tion, kB is the Boltzmann constant, and T is the absolute tem-
perature. Fitting the experimental results for the reduction by
DTT to the equation above yields �x � 0.34 Å (28). Interest-
ingly, theoretical calculations have suggested that the length of
the disulfide bond at the transition state of a simple Sn2 thiol/
disulfide exchange reaction increases by �0.37 Å (40). These
results then indicate that the changes in distance between the
sulfur atoms at the transition state are responsible for the force
dependence of the reaction. Indeed, when different reducing
agents are used, the measured distances to the transition states
of the corresponding reactions are in agreement with the
physicochemical characteristics of the reactants (37, 38). For
thiol-initiated disulfide bond reductions such as DTT, �-mer-
captoethanol, or glutathione, �x � 0.31 � 0.05 Å.When phos-
phine-based reducing agents are employed, �x is significantly
higher (0.44 � 0.03 Å). Such an increase in the distance to the
transition state for the latter compounds is again in agreement
with quantum chemical calculations, which show that the dis-
tance between sulfur atoms in the transition states of phos-
phine-based reactions is longer than that in thiol-initiated
reductions (37). In addition, it has been demonstrated for phos-
phine-initiated reductions that �x decreases when glycerol is
incorporated into the aqueous solution (37). This result pro-
vides a direct test of theoretical calculations of the role of sol-
vent molecules in the transition state of a bimolecular Sn2 reac-
tion. In summary, the force-clamp experiments using small
reducing agents show that themechanical force imposes a one-
dimensional reaction coordinate for the reaction (Fig. 2D). In
this context, �x reports on the progression along that reaction
coordinate with sub-angstrom resolution, providing valuable
information about the geometry of the transition state. In addi-
tion, the information gained about the transition state from
force-clamp determinations is probably independent of its life-
time. The rational behind this is that, no matter how short- or
long-lived a transition state is, it will always be subjected to
force. Thus, in theory, the force spectroscopy methodology
applied to chemical reactions might be able to inspect the geo-
metric properties of transition states independently of their
lifetimes.

Force as a New Probe of Enzyme Catalysis

From the experiments using small reducing agents, it is clear
that chemical reactions resulting in changes in bond distance
will be force-dependent and that single-molecule force spec-
troscopy is able to provide sub-angstrom information about the
transition state of the reaction. The same approach has also
been employed to investigate the mechanism of disulfide bond
reduction by members of the Trx family of enzymes (14, 27).
Trxs show a highly conserved active site (CXXC) that catalyzes
the reduction of target disulfide bonds involved in a multitude
of cellular processes (41, 42). Several methods based on bulk

spectrophotometry have been widely used to determine the
activity of Trxs. These methods are based on the oxidation of
NADPH in the presence of Trx reductase or ribonucleotide
reductase (43, 44); the increase in turbidity of insulin solutions
concomitant with the reduction of the disulfide bonds in that
peptide (43); or the use of Ellman’s reagent (5,5�-dithiobis(ni-
trobenzoic acid)), which generates colored products upon
reduction by thiol groups (41). The change in the intrinsic fluo-
rescence of Trx has also been used to measure rates of enzyme
oxidation and reduction (45). Althoughhighly effective inmon-
itoring the overall activity of Trx enzymes, these methods do
not probe the chemical mechanisms underlying their catalysis.
The main reason is that many factors influence the measure-
ments, such as the kinetics of reduction of Trx by Trx reductase
and the kinetics of insulin aggregation after disulfide bond
reduction (14, 46). In addition, they have the limitations inher-
ent to bulk assays, as they provide only average measurements
of activity. In the case of the single-molecule force spectroscopy
assays, the enzyme is kept in the reduced form because of the
presence of Trx reductase and NADPH (the so-called Trx sys-
tem). Therefore, the amount of oxidized Trx is negligible, and
themeasured activity reflects only the reduction of the disulfide
bond in (I27G32C-A75C)8 at a given Trx concentration.

In contrast to DTT and other small reducing agents, human
Trx-mediated disulfide reduction is strongly inhibited by force,
with�x� �0.79 Å (Fig. 2C) (27). Amolecular interpretation of
this result has been obtained from the crystal structure of
human Trx in complex with a substrate peptide (Protein Data
Bank code 1MDI). Apeptide-binding groove is identified on the
surface of the protein close to the catalytic cysteine. It is known
that the reduction of a disulfide bond proceeds via an Sn2mech-
anism, in which the three participating sulfur atoms form an
�180° angle (47, 48). Given the fact that the disulfide bond in
1MDI forms an angle of �70° with respect to the axis of the
groove, it is evident that the target disulfide bond must rotate
with respect to the pulling axis to acquire the correct geometry
for reaction (Fig. 2E). Taking into account the orientation of the
disulfide bond with respect to the pulling force, it can be esti-
mated that a 0.77-Å shortening of the substrate polypeptide is
needed to align the participating sulfur atoms, in extraordinary
agreement with the experimental �x (�0.79 Å). This interpre-
tation is supported by molecular dynamics simulations and a
theoretical model that treats the substrate backbone as a freely
jointed chain (27). Therefore, it appears that, different from
what is observed for the reductions by small reducing agents,
the change in bond distance at the transition state is not the
main determinant of the force dependence for enzyme-cata-
lyzed reactions. On the contrary, the dynamics of enzyme and
substrate during catalysis are the main contributors to the
measured �x.
When Trx from Escherichia coli was assayed, a similar force

dependence up to 200 pN was observed. However, this enzyme
shows a second chemical pathway that becomes apparent only
at higher forces (27). The two pathways seem to be independent
of each other because mutants P34H and G47S selectively
inhibit only the first pathway (14, 27). The second pathway of
E. coli Trx is force-accelerated with �x � 0.22 Å (Fig. 2C) (27).
This catalyticmodemight be explained by the reduction occur-
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ring without the peptide binding the groove; in this regard, the
second pathway would be similar to the reduction by agents
such as DTT and L-Cys (Fig. 2C).

In summary, the application of single-molecule force spec-
troscopy to the study of catalysis by Trxs, in combination with
molecular dynamics simulations, provides detailed information
about the dynamics of enzyme and substrate during catalysis.
This information has been used to detect residue co-evolution
in enzymatic activity, which would have gone unnoticed using
standard bulk assays (14). Future work will address the rele-
vance of the peptide-binding groove in the different catalytic
pathways (49) and how the different Trx catalytic mechanisms
have been shaped by evolution.

Single-molecule Force Spectroscopy Assays for Other
Enzymatic Activities

The results obtained with Trx suggest that it will be highly
informative to apply the single-molecule force spectroscopy
methodology to other enzymes. In principle, the single-mole-
cule assay for the reduction of disulfide bonds by Trx might be
adapted to any other enzyme that catalyzes the cleavage of
covalent bonds. This would allow a deeper understanding of
different mechanisms of catalysis. Proteases, esterases, phos-
phodiesterases, glycosidases, and glycosyltransferases are
enzymes with the ability to cleave covalent bonds (50). From
what has been learned from the single-molecule assay for disul-
fide bond reduction, it is clear that any new experimental setup
aimed at studying single-molecule bond cleavage under force
should fulfill the following requirements. (i) The substrate
should be incorporated into a macromolecule providing an
unambiguous fingerprint after mechanical unfolding. (ii) The
rate of substrate cleavage by the enzyme should be low when
put together in solution so that no significant cleavage occurs in
the time scale needed to conduct AFM experiments. (iii) The
unfolding of themacromolecule should promote a steric switch
in the substrate, rendering it sensitive to cleavage. (iv) Cleavage
should be translated into a new increment in length of themac-
romolecule. It is conceivable that new substrates complying
with the above checklist will be presented in the future and will
be employed to gain insight into the catalytic mechanisms of
enzymes other than Trx.

Conclusions

In this minireview, we have provided an overview of single-
molecule force spectroscopy as an emerging method to probe
the catalytic mechanisms of enzymes. So far, this approach has
been used to study the reduction of disulfide bonds by Trx.
From the force dependence of the reaction rate, new light has
been shed on the dynamics of enzyme and substrate during
catalysis. In particular, the�x parameter, which is derived from
exponential fits to the measured force dependence, reports on
the spatial rearrangements of the participating atoms at the
transition state of the reaction. These rearrangements can be
dissected at the sub-angstrom scale in a manner unachievable
by any other current experimental technique. When used in
appropriate combination with other methods, single-molecule
force spectroscopy has the promise of revealing new details in
our quest to understand how enzymes truly work.
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Topological properties of DNA influence its mechanical and
biochemical interactions.GenomicDNA ismaintained in a state
of topological homeostasis by topoisomerases and is subjected
to mechanical stress arising from replication and segregation.
Despite their fundamental roles, the effects of topology and
force have been difficult to ascertain. Developments in single-
moleculemanipulation techniques have enabled precise control
and measurement of the topology of individual DNAmolecules
under tension. This minireview provides an overview of these
single-molecule techniques and illustrates their unique capabil-
ities through a number of specific examples of single-molecule
measurements of DNA topology and topoisomerase activity.

The topology of DNA, which is defined by how the two com-
plementary single strands are intertwined, has been an impor-
tant consideration since the double helical structure of DNA
was first proposed by Watson and Crick in 1953 (1). The con-
figuration of the complementary strands immediately sug-
gested a replication mechanism in which each antiparallel
strand serves as a template for a daughter strand (2). Despite the
elegance of this semiconservative replication model, it requires
untwisting the double helix, which poses formidable topologi-
cal problems for long genomic DNA. The semiconservative
model of replicationwas verified byMeselson and Stahl in 1958
(3), but only with the discovery of topoisomerases by James
Wang in 1971 (4) was a solution to the topological problem
associated with replication identified. By transiently breaking
and resealing the DNA backbone, topoisomerases can relieve
the excess twist that accumulates during replication (5).
Despite the topology implied by the double helical model, the
topological properties of DNA were not formally addressed
until Vinograd et al. (6) deduced the superhelical twist in closed
circular polyoma virusDNA fromelectronmicroscopic images.
Since these pioneering studies, DNA topology and its regula-
tion by topoisomerases have proved to be a pervasive factor
influencing a multitude of DNA processes, including DNA
packaging, condensation, transcription, chromosome segrega-
tion, and gene expression (7, 8). The fundamental importance

of DNA topology is underscored by the strict conservation and
necessity of topoisomerases across all cell types and some
viruses (7, 9). These enzymes are crucial for maintaining
eukaryotic and prokaryotic genomes inwell defined topological
states. Given the broad impact of topology on DNA processing,
fortuitous differences between bacterial and human topoi-
somerases have led to effective antibiotics (10), whereas human
topoisomerase inhibitors are important cancer chemotherapy
agents (11).
Topology has been found to play an ever widening role in

DNAmetabolismwithin the cell (7, 12), which raises important
questions. What are the mechanical properties of DNA under
torsional and tensional stress, andwhat are the consequences of
these stresses on the activity of DNA-modifying proteins?
Addressing these questions is essential to understanding DNA
dynamics and energetics within the cell and to discerning how
the myriad of proteins that bind to and modify DNA are influ-
enced by these properties. Despite the pervasive nature of force
in vivo, it is a difficult parameter to control or ascertain in most
in vitro assays. Over the past 15 years, single-molecule tech-
niques, which complement biochemical and structural
approaches, have been developed that can control andmeasure
the topology of individual DNA molecules (13). These tech-
niques enabled the elucidation of DNA mechanics and topol-
ogy with unprecedented precision, which laid the groundwork
for high-resolution measurements of topoisomerases activity.
Here, after a review of DNA topology, I survey current single-
molecule techniques to manipulate and measure the topology
of individual DNA molecules. The power and versatility of
these techniques are highlighted by examples demonstrating
the contributions they have enabled in the fields of DNA topol-
ogy and topoisomerase mechanism.

DNA Topology Overview

DNA topology encompasses supercoiling, knots, and cat-
enanes. For the purpose of this minireview, however, I will
restrict the discussion to supercoiling. Bates and Maxwell (14)
have provided an excellent in-depth treatment of DNA topol-
ogy. The topology of closed circular DNA is characterized by
the linking number (Lk), which, as the name suggests, reflects
the number of links between two complementary single
strands. This topological quantity is physically manifested in
two distinct geometric properties of DNA. Twist (Tw) refers to
the number of times the two strands are twisted around each
other (formally, around the helical axis), defined as positive for
a right-handed helix. Writhe (Wr) refers to the geometric coil-
ing of the double helix, which for DNA usually manifests as an
interwound (plectonemic) superhelix. Positive writhe corre-
sponds to a left-handed superhelix. A remarkablemathematical
result states that Lk�Tw�Wr (15). Consequently, changes in
Lk are partitioned between changes inTw andWr:�Lk� �Tw�
�Wr. For relaxed B-form DNA, the two strands twist around
each other once every �10.5 bp; therefore, the relaxed Lk (Lk0)
is equal to the relaxedTw (Tw0)� n/10.5 for n bp. If the ends of
the DNA are torsionally constrained, e.g. in a closed circular
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plasmid,Lk can differ from its relaxed value. An increase inLk is
termed positive supercoiling, whereas a decrease in Lk is
termed negative supercoiling. The fractional change in linking
number is termed the specific linking difference or supercoiling
density (�): � � (Lk � Lk0)/Lk0. Supercoiling leads to changes
in both Tw andWr. For example, negative supercoiling result-
ing from the reduction in Lk is accommodated by reduced Tw
and the formation of right-handed plectonemes corresponding
to negativeWr.
Supercoiling can be understood by considering a length of

flexible tubing. Rotating one end of the tube while holding the
other end fixed is akin to changing Lk. Initially, the tube will
twist, and the torque (�) stored in the tube will increase in pro-
portion to the rotation: � � (C/L)���, where C is the twist elas-
ticity, L is the length of the tube, and �� is the angular rotation
of the end. After a certain number of rotations (dependent on
the material properties of the tube and the tension), the tube
will buckle, forming superhelical plectonemes, which are one
possible manifestation of writhe. Further rotations increase
the number of plectonemes but do not increase the twist or
torque on the tube. The interplay between twist and writhe can
be appreciated by stretching the tube. Writhe stored in the
plectonemes is converted to twist as the ends of the tube are
pulled apart, and the process reverses as the ends are brought
back together. This simple model captures the salient features
of DNA topology under tension, although it lacks the helicity of
DNA.

Single-molecule Manipulation of DNA Topology

Magnetic tweezers and a variant of optical tweezers are the
twomain techniques used to control andmeasure the topology
of individual DNA molecules (16). Both configurations share a
geometry in which one end of double-strandedDNA (1–45 kb)
is attached to the surface of a microscope flow cell, and the free
end is attached to amicron-sized particle that can be pulled and
rotated. If the DNA molecule is devoid of nicks (which act as
free swivels) and the attachments at both ends are rotationally
constrained, rotating the particle by one full turn changes the
Lk of the DNA by 1 unit. By measuring the position of the
manipulated particle, the extension of the DNA can be deter-
minedwith an accuracy of a fewnanometers (10�9m) or better.
Extension of the DNA as a function of the linking number dif-
ference and the applied force reveals the partitioning between
Tw andWr (17).
Magnetic Tweezers—Atypicalmagnetic tweezers instrument

consists of a pair of small permanent magnets, arranged with
their opposite poles separated by a small gap (�1 mm),
placed above a flow cell on an inverted microscope (Fig. 1)
(13). DNA is attached to the anti-digoxigenin-coated surface
of the flow cell via multiple digoxigenin moieties incorpo-
rated in one end of the DNA. The free end of the DNA is
attached to a streptavidin-coated superparamagnetic bead
via multiple biotin moieties. The magnets above the flow cell
impose an upward force (0.1–100 pN, 10�12 N)2 on the mag-
netic bead that can be controlled by changing the vertical
position of themagnets. Themagnetic moment of the bead is

entrained by the field of the external magnets so that it
rotates in a one-to-one correspondence with magnet rota-
tion. A high-magnification objective images the bead onto a
charged-couple device camera, and the three-dimensional
position of the bead is obtained with 2–5-nm accuracy in real
time (30–200 frames/s) by image processing (18). With this
relatively simple setup, Lk of individual DNA molecules,
subjected to well controlled pulling forces, can be precisely
controlled, and the corresponding changes in DNA exten-
sion can be measured with high accuracy.
Optical Rotation and Torque—Optical tweezers employ a

highly focused laser beam to trap micron-scale objects in solu-
tion (13), effectively creating a three-dimensional spring that
provides a restoring force on the trapped object. Optical tweez-
ers can apply force (1–100 pN) and measure the position of a
trapped object with nanometer precision. Conventional optical
tweezers are rotationally isotropic; hence, torque cannot be
applied on a trapped particle. However, an optically active par-
ticle, i.e. that rotates the polarization of light, can be rotated by
manipulating the trapping laser polarization (19). In practice,
this has been achieved by fabricating micron-sized quartz cyl-
inders with a strong birefringence perpendicular to their long
axis, resulting in their alignment with the polarization of the
trapping laser (Fig. 1) (20). Rotating the trapping laser polariza-
tion imposes a torque on the cylinder. By tethering the cylinder
to the surface of a flow cell in an analogous manner as for mag-
netic tweezers, Lk and torque can be controlled, and the posi-
tion of the cylinder can be tracked with high spatial and tem-
poral resolution. Whereas this approach is significantly more
complex than magnetic tweezers, it offers a means of directly
measuring and controlling torque and affords higher temporal
resolution (�1 ms).
In a third “rotor bead” assay, a small non-magnetic bead is

attached adjacent to a nick near the surface-bound end of the
DNA in a magnetic tweezers assay (Fig. 1) (21). The nick pro-
vides a free swivel about which the DNA can rotate. Tracking
the reporter bead provides a direct readout of rotation and
torque.2 The abbreviation used is: N, newtons.

FIGURE 1. Single-molecule techniques to control DNA topology (not to
scale). a, magnetic tweezers consist of two magnets (red and blue) held above
a microscope flow cell in which a magnetic bead (blue) is tethered to the
surface (light blue) by a single DNA molecule (red and blue). The magnets
impose an upward force on the beads, which depends on the vertical position
of the magnets (black arrow). Rotating the magnets (black curved arrow)
rotates the bead (red curved arrow), thereby changing the linking number of
the DNA. b, optical rotation uses a focused laser (pink) to apply force on a
quartz cylinder (blue) that is tethered to the surface of the flow cell by a
molecule of DNA. The optical axis of the cylinder (blue arrow) experiences
a torque that tends to align it with the polarization direction of the laser (pink
arrow), which is focused by a microscope objective below the flow cell. c, rotor
bead tracking uses a reporter bead (green) attached near a specific nick in the
DNA molecule (red star). A magnetic bead (blue) at the distal end of the DNA
allows torque and tension to be applied.
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Single-molecule Measurements of DNA Topology

Strick et al. (22) made the first single-molecule measure-
ments of DNA topology using magnetic tweezers to measure
the extension as a function of Lk and force for individual mol-
ecules of �-phage DNA. The extension-rotation curves
obtained at different forces reveal how twist and writhe are
partitioned (Fig. 2). At low force (�0.45 pN), the curves are
symmetric, with a small change in extension around Lk0 that
reflects a change in only Tw. Past a critical Lk, the extension
decreases abruptly, followed by a linear decrease in extension
with successive turns. This reflects the buckling of the DNA to
form a plectoneme. Further changes in Lk are entirely accom-
modated by changes in Wr that increase the number of plec-
tonemic crossings and decrease the extension of the DNA by
�50 nm/turn. At higher forces, the helicity of the DNA duplex
becomes apparent as the curves are no longer symmetric. Pos-
itive supercoiling is qualitatively similar to the low-force behav-

ior, although the buckling transition occurs at a larger number
of turns, and the slope of the linear plectonemic region is
smaller. For negative supercoiling, however, it is energetically
more favorable to accommodate the decrease in Lk by decreas-
ingTw rather thanWr, which leads to localmelting of�10.5 bp
of DNA/negative turn. As a result, extension changes very little
as Lk is decreased.
In subsequent measurements, Bryant et al. (21) used the

rotor bead assay tomapout the torque-force phase diagramand
directly measure the twist elasticity of DNA. They applied large
forces on the DNA to avoid the formation of plectonemes and
introduced turns by rotating a bead attached to one end of the
DNA while preventing the reporter bead from rotating by
introducing flow. Stopping the flow allowed the small reporter
bead to rotate, driven by the torque in theDNA. By tracking the
rotational velocity of the bead and calibrating it against viscous
drag, they were able to directly measure the torque in the DNA.
This technique provided a direct measure of the twist elasticity
(C � 400 � 40 pN�nm2), which had previously been measured
by several indirectmethods that gave conflicting results (17). By
recording the torque at varying tensions in the DNA, a torque-
force phase diagram of DNAwas obtained. Five distinct phases
were defined: B-form DNA; unwound or melted DNA past a
torque of approximately �10 pN�nm; P-DNA, an overwound
helical structure (23) past a torque of�10 pN�nm; a supercoiled
form of P-DNA at lower forces beyond the critical torque; and
overstretchedDNA, which is a partially unwound form of DNA
obtained at high (�65 pN) stretching forces (21).
More recently, direct optical tweezers measurements of

torque have been used to determine the twist elasticity of DNA
and the force dependence of the critical buckling torque at
whichDNAadopts a plectonemic structure (24). The value ofC
(360 � 12 pN�nm2) is consistent with previous single-molecule
measurements (17). The torque-force relationship provides an
important parameter for single-molecule experiments that
exploit the constant torque regime past the buckling threshold
to maintain a constant torque (see below). These measure-
ments demonstrate that the torque calculated from a simple
elastic model of DNA (17) significantly overestimates the
torque (24). The data agreed well with a recent model that
incorporates torsional elasticity of plectonemes and force-de-
pendent twist elasticity for linear DNA (25).
These micromanipulation techniques have permitted de-

tailed measurements of the mechanical properties of individ-
ual DNAmolecules subjected to varying degrees of torque and
tension. The results of thesemeasurements provide insight into
themechanical properties of genomicDNA subjected to super-
coiling and tension and have spurred complementary theoretical
and computational approaches (25). Finally, single-molecule
topologymeasurements have paved theway for high-resolution
kinetic measurements of topoisomerases (26).

Single-molecule Measurements of Topoisomerase
Activity

Once the relationship between Lk and DNA extension has
been established, it can be used tomeasure changes in Lk in real
time as changes in extension can be related to changes in link-
ing number (Fig. 2). Single-molecule approaches provide

FIGURE 2. Single-molecule measurements of DNA topology and topoi-
somerase activity. a, extension-rotation (�Lk) relationship for a 3-kb DNA
molecule (Y. Seol and K. C. Neuman, unpublished data). At low force (0.4 pN;
red circles), the extension decreases symmetrically as the linking number is
changed from Lk0. At �5 turns, the DNA buckles, and subsequent turns
increase the number of plectoneme crossings (inset schematics) and decrease
the extension. At higher force (1.6 pN; green circles), the extension for positive
supercoiling is similar, although the buckling transition occurs at �11 turns.
However, for negative supercoiling, the DNA melts to form locally unwound
regions (schematic to the left). b, single-molecule measurement of supercoil
relaxation by topoisomerase IV (adapted from Ref. 34). At time 0, the DNA
molecule is negatively supercoiled, decreasing Wr by 8 though the introduc-
tion of eight right-handed crossings, which decreases the extension from the
relaxed length of �0.7 �m. Individual relaxation events are observed as
abrupt increases in extension (arrows).
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molecular level details of the physical mechanisms of topoi-
somerase activity. They complement ensemble biochemical
assays in several important aspects. Enzymatic rates of individ-
ual enzymes are insensitive to the presence of inactive enzyme,
which can artificially lower the average rate measured in an
ensemble assay. Furthermore, the enzymatic processivity,
defined as the number of catalysis cycles per binding event, can
be directly measured from single-molecule records (26). This is
facilitated by the high degree of positive and negative supercoil-
ing achievable (26). Finally, tension in the DNA can affect enzy-
matic rates and DNA mechanics.
Strick et al. (27) first measured the relaxation of individual

DNA molecules by a type II topoisomerase that passes a seg-
ment of duplex DNA (transfer segment) through a transient
double-strand break in a second segment (gate segment) in an
ATP-dependent reaction, thereby changing Lk by 2 units (5, 9).
Using a magnetic tweezers, the DNA linking number was
increased or decreased to introduce positive or negative plec-
tonemes that were relaxed by topoisomerase II. Relaxation was
measured as the stepwise increase in the height of themagnetic
bead accompanying the change in Lk (Fig. 2). At low ATP con-
centrations, Lk changed in steps of 2, consistent with the
removal of one plectonemic crossing (28) andwith the two-gate
mechanism of topoisomerase II (29).
Unlikemost other type II topoisomerases, topoisomerase IV,

a bacterial type II topoisomerase, relaxes positively supercoiled
DNA at least 20-fold faster than negatively supercoiled DNA
(30). Possible mechanisms explaining this behavior include
preferential binding of positively versus negatively supercoiled
DNA and activity that is sensitive to the differences in the twist
or writhe of the supercoiled DNA (31). Two elegant experi-
ments distinguished between these possibilities by attaching
two torsionally unconstrained (nicked) DNA molecules
between a rotatable bead and a fixed surface (31, 32). The two
DNAmolecules were twisted around one another, or “braided,”
by rotating the bead. Monte Carlo simulations and measure-
ments of braided DNA indicated that it adopts a conformation
similar to that of a superhelical plectoneme (33). The braided
molecules could therefore adopt positive or negative writhe in
the absence of twist. Relaxation of braided molecules by topoi-
somerase IV, but not the homologous yeast topoisomerase, dis-
played an almost absolute preference for positive versus nega-
tive writhe (32). This result, in conjunction with ensemble
measurements demonstrating that topoisomerase IV has no
significant binding preference for positively supercoiled DNA
(31), is consistentwith the proposal that chiral discrimination is
based on differences in writhe (31). Further experiments dem-
onstrated that the sign of the writhe has little effect on the rate
of strand passage, but it strongly influences the processivity
(34).
DNA gyrase, the second bacterial type II topoisomerase, is

the only topoisomerase that uses the energy of ATP hydrolysis
to negatively supercoil DNA (5). In vivo, gyrase maintains the
bacterial genome in a negatively supercoiled state (12). On
binding to DNA, gyrase wraps a segment of DNA into a left-
handed crossing, which is converted to a right-handed (nega-
tive writhe) crossing by the strand passage reaction. Gore et al.
(35) used the rotor bead assay to investigate the details of this

reaction. Tracking rotation of the reporter bead revealed that
gyrase imposes �1.3 positive turns upon binding to the DNA
substrate in the absence of ATP. Binding kinetics were
extremely sensitive to the tension in the DNA, from which the
amount of DNA wrapped was estimated to be �110 bp (35). In
the presence of ATP, successive steps of two complete negative
turns were observed, consistent with the decrease in Lk by 2 per
reaction cycle (28). Interestingly, the negative supercoiling rate
was insensitive to the force on the DNA, but the processivity
and initiation rate were exquisitely sensitive to force. These
results led to amechanochemical model for gyrase in which the
tension-dependent wrapping is in kinetic competitionwith dis-
sociation (35). In follow-up experiments, Nöllmann et al. (36)
further explored themechanochemistry of gyrase bymeasuring
its activity as a function of force and DNA topology. They
described three modes of activity that arise under different
regimes of force and topology. At low forces (less than �0.5
pN), gyrase introduces negative supercoils into DNA in the
presence of ATP through a DNA-wrapping mechanism. At
higher forces, gyrase can remove positivewrithe anddecatenate
DNA in a wrapping-independent mode akin to topoisomerase
IV. Finally, in the absence ofATP, high concentrations of gyrase
will slowly remove negative writhe.
The mechanisms of supercoil relaxation by type I topoi-

somerases, which transiently cut one strand of DNA in an
isoenergetic process that does not require an external energy
source, have also been explored with single-molecule manipu-
lation techniques. Koster et al. (37) used magnetic tweezers to
measure supercoil relaxation by topoisomerase IB, which intro-
duces a transient nick in the DNA backbone that allows a vari-
able number of supercoils to be relaxed (9). By tracking individ-
ual topoisomerase IB relaxation events, the authors determined
that the number of supercoils relaxed is exponentially distrib-
uted. Moreover, by taking advantage of the constant torque
regime of the DNA force-linking number relation, they were
able to show that the rate and extent of relaxation depended on
the torque. These results suggested amodel inwhich rotation of
the DNA at the transiently generated nick is hindered by rota-
tional friction within the enzyme (37). In follow-up experi-
ments, they determined how topotecan, a potent chemother-
apy agent, affects supercoil relaxation by topoisomerase IB (38).
In addition to the study of topoisomerases, single-molecule

approaches for controlling and measuring topology have been
applied to a number of protein-DNA interaction measure-
ments. For example, Revyakin et al. (39) measured promoter
opening and transcription initiation by bacterial RNA poly-
merase on supercoiled DNA molecules. Promoter opening
unwinds the DNA, and the extent of unwinding can be mea-
sured from the introduction of writhe that compensates for the
decrease in twist. By comparing the change in extension on
promoter opening for both positively and negatively super-
coiled DNA, 1.2 turns of helix melting could be distinguished
from 15 nm of compaction associated with promoter opening.
Moreover, promoter opening was found to be highly sensitive
to DNA twist. More recently, DNA “scrunching” during abor-
tive initiation and promoter escape by RNA polymerase was
directly observed (40). These experiments relied in part on the
large amplification of small changes in twist due to the genera-
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tion of compensating writhe. Similar approaches have been
used to estimate the helical tracking of proteins as they trans-
locate onDNA (41, 42) and to estimate the amount of twist that
is trapped in a protein-mediated DNA loop (43).

Conclusions and Outlook

Single-molecule manipulation techniques have opened up
new and exciting avenues of DNA topology research by permit-
ting detailedmeasurements of DNAmechanics as a function of
topology and tension. These techniques have enabled funda-
mental contributions to our understanding of DNA topology
and topoisomerasemechanochemistry. Expanding and extend-
ing these results will shed light on the influence of topology on
DNA interactions and bring us closer to understanding cellular
DNA dynamics and interactions. Recent work investigating the
topological properties of chromatin fibers (44) is a particularly
intriguing direction, as is the prospect of directlymeasuring the
torque of rotary motors such as RNA polymerases. Addressing
these questions will undoubtedly drive continuing improve-
ments in single-molecule techniques.
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Single-molecule experimentation has contributed signifi-
cantly to our understanding of the mechanics of nucleoprotein
complexes that regulate epigenetic switches. In thisminireview,
we will discuss the application of the tethered-particle motion
technique, magnetic tweezers, and atomic force microscopy to
(i) directly visualize and thermodynamically characterize DNA
loops induced by the lac, gal, and � repressors and (ii) under-
stand the mechanistic role of DNA-supercoiling and DNA-
bending cofactors in both prokaryotic and eukaryotic systems.

Transcriptional regulation involving protein-mediated DNA
bending, wrapping, and looping occurs ubiquitously in all
organisms. By enabling long-distance interaction between
transcription factors, limiting the accessibility to, and/or
mechanically deforming promoters, nucleoprotein complexes
can tune transcription effectively. In other words, protein-me-
diated bends, wraps, or loops in DNA constitute elements for
transcriptional regulation. Some of the best known examples of
DNA bends are induced by the IHF2 protein in prokaryotes (1)
and by the HMG1 protein in eukaryotes (2). The wrapping of
DNA around histone octamers is a fundamental structure in
eukaryotic chromatin (3), but most, if not all, DNA-binding
proteins are hypothesized to be able to wrap and thereby orga-
nize flanking regions of DNA (4). Examples of DNA looping
include the large chromatin loops proposed to explain insulator
domains in eukaryotes (5) and the loops induced by prokaryotic
repressors, such as the lac and gal repressors (see below).
Although these examples pertain to transcriptional regulation,
the same conformational changes are common in the regula-
tion ofmost DNA transactions, such as replication, recombina-
tion, etc. Therefore, characterizing the kinetics and thermody-

namics of the formation of nucleoprotein complexes involving
DNA bending, wrapping, or looping, as well as their structure
and stoichiometry, is paramount to understand their functions.
Enhanced understanding of epigenetic regulation also might
enable the design of mechanistic mutations for biomedical
applications. Single-molecule experiments are incisive means
withwhich to explore protein-induced conformational changes
in DNA because they avoid ensemble averaging and reveal het-
erogeneities that might go undetected in bulk measurements.
The following is a review of recent TPM, MT, and AFM exper-
iments on nucleoprotein complexes that regulate transcription.

TPM, MT, AFM, and Advantages of Single-molecule
Experiments

Single-molecule assays yield distributions of individual
measurements instead of averages for large ensembles of mol-
ecules. This provides a wealth of information and often reveals
heterogeneous behaviors obscured in bulk experiments. Such
discriminatory power has produced new insight even into “well
understood” paradigms, such as prokaryotic transcriptional
repressors (see below). Single-molecule microscopy and spec-
troscopy can be used to distinguish protein-induced DNA
bending, looping, and wrapping, and they permit facile control
of DNA supercoiling if required. Especially powerful is the
combination of several techniques to relate structural and
dynamic information on broad spatial and temporal ranges. In
the study of transcriptional regulation, TPM, MT, and AFM
have been combined effectively and will be described briefly
below.
In TPM, a submicron diameter bead is tethered by a single

DNA molecule to a glass surface. The bead labels the mobile
end of the unlabeled DNA and exhibits Brownian motion
restricted by the DNA tether. If the DNA tether undergoes
topological changes that alter the effective length, theBrownian
excursions of the bead,measured as the projected displacement
vector, �� (Fig. 1a), will change correspondingly (6). Stochastic,
protein-mediated DNA loop formation and breakdown will
therefore generate a telegraph-like TPM signal over time (7, 8).
The experimental setup and analysis of TPM measurements
have recently been the object of careful studies. TPM and MT,
which also rely on the observation of the Brownian motion of
microscopic beads, can reveal tether shortenings of 10–20 nm
and events lasting 0.1 s (9). In addition, careful characterization
of the effect of the bead size, DNA tether length, and entropic
forces on the measured signal (10–13) has led to novel and
improved methods of analysis of TPM data (14, 15). Finally,
small beads may be used with contrast methods based on dark
field illumination (16–18) to reduce distortions in the confor-
mational distributions of the DNA tether due to the hydrody-
namics and surface effects of larger beads.
Beyond simple measurement of the DNA tether length, MT

allow control of DNA supercoiling and tension to restrict more
narrowly the conformations of the DNA substrate available to
the protein. MT most commonly consist of a pair of magnets
mounted above the microscope stage that can be both trans-
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lated along and rotated around the optical axis of the micro-
scope. The magnetic field both attracts and rotationally con-
strains aDNA-tethered paramagnetic bead to enable stretching
and twisting of the DNA tether (Fig. 1b) (19). Gentle tension
applied to the DNA tether using MT allows manipulation of
thermodynamic equilibria using force. New configurations of
optical tweezers also allow the application of subpiconewton
tension in a constant force regime to short, axially oriented
DNA (20).
Neither of these tethered-particle methods can discern fea-

tures of the interacting proteins. Instead, AFM has been

extremely useful in understanding DNA-protein complexes
through visualization of the site of interaction, the conforma-
tional change induced, and quantification of the extent of DNA
bending and/or looping (Fig. 1c). For AFM (21), specimens are
deposited on an atomically flat surface, usually mica. Then,
under liquids or in ambient pressure gas environments, the sur-
face is scanned with a sharp stylus to reveal topography. For
biological samples, the average radius of curvature of an AFM
tip is 5–10 nm, so the spatial resolution can be 3–5 nm. Images
are usually acquired at a scan speed of 1 �m/s, although a few
images at video rates have been reported (22). The MT, AFM,
and optical trapping techniques have been reviewed recently
(23).

Specific DNA Looping and Flexibility of the Closure
Protein

Proteins that regulate transcription secure DNA loops in
many different ways of varying complexity. The simplest and
best known loop-based epigenetic switch is the repression of
the lac operon in Escherichia coli (24–26). It is mediated by a
single tetrameric lac repressor (LacI, Mr(tetramer) � 150,000),
which has two DNA-binding domains. LacI can recognize any
of three binding sites (operators) centered at �11 (O1), �400
(O2), and �82 (O3) relative to the transcription start site of the
lac operon (Fig. 2). Although LacI binding at O1 sterically
blocks RNA polymerase transcription of lactose-metabolizing
enzymes (26), repressor binding and repression efficiency
increase upon the formation of a ternary complex that includes
a DNA loop (27, 28). Attempts to demonstrate the existence of
such a ternary complex using conventional biochemistry assays
were not definitive because interactions and motions are not
synchronized in the ensembles of molecules.
Instead, TPMandAFMexperiments have rendered unequiv-

ocal evidence of DNA loop formation by LacI and greatly
refined our knowledge of this paradigmatic epigenetic switch.
TPM was used first to monitor directly in vitro repressor-me-
diated DNA loop formation and breakdown between two cop-
ies of the O1 operator separated by 305 bp (Fig. 2). The excur-
sions of beads attached to DNA tethers were monitored over
time, and the probabilities and average lifetimes of the two
DNA conformations were determined after establishing a

FIGURE 1. Experimental schematics for TPM (a), MT (b), and AFM (c). a, the
amplitude of the Brownian motion of the bead depends on the length of the
DNA tether attached to the glass surface of a microscope flow chamber (black
curved line). If a protein (green complex) induces looping, the tether shortens
and reduces the amplitude of the motion of the bead. When the DNA mole-
cule changes conformation due to protein association or dissociation (right),
the amplitude of the Brownian motion, ��, will fluctuate between two levels,
resembling a telegraphic signal (left). b, two magnets (N and S) above the
sample can be translated vertically along the microscope optical axis (orange
double-headed arrow) and/or rotated (orange dotted arrow). Because the para-
magnetic bead aligns rigidly in the magnetic field (gray dashed lines), one turn
of the magnets causes one turn of the bead, which twists the DNA tether
(black curved line). Torsional stress in the DNA induces supercoiling, which can
be detected as a change in DNA end-to-end distance (L). The white patches on
the DNA indicate putative operators. Spatial resolution varies depending on
DNA tether length, loop size, and external tension. c, left, a pair of octamers of
�CI protein secure a loop in 1555-bp DNA with � operators separated by 400
bp (scale bar � 100 nm). Middle, topography in the image is color-coded as
shown. Right, shown is a schematic view of the AFM stylus deflecting to reveal
a height, h, during a trace (white dotted arrow in the image to the left) across a
DNA double helix. The stylus is not drawn to scale.

FIGURE 2. Operator layouts within DNA and looped geometries. Left,
the regulatory regions of the lac and gal operons and of the � bacterioph-
age are shown schematically. Operators are indicated as boxes, and the
transcription initiation sites are indicated by right-angle arrows. Right,
shown is a schematic representation of the looped regions detected in
single-molecule experiments.
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threshold value to separate the two observed states. The dwell
times of the LacI-mediated DNA loops were exponentially dis-
tributed, with an average lifetime of 58 s, whereas the distribu-
tion of lifetimes of the unlooped DNA conformation in the
presence of repressor decayed as a double exponential, with
time constants of 77 and 5 s, respectively (7). The double expo-
nential indicated that there are two routes to forming the
looped DNA conformation. This early study also indicated that
the primary mechanism for loop breakdown was not tetramer
dissociation into two bound dimers, but tetramer dissociation
from operator DNA (7). Further TPM experimentation (11, 29)
accompanied by AFM imaging (30) showed that the loop is
preferentially antiparallel and that LacI may adopt two struc-
tures in dynamic equilibrium: the “V” conformation observed
in crystallographic studies and a more extended conformation
that considerably relieves the strain due to DNA bending. Pro-
tein flexuremay facilitate the ability to switch between different
structures in simple short loops. This may sustain transcrip-
tional regulation even as the mechanical work required to form
a loop changes with metabolic conditions (30) because slight
tension significantly reduces the propensity of LacI-mediated
looping (29).
These single-molecule studies on LacI-mediated DNA loop-

ing showed that (i) protein-mediated looping can be detected
directly and its probability measured; (ii) TPM data expose the
relatively simple kinetics of loop formation and breakdown by
one protein; (iii) this kinetic information, together with AFM
imaging, yields insight into a paradigmatic mechanism of tran-
scriptional regulation; and (iv) TPM data provide insight into
how DNA stiffness affects the formation of bent topologies.
However, a protein molecule rarely acts alone, and a variety of
synergistic and cooperative interactions are known among
transcriptional regulators. In particular, protein-induced DNA
bending may either enhance or obstruct DNA looping by other
proteins. Thus, understanding the concerted actions of multi-
ple proteins on DNA topology is fundamental.

DNA Bending in Specific Loops of Different Sizes:
Experiments with IHF

IHF is a nucleoid-associated protein involved in several cel-
lular processes, including transcription (31–36). IHF has been
called the “master bender” (37) and bends DNA by 150–180°.
IHF-induced bending may play a role in the regulation of a
variety of promoters by facilitating protein-protein interactions
between RNA polymerase and upstream activators (38, 39) or
between proteins that secure regulatory DNA loops. Comple-
mentary TPM and AFM measurements can be used to probe
the effect of the bend introduced by IHF on the formation of
loops, as was demonstrated in a recent proof-of-principle study
(40). There, a binding site for IHF was placed between two lac
operators, and the probability of DNA looping mediated by
LacI was characterized as a function of operator separation.
The IHF-induced bends changed the probability of LacI-medi-
atedDNA looping to different degrees according to the position
of the bend and the size of the loop. Instead, compaction of
DNA by high concentrations of IHF enhanced or attenuated
the formation of short or long loops, respectively. Although
further experimentation is needed to determine in detail the

effect of a bender on protein-mediatedDNAregulatory loops of
various lengths, the role of the HU (heat-unstable) protein in
the naturally occurring gal repressor-mediated DNA loop was
well characterized (41).

Bending DNA in a Small Specific Supercoiled Loop: HU
and the gal Repressor

The bacterial HU protein (a nucleoid-associated protein)
bends DNA, prefers single- to double-stranded DNA, and is an
accessory factor in the repression of the gal operon in E. coli
(42). Transcription of this operon is repressed by the gal repres-
sor protein (GalR), which binds as a dimer to two sites, OE and
OI. These operators encompass two partially overlapping pro-
moters and are separated by only 113 bp (Fig. 2). Efficient
repression is achieved only with both GalR and HU and
requires DNA supercoiling (43).
To study themechanism of GalR-mediated repression, Lia et

al. (41) used MT (Fig. 1b) to supercoil single DNA molecules.
Observing individual fragments of galDNA subjected to differ-
ent degrees and handedness of supercoiling and comparing
these results with in vitro transcription assays, it was possible to
conclude the following. First, DNA loops occur despite the
weak affinity between the two GalR dimers and the short sepa-
ration between the operator sites. This is possible through the
concerted action of DNA unwinding and HU, which have
mechanistic and thermodynamic roles, respectively. Second,
GalR/HU-mediated DNA looping represses transcription.
DNA looping was observed in the presence of GalR and HU
only if DNA was unwound beyond a threshold of �1.5%. This
prompted the idea that unwinding had denatured the AT-rich
HU-binding site near the apex of the loop, which became an
easy target for HU bending to bring the operator-bound GalR
dimers into juxtaposition and secure a loop. This mechanism
was validated by observing that SSB (s�ingle-stranded DNA-
binding protein) abrogated GalR/HU-mediated looping (41).
MT also allow stretching of the DNA tether with different

forces by varying the separation between the magnets and the
bead. Analysis of the loop lifetimes under different tensions
showed the GalR/HU-mediated loop forms two possible anti-
parallel conformations, A1 and A2 (44, 45), with similar prob-
ability (46). Thus, the unique ability of A1 (and not A2) to
repress transcription must reflect the different loop topologies
that alter the interaction of RNA polymerase with the nucleo-
protein complex. This subtlety would have been difficult to
detect without single-molecule experimentation and warrants
further investigation.
In the lac and gal operons, there are three and two operators,

respectively. Other systems have higher numbers of operators,
and therefore, the numbers of possible looped and unlooped
conformations increase. One example is the � repressor, which
has six operators and is described below.

Long Specific Loops between Tandem Operator
Sequences: � Repressor

Transcription of the � repressor (CI) is autoregulated to gen-
erate high enough concentrations to repress lytic genes but not
so high as to compromise the switch to lysis. This simple and yet
finely tuned epigenetic switch is based on a modular arrange-
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ment of the CI-binding sites. Three strong CI-binding sites
(OL1,OL2, andOL3) are separated by 2317 bp from three others
(OR1,OR2, andOR3).OR1 andOR2 are high-affinity binding sites,
whereas OR3 is a lower affinity site (Fig. 2). Occupancy of OL1
and OR1 represses transcription of lytic genes from promoters
PL and PR, respectively. Cooperativity between adjacently
bound CI dimer molecules at OL1/OL2 or OR1/OR2 strengthens
this repression and favors occupancy of OR2, which stimulates
transcription of CI from PRM. Although OR3 partially overlaps
this promoter, CI binding is too weak at physiological con-
centrations. Thus, one might imagine that CI transcription
could rise to levels that would prevent switching to lysis.
However, TPM experiments have provided direct evidence

that CI mediates a DNA loop that stimulates CI binding toOR3
as originally hypothesized by Dodd et al. (48). Also, performing
a “looping titration” at different physiological CI concentra-
tions on DNA fragments that contained either the entire wild-
type � regulatory region or double-point mutant OL3 and OR3
operators showed that these sites play a pivotal role in the ther-
modynamic stability of the loop (49). These results strongly
support the idea that a DNA loop may first form due to the
long-range interaction between CI dimers bound at OL1 and
OL2 on one side and at OR1 and OR2 on the other side, a CI
octamer-mediated loop (48). Once a stable octamer has
formed, a CI dimer bound at OL3 can stabilize, via protein-
protein interaction, a juxtaposed dimer at OR3. Thus, DNA
looping seems to enable occupancy of weak OR3 and PRM
repressionwithout extremely high levels of CI that would inter-
fere with efficient switching to lysis.
Analysis of the TPM data showed that the loop is most ther-

modynamically stable only when all six CI sites are occupied
and contribute to its closure. The probability of occurrence of
this loop mediated by an “octamer plus tetramer” of CI was
shown to increase with the amount of protein available (49).

This model was corroborated by in
vitro transcription assays per-
formed in the presence of the same
CI concentrations used in the TPM
measurements.3 Indeed, transcrip-
tion from the lytic promoters, PL
and PR, was repressed, whereas that
of PRM was activated above basal
levels to a maximum value as the
concentration of CI increased.
Further increase in CI concentra-
tion, which increases looping prob-
ability, progressively repressed PRM.

TPM control measurements on
DNA lacking both the OL and OR
regions showed that the unlooped
DNA shifted toward shorter tether
lengthswith increasing protein con-
centration. This suggested that
nonspecific CI binding was signifi-
cant and appreciably shortened the
DNA tether (49). Further evidence
of nonspecific CI-induced DNA
bending was obtained by stretching

and relaxing single DNA molecules with MT. Recording the
measured DNA extension as a function of applied force in the
absence and presence of CI produced markedly different
curves. More force was necessary to extend the DNA in the
presence of CI, perhaps indicating that nonspecifically bound
CI kinks and bends DNA through transient interactions
between nearby dimers. The number of nonspecifically bound
proteins was quantified using the recent model proposed by
Zhang and Marko (50).4

BecauseCImRNA is transcribed and translated close to PRM,
the high local concentration of CI dimers likely saturates the
specific operators (47, 51), and nonspecific binding may be
physiologically relevant, as shown for other proteins (40, 52).
Kinetic analysis of the TPMdata showing formation and break-
down of the CI-mediated loop is particularly enlightening in
this respect.5 The pdf for the dwell times of the looped and
unlooped DNA conformations (states) spans several orders of
magnitude and decays nonexponentially. Indeed, it was found
that a stretched exponential form satisfactorily fitted the prob-
ability distribution of the unlooped state dwell times for several
testedCI concentrations.On the other hand, the first part of the
dwell time distribution for the looped DNA state could not be
fitted. Only the distribution of the long dwell times could be
fittedwith a power lawdecay (pdfpl� t�m), which does not yield
a mean lifetime (Fig. 3).
The nonexponential kinetic behavior of both formation and

breakdown of the � regulatory loop, combined with (i) the piv-
otal role of the O3 sites in the thermodynamics of loop forma-
tion, (ii) the concentration dependence of both loop formation

3 D. A. E. Lewis and S. Adhya, manuscript in preparation.
4 Liebesny, P., Goyal, S., Dunlap, D., Family, F., and Finzi, L. (2010) J. Phys. Con-

dens. Matter, in press.
5 L. Finzi and D. D. Dunlap, unpublished data.

FIGURE 3. Kinetics of CI repressor-mediated loop formation and breakdown. Left, a hypothetical scheme to
explain observed kinetics. For simplicity, only the case of an octamer-mediated loop is sketched. In addition to
CI dimers specifically bound at the operator sites (blue), nonspecifically bound dimers may affect the rate of
loop formation (green) by DNA bending and may explain the stretched exponential distribution observed for
the looped dwell times. Furthermore, the nonspecifically bound � repressor dimers may strengthen the loop,
providing additional closure elements (red). Right, lifetimes of looped and unlooped DNA conformations (blue
circles) at [CI] � 40 nM and fitting function (red line).
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and breakdown, and (iii) the presence of significant nonspecific
CI binding even at low protein concentrations revealed by the
single-molecule experiments reviewed above, led to the formu-
lation of the following kinetic mechanism.
Assuming that a CI octamer is theminimum requirement for

loop formation (49, 53), which is then stabilized by an addi-
tional CI tetramer, the dependence of looping onCI concentra-
tion could simply reflect an increase in the population of
unlooped molecules having at least two pairs of adjacent, spe-
cifically boundCI dimers as the amount of CI increases. Kinetic
complexity might then arise from nonspecific binding of CI to
DNA. Nonspecifically bound CI dimers may shorten the DNA
by bending or softening the double helix upon binding or
through interaction of the C-terminal domain residues of
nearby dimers. The ensuing DNA bending could facilitate loop
formation by reducing the elastic energy barrier to loop closure,
which in turn increases the encounter probability among the
proteins bound at these two regions. These effects would
depend on the number of nonspecifically bound proteins in the
loop region, nNS. The variation in the number of nonspecifically
bound dimers would generate a distribution of rate constants
for loop formation (schematically represented by kL(nNS) in Fig.
3) that could explain the observed stretched exponential pdf.
Nonspecific CI binding also may contribute to the observed

power law decay of the loop dwell times. In particular, nonspe-
cifically bound dimers within the loopmay tetramerize, similar
to specifically bound dimers, to fortify the specific nucleopro-
tein complex that secures the loop. In Fig. 3, kL(nNS) and kU
represent the rate constants of loop formation and breakdown.
If no additional nonspecifically bound proteins are present,
kL(nNS � 0) is single-valued, and the kinetics of the system are
exponential. In the presence of nonspecifically bound CI, the
variation of nNS broadens the distribution of kL(nNS). Any fur-
ther tetramerization between these nonspecifically bound
dimers would be dependent on their number, nNS, and on their
relative separation, �, as diagrammed schematically in Fig. 3.
There, ka(nNS,�) represents a distribution of rate constants for
the association between additional loop-stabilizing CI tetra-
mers (red), andkd is the rate constant for theirdissociation. These
manifold looped states would give rise to a continuous distri-
bution of waiting times for the breakdown of the CI-mediated
loop, producing a power law-like decay.Note that only a narrow
range of looping free energies separates activation and repres-
sion of the PRM promoter. Thus, nonspecific binding might
function as a highly concentration-sensitivemechanism for the
fine-tuning of the looping free energy. This kinetic model may
be tested theoretically by deriving the distribution of rate con-
stants produced by nonspecific binding and comparing it with
the experimental pdfs. AFM also could be used to visualize the
various looped and unlooped species and their dependence on
CI concentration. AFM images could directly reveal the num-
ber of nonspecifically bound CI dimers and their interactions.
Given the crowded cellular environment, nonspecific bind-

ing is likely to play a role in the regulation of several transcrip-
tional systems, of which the � epigenetic switch is just one
example. In the loops described, proteins recognize and juxta-
pose two particular segments of DNA to establish a functional
assembly. More dynamic loops, in which at least one end inter-

acts nonspecifically, might be more commonly associated with
nucleosome-remodeling proteins that translocate along DNA
powered by ATP hydrolysis.

Dynamic Nonspecific Loops: Chromatin-remodeling
Factors RSC and ISWI

Many Snf2 proteins alter chromatin structure in vitro in an
ATP-dependent manner, and some modify the chromatin
structure in vivo (for a review, see Ref. 54). However, Snf2 pro-
teins can utilize substrates other than nucleosomes (see, for
example, Ref. 55). Indeed, it appears that a common feature of
the Snf2 family is the ability to alter DNA structure and thereby
regulate DNA-protein interactions. MT and AFMwere used to
investigate the ATPase activity of RSC, a member of the Snf2
family (56). Detection and manipulation of DNA supercoiling
were instrumental to show the reversible translocase activity of
this protein, which leads to the formation of DNA loops. It was
also observed that RSC-mediated loop size and lifetime
depended on ATP concentration. The ability to supercoil the
DNA with MT revealed additional details of the DNA translo-
cation by RSC. Because the linking number of the DNA in the
tweezers remains constant unless a topoisomerase is present or
themagnets are rotated, enzymatically created twist andwrithe
in one part of the DNAmust be compensated in another part of
the molecule. In single-molecule MT experiments, when RSC
induced a negatively supercoiled loop in the DNA, the adjacent
segments of the double helix adopted compensatory positive
supercoiling. Thus, in molecules shortened by supercoiling
induced by winding of the DNA with the MT, RSC-induced,
negatively supercoiled loops triggered compensatory positive
supercoiling, which decreased the overall extension of themol-
ecule. Instead, inmolecules shortened by supercoils induced by
unwinding of the DNA, RSC-induced, negatively supercoiled
loops triggered compensatory positive supercoiling in the adja-
cent segments, which increased the overall extension of the
molecule. Facile manipulation of the DNA supercoiling using
MT revealed not only DNA translocation into loops but also
generation of torsion by the enzyme that could enhance nucleo-
some-remodeling activity.
TPM and AFM were also used to show that ISWI, another

member of the Snf2 family, can translocate along DNA by
wrapping first and subsequently looping the double helix in an
ATP-dependent manner (Fig. 2) (57). Like RSC, this nucleo-
some-remodeling ATPase shortenedDNA tethers asmeasured
usingTPM.Whereas the size of RSC loops seemed to be limited
by torsional strain, ISWI-induced loops were limited in dura-
tion by the available ATP. From data relating the duration of
shortening to the concentration ofATP, a value for theMichae-
lis-Menten constant was obtained, which was consistent with
the micromolar values observed for other ATPases. This sug-
gested that ISWI requires ATP tomaintain traction on DNA to
secure loops. In AFM experiments on positively supercoiled
plasmids, ISWI decreased the number of DNA crossovers. This
was interpreted as positive superhelical tension from the activ-
ity of the protein that induced compensatory negative super-
coiling in the remainder of the plasmid and decreased writhe.
Characterization of the topology of DNA loops generated by
chromatin remodelers is straightforward using MT and can
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indicate whether the DNA in the looped region is adequately
supercoiled for other biochemical reactions, assuming that it
contains promoters, replication origins, etc.

Conclusions

The studies summarized above highlight the sensitivity of
single-molecule techniques for the characterization of the
kinetics, thermodynamics, topology, and mechanisms of tran-
scriptional regulators. TPMandMTallowdirect observation of
molecular dynamics that are obscured by the average behavior
of the asynchronous ensemble in bulk. Furthermore, MT
enable exquisite control of the supercoiling level of DNA mol-
ecules over a range that is inaccessible biochemically using
intercalating agents or topoisomerases. Such control is a great
advantage in studies of transcriptional regulation becauseDNA
supercoiling itself is a regulatory parameter. AFM is a powerful
complementary technique for visualizing and roughly quanti-
fying the stoichiometry of the nucleoprotein complexes that
constitute epigenetic switches. AFM has the advantage over
electron microscopy of being less expensive and more user
friendly. These single-molecule tools have exposed topological
details that were crucial for more completely understanding
transcriptional regulators. The rapidly growing single-mole-
cule toolbox will be incisive for investigations of a wide array of
DNA-binding proteins that alter DNA topology.
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In DNA replication, the antiparallel nature of the parental
duplex imposes certain constraints on the activity of the DNA
polymerases that synthesize new DNA. The leading-strand
polymerase advances in a continuous fashion, but the lagging-
strand polymerase is forced to restart at short intervals. In sev-
eral prokaryotic systems studied so far, this problem is solved by
the formation of a loop in the lagging strand of the replication
fork to reorient the lagging-strand DNA polymerase so that it
advances in parallel with the leading-strand polymerase. The
replication loop grows and shrinks during each cycle of Okazaki
fragment synthesis. The timing of Okazaki fragment synthesis
and loop formation is determined by a subtle interplay of enzy-
matic activities at the fork. Recent developments in single-mol-
ecule techniques have enabled the direct observation of these
processes and have greatly contributed to a better understand-
ing of the dynamic nature of the replication fork. Here, we will
review recent experimental advances, present the current mod-
els, and discuss some of the exciting developments in the field.

The Replisome

The replisome operates according to a set of highly con-
served principles (reviewed in Refs. 1–3). A helicase unwinds
the parental double-stranded DNA (dsDNA),3 allowing two
DNApolymerases, complexedwith processivity factors, to each
synthesize DNA on the resulting single-stranded templates.
The 5� to 3� direction of polymerase-dependent nucleic acid
synthesis permits one of these enzymes to synthesize DNA in a
continuous fashion on the leading strand but requires the
polymerase on the lagging strand to periodically restart using
short RNA primers made by a DNA primase. The discontinu-
ous synthesis of DNA on the lagging strand gives rise to a suc-
cession of Okazaki fragments that are later processed and
ligated into one continuous strand (4). Single-stranded DNA
(ssDNA)-binding proteins remove any secondary structure

that may inhibit synthesis by the DNA polymerase. These basic
activities have been fully reconstituted in vitro in three prokary-
otic replication systems, Escherichia coli and its bacteriophages
T7 and T4 (reviewed in Refs. 1–3). In this minireview, we will
use the minimal T7 replication model system to illustrate the
key mechanisms underlying coordination at the replication
fork and comment on the other two systems as needed.
In bacteriophage T7, a fully functional replisome can be

reconstitutedwith only four proteins (Fig. 1A) (3). TheT7DNA
polymerase consists of a 1:1 complex of the T7 gene 5 protein
(gp5) and the E. coli thioredoxin (Trx) processivity factor; this
complex will be referred to as gp5-Trx. The T7 gene 4 protein
(gp4) provides both helicase and primase activities. The heli-
case activity is located in the C-terminal half, and the primase
activity resides in the N-terminal half. Finally, the T7 gene 2.5
protein (gp2.5) codes for the ssDNA-binding activity. The
replisomes of E. coli and T4 are more complex and require sev-
eral extra proteins such as processivity clamps and clamp load-
ers (1–3).
Protein-protein interactions coordinate the various activities

of the replisome. In T7, the interaction of Trx with gp5
increases processivity of polymerization from 1–15 nucleotides
to 700–1000 nucleotides (5–7). The interaction of gp4 with
gp5-Trx coordinates DNA unwinding with nucleotide poly-
merization onduplexDNA(8–10) and increases the processivity
of leading-strand synthesis to tens of kb (6). The presence of the
helicase and primase within a single polypeptide allows the pri-
mase immediate access to the ssDNA generated behind the
translocating helicase (Fig. 1A). The primase interacts with the
lagging-strand polymerase to place the primer in the active site
of the polymerase (11). gp2.5 interacts with both gp5-Trx and
gp4 to stimulate polymerization and primer synthesis, respec-
tively (12, 13).

Coordination of Leading- and Lagging-strand Synthesis

Highly processive synthesis of DNA on the leading and lag-
ging strands relies on a stable association of polymerases with
the replication fork (14–17). To allow for the opposite direc-
tions of synthesis, Alberts et al. (17) proposed the “trombone
model,” in which a loop reorients the lagging-strand DNA so
that its polymerase can replicate DNA in parallel with the lead-
ing-strand polymerase while bound to the replisome (Fig. 1A).
This replication loop grows and shrinks, like the slide of a trom-
bone, during each cycle of Okazaki fragment synthesis. The
replication loop contains both the nascent Okazaki fragment
produced by the lagging-strand DNA polymerase and the sin-
gle-stranded product of the helicase. The replication loop is
held in place by the physical interaction of the lagging-strand
gp5-Trx with gp4. In E. coli and T4, the homodimerization of
the DNA polymerase provides a structure to hold the replica-
tion loop. These homodimeric DNA polymerases are anchored
to the fork through their interactions with the helicase as in the
case of the T7 system (1–3).
Formation of the replication loop is initiated by primer syn-

thesis. Primer synthesis is a template-directed process that
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requires the primase to first recognize a specific sequence on
the single-stranded helicase product. Using only ATP andCTP,
the T7 primase catalyzes the synthesis of the tetraribonucleoti-
des pppACCC, pppACCA, and pppACAC (reviewed in Ref.
18). The primase remains bound to the primer to prevent the
dissociation of the short tetraribonucleotide from the template
until transferred to the lagging-strand polymerase (11). The
subsequent extension of the primer into an Okazaki fragment
results in the formation of the replication loop.
The observation that synthesis on the leading and lagging

strands proceeds at identical rates (19, 20) suggests a coordina-
tion between the polymerization activities on both strands. In
T7, at least three steps are required to reset the replication loop
at the end of synthesis of an Okazaki fragment: release of the
Okazaki fragment, the synthesis of a primer, and its handoff to
the lagging-strand polymerase. With the complexity of the
multiple steps involved in lagging-strand synthesis and the rel-
atively straightforward continuous incorporation of nucleo-

tides on the leading strand, it is not
clear how this coordination is
maintained.
Efforts of a large number of

researchers have resulted in a pro-
gressively refined picture of the
coordination of events at the repli-
cation fork. In particular, two
models have been proposed that
describe how and when the replica-
tion loop is released. In one mecha-
nism called the signaling model, the
synthesis of a primer triggers the
immediate release of the replication
loop whether or not the nascent
Okazaki fragment is completed (Fig.
1B, right panel). Supporting this
model, an analysis of Okazaki frag-
ment lengths in the T4 system dem-
onstrated the existence of gaps of
ssDNAbetweenOkazaki fragments,
suggesting the release of replication
loops before completion of the nas-
cent Okazaki fragments (21). Also,
the size of Okazaki fragments pro-
duced by E. coli, T7, and T4 repli-
somes is dependent on primase
activity (21–23). Furthermore, Oka-
zaki fragment size is sensitive to
helicase-primase interactions in
E. coli (25) and dependent on the
concentration of two important
components for the lagging-strand
synthesis in T4, the clamp and
clamp loader (21).
In an alternativemodel of replica-

tion loop release called the colli-
sion mechanism, the lagging-strand
DNA polymerase dissociates from
the fork after encountering the 5�

terminus of the previously synthesized Okazaki fragment (Fig.
1B, left panel). In support of this model, the T4 DNA poly-
merase and E. coli DNA polymerase III holoenzyme have been
shown to dissociate rapidly when they encounter a 5� terminus
while extending a primer on ssDNA (23, 26–29). Even though a
large amount of suggestive evidence has been reported to sup-
port both the signaling and collision mechanisms, it is unclear
whichmethod is operative within the replisome during coordi-
nated DNA replication.

Characterization of Replication Loop Length
Distributions by Electron Microscopy

Okazaki fragments as visualized on denaturing agarose gels
display a wide range of lengths (19). This distribution could
result from individual replisomes producing differently sized
Okazaki fragments or individual replisomes producing a con-
stant length of Okazaki fragment, with different lengths from
one replisome to another. The exact nature of the length distri-

FIGURE 1. A, organization of the bacteriophage T7 replication fork. gp4 encircles the lagging strand and medi-
ates both the unwinding of dsDNA via its helicase domain and the synthesis of RNA primers via the primase
domain. The T7 DNA polymerases are stably bound to gp4 and incorporate nucleotides on the leading and
lagging strands. The DNA polymerase is a 1:1 complex of T7 gp5 and E. coli Trx. The ssDNA extruded behind the
helicase is coated by the ssDNA-binding protein gp2.5. A replication loop is formed in the lagging strand to align it
with the leading strand. The lagging-strand DNA polymerase initiates Okazaki fragment (O.F.) synthesis using RNA
primers (green segments). B, schematic depiction of the two models that describe replication loop release. In the
collision model (left panel), the replication loop is released when the lagging-strand polymerase collides with the 5�
terminus of the previous Okazaki fragment. In the signaling model (right panel), the synthesis of a new primer
triggers the release of the replication loop prior to the completion of the nascent Okazaki fragment.
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butions within individual replisomes is important to under-
stand the timing mechanisms underlying Okazaki fragment
synthesis. In the collision model, the lagging-strand DNA
polymerase will complete the nascent Okazaki fragment before
a new primer is utilized and the next loop is formed. If a primer
is readily available upon completion of the nascent fragment,
the next Okazaki fragment is expected to be of equal length. If a
primer is not available upon collision, leading-strand synthesis
needs to continue to allow the primase to search for its recog-
nition sequence to initiate primer synthesis. In this case, the
size of the subsequent Okazaki fragment would increase by the
extra amount of ssDNA generated during the primase search.
Therefore, the collision model predicts a gradual increase in
Okazaki fragment size as the replisome progresses. In the sig-
naling model, primer synthesis takes place before the lagging-
strand polymerase encounters the previous Okazaki fragment
and signals the premature release of the replication loop. As a
result, the amount of ssDNA accumulated in the loop that is
available for the next Okazaki fragment will decrease, which
results in a gradual reduction of the Okazaki fragment size as
the replisome progresses.
The ability of electron microscopy (EM) to visualize struc-

tural properties of replication intermediates and products has
played an important role in understanding the origin of the
heterogeneity in Okazaki fragment length. The imaging of roll-
ing-circle replication intermediates revealed the presence of a
dsDNA replication loop extending from the proteinmass at the
replication fork (Fig. 2A). Not only did these experiments pro-
vide direct visual confirmation of the trombone model, they
also allowed a quantitative characterization of loop lengths (22,
30, 31). Interestingly, only half of the replication intermediates
showed a replication loop. To visualize the ssDNA, the reaction
product was deproteinized and then stretched by incubation
withE. coli SSB (single-strandedDNA-binding protein). Nearly
half of the DNA molecules contained two stretches of ssDNA
flanking the nascent Okazaki fragment, consistent with the
configuration of a replication loop (Fig. 2B). The remaining half
showed dsDNA flanked by only one stretch of ssDNAand likely
corresponds to those intermediate states that do not involve a
replication loop. In these experiments, themajority of the Oka-
zaki fragments were completed, which makes it difficult to
obtain precise information on their length distribution. To cir-
cumvent this problem, theT4 replication systemwas usedwith an
exonuclease-deficient T4 DNA polymerase capable of strand dis-
placement activity. The short ssDNA flaps that it generates at the
junction between Okazaki fragments can be used to precisely
measure the length of each fragment (32). These experiments
revealed that the majority of replisomes produced Okazaki frag-
mentswithrandomlength.Theabsenceofaclear trend inOkazaki
fragment length within individual replisomes prevented discrimi-
nation between the various models of loop release.
The fixed proteins in the EM images appear as a globular

mass at the replication fork (Fig. 2A). To obtain information on
the architecture of the replisomes, various components of the
T4 replication proteins were biotin-tagged, and their location
was mapped using nanoscale DNA biopointers (33). The com-
bination of observing both proteins andDNAprovided detailed
information on several key intermediary steps at the replication

FIGURE 2. A, observation of replication loops by EM. Coordinated DNA syn-
thesis is carried out on a 70-bp minicircle substrate. The replication proteins
appear as a globular object. The dsDNA loop extending from the replisome
represents the nascent Okazaki fragment. Both the small minicircle and the
condensed gp2.5-ssDNA complex are obscured by the protein mass contain-
ing the replisome. The figure is from Ref. 22. B, observation of Okazaki frag-
ments by EM. The replication reaction was carried out as described for
A, deproteinated, and treated with SSB. SSB extends ssDNA and enables its
visualization as a DNA segment with increased diameter. Segment I indicates
the template for the next Okazaki fragment produced by the helicase, seg-
ment II is the nascent Okazaki fragment, segment III is the template of the
nascent Okazaki fragment, and segment IV is the long dsDNA of previously
synthesized Okazaki fragments. The figure is from Ref. 22. C, flow-stretching
individual DNA molecules. Duplex �-DNA (48.5 kb) is modified to contain a
replication fork. The lagging strand of the forked end is coupled to the sur-
face. The other end of the DNA is attached to a bead. A constant laminar flow
applies a well controlled drag force to the bead and stretches the DNA mol-
ecule. The length of the individual DNA molecules is measured by imaging
the beads and tracking their positions. The figure is from Ref. 38. D, dynamic
single-molecule observation of replication loops produced by individual
replisomes. The trajectory shows a time course of the length of a single DNA
molecule during replication. The DNA shortening corresponds to loop
growth during leading- and lagging-strand synthesis (blue arrow) and is fol-
lowed by a rapid length increase when a loop is released (red arrow). The lag
phases between looping events and the loop growth phases are shown as
orange and cyan boxes, respectively. The figure is from Ref. 38.
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fork. Replication intermediates containing the replication loop
and two markers for leading- and lagging-strand polymerases
were imaged, providing direct evidence for their association
with the replisome. Some of these molecules contain a third
polymerase that is not associated with the replisome, extending
previously synthesized Okazaki fragments that remained unfin-
ished. This observation is of particular interest for the signaling
model. In the signalingmodel, gaps of ssDNAwill be generated as
a result of the premature release of the replication loop. Some of
these gapsmight be large andwill need a processive polymerase to
be filled. The EM images provide a model in which the lagging-
strandpolymerase departs the replisomewith the incomplete nas-
centOkazaki fragment, and thenewprimer is extendedbyanother
polymerase bound at the replication fork. This picture is in agree-
ment with biochemical studies that showed the presence of three
polymerases in the E. coli replisome (34) and the observation that
DNA polymerases can be recruited from solution to exchange
with polymerases at the fork (8, 35, 36).

Observation of Replication Loop Formation and Release
by Dynamic Single-molecule Methods

The static nature of EM studies makes it challenging to infer
information on the dynamics of replication loop formation and
release. Understanding the molecular mechanisms underlying
replication loop dynamics and the timeline controlling the var-
ious enzymatic activities at the fork requires the direct obser-
vation of loops while being formed and released. Recent
advances in imaging and molecular manipulation techniques
have made it possible to observe individual molecules and
record “molecular movies” that provide insight into their
dynamics and reaction mechanisms (37).
In the T7 replication system, the replisome has been reconsti-

tuted and dynamically visualized at the single-molecule level (6,
38). Individual DNA molecules were stretched by laminar flow,
and their lengths were monitored by tracking the positions of
small beads attached to the ends of the DNAmolecules (Fig. 2C).
Conversion from dsDNA to ssDNA was monitored through a
decrease in total DNA length at the low force used. By using a
forkedDNAtemplate, a complex of one gp5-Trx andgp4 could be
assembled on one end of the DNAmolecule. Leading-strand syn-
thesis catalyzedbygp5-Trx converts oneDNAstrandarising from
gp4 helicase activity into dsDNA. In the absence of the lagging-
strand gp5-Trx, the lagging strand will remain in the single-
stranded form.By attaching theDNAto the surfaceof the flowcell
by the 5�-end of the lagging strand, leading-strand synthesis could
be detected by an effective shortening of the DNA (6).
The ability to monitor leading-strand synthesis in real time

provides a powerful assay to monitor fork kinetics during the
synthesis of a primer on the lagging strand. Upon activation of
the primase activity by the addition of the required ribonucle-
otides, the leading-strand synthesis displayed transient pauses
(6) with an average duration in agreement with the known
kinetics of primer synthesis (39, 40). Lowering ATP and CTP
concentrations resulted in longer pauses,4 confirming that the
observed pauseswere caused by the synthesis of a primer on the

lagging strand. These observations suggest how the slow enzy-
matic priming on the lagging strand takes place without lead-
ing-strand synthesis progressing too far ahead of lagging-strand
synthesis. Recent single-molecule experiments on the T7 lead-
ing-strand synthesis reaction (41) and the T4 helicase-primase
complex (42) suggest an alternative mechanism to coordinate
leading- and lagging-strand synthesis. These studies demon-
strated the formation of a small ssDNA loop as a result of the
continuation of leading-strand synthesis (in the T7 study) and
helicase activity (in the T4 study) during primer synthesis. Fur-
ther work is needed to reconcile these two models.
Using similar flow-stretching techniques as described above,

Hamdan et al. (38) recently visualized the growth and release
dynamics of replication loopsproducedby single replisomes.Dur-
ing replication, individualDNAmolecules showrepeated cycles of
DNAshortening (Fig. 2D,bluearrow) and lengthening (redarrow)
as a result of the formation and release, respectively, of a replica-
tion loop in the surface-tethered lagging strand. In the presence of
gp2.5, ssDNA has roughly the same length per nucleotide as
dsDNA. As a result, the assay reports exclusively on loop forma-
tion and is insensitive to length differences between ssDNA and
dsDNA. The average rate of DNA shortening observed during
loop growth is nearly twice the rate observed for leading-strand
synthesis alone (6), consistent with the notion that loop growth is
supported by both leading- and lagging-strand synthesis. This rate
of forkmovement has been confirmed at the single-molecule level
using fluorescently stainedM13 rolling circles (43).
The single-molecule DNA length measurements reveal that

the release of a replication loop and the initiation of a new one
are separated by a lag phase during which the overall length of
DNA does not change. Because there is no contrast between
ssDNA and dsDNA in the presence of gp2.5, it cannot be
directly determined whether the replisome is continuing DNA
synthesis without a replication loop or whether the complex
has halted synthesis to allow other enzymatic steps, such as
primer synthesis and handoff, to take place in preparation for
the next replication loop. From these single-molecule experi-
ments, it appeared that half of the time, the replisome was not
engaged in the production of a replication loop (Fig. 2D). This
observation is consistentwith EM,which revealed that only half
of the active replisomes contained a loop (22, 30, 31, 33).
The observation of replication loop release and a lag preced-

ing the formation of the next loop enables the characterization
of themolecularmechanisms bywhich the replication loops are
released and the replication cycle is reset. T7 primer synthesis
takes place in two distinct steps (24, 39, 44). First, the primase
condenses ATP and CTP to form pppAC. Subsequently,
pppAC is extended in a much slower step to a full-length tet-
raribonucleotide primer in a sequence-dependent manner (24,
39, 44). T7DNAprimase can utilize preformedpACand extend
it efficiently using only ATP and CTP (24). Therefore, the
requirement of the condensation step can be bypassed. In the
coordinated replication reaction, reducing the concentrations
of ATP and CTP results in significant increase in both loop
length and lag time. The replication loop length can be restored
under low ATP and CTP concentration upon providing the
reaction with a high concentration of preformed pAC. The lag
time remains unaffected, however. These results demonstrate

4 S. M. Hamdan, J.-B. Lee, C. C. Richardson, and A. M. van Oijen, unpublished
data.
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that the formation of pppAC is sufficient to trigger loop release.
As a consequence, the lag timehas to include the slow extension
step of pppAC to form a full tetraribonucleotide.
The observation that primer synthesis can trigger replication

loop release supports the signaling mechanism. As discussed
above, this mechanism will result in a gradual reduction of the
loop lengths produced by a single replisome as time progresses.
Conversely, the collision mechanism will results in a gradual
increase in loop length. However, comparison between subse-
quent replication loops formed by individual replisomes sug-
gests no apparent trend in loop size. Consistent with the ran-
dom distribution of Okazaki fragments detected by EM (32),
this observation raises the possibility that both signaling and
collision models are operative, preventing a net change in loop
length. The additional presence of the collision mechanism is
confirmed by the observation that an increase in length from
one loop to the next is correlated with the lag time separating
the loops. Loop pairs that showed a decrease in length displayed
no correlation between length change and lag time, consistent
with the absence of additional leading-strand synthesis during
the lag time as predicted by the signaling mechanism.
The primase-induced leading-strand pausing studies dem-

onstrated that priming is a stochastic process, with a limited
probability of the primase recognizing and utilizing a priming
sequence during its scanning of the lagging strand (6). The uti-
lization of both signaling and collisionmechanisms provides an
elegant way to allow the replisome to deal with the stochastic
nature of the primase activity. The signaling mechanism will
release the replication loop if the primase locates one of its
sequences before the nascent Okazaki fragment is finished. On
the other hand, if the nascent Okazaki fragment is finished and
the primase did not engage a recognition sequence, then the
collision mechanism acts as a fail-safe mechanism to trigger
loop release and ensure a proper reset of the cycle of enzymatic
events at the replication fork. Themolecularmechanisms of the
primase-induce pausing and loop release are thus far not
understood. The extension of the initial pppAC to a full-length
tetraribonucleotide is mediated by an interaction between two
adjacent primases in a hexameric gp4 ring (44). This transient
interaction might result in conformational changes that inhibit
the gp4 helicase activity and/or release the loop. Correlating
such structural models with replisome function will require the
development of even more direct single-molecule techniques,
such as the simultaneous visualization of DNA length changes
with fluorescently labeled replication proteins at the fork.
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Nitric oxide (NO) regulates biological processes through sig-
naling mechanisms that exploit its unique biochemical proper-
ties as a free radical. For the last several decades, the key aspects
of the chemical properties of NO relevant to biological systems
have been defined, but it has been a challenge to assign these to
specific cellular processes. Nevertheless, it is now clear that the
high affinity of NO for transition metal centers, particularly iron,
and the rapid reactionofNOwithoxygen-derived free radicals can
explainmany of its biological and pathological properties. Emerg-
ing studies also highlight a growing importance of the secondary
metabolites of NO-dependent reactions in the post-translational
modification of keymetabolic and signaling proteins. In thismini-
review,we emphasize the current understandingof thebiochemis-
try of NO and place it in a biological context.

Nitric oxide (NO; nitrogen monoxide) and related nitrogen
oxides are now known to be critical endogenous regulators
of cell and tissue function (1, 2). From the earliest isolation of
NO, there has been an intense interest in linking the chem-
istry of NO to its biological effects, beginning with the near-
death experience of the famous physiologist Sir Humphrey
Davy after inhaling NO (3). Pharmacological preparations in
which NO was the active agent have been used for over 1000
years, although this fact was not appreciated at the time (4).
It is even more remarkable that the person commonly cred-
ited with the co-discovery of NO, Joseph Priestley, also dis-
covered oxygen. The beneficial and toxic effects of both of
these gases and their intermolecular interactions were then a
major topic of interest and remain so more than 300 years
later.
The biological role of NO was resurrected from the category

of a historical side note when its central contributions to fun-
damental biological processes were identified. In particular, the
discovery of NO as a signaling molecule in the cardiovascular

system was recognized with the Nobel Prize in Physiology and
Medicine in 1998 (4). The notion that such a structurally simple
free radical can have a role as a secondmessenger/effectormol-
ecule has resulted in a major paradigm shift in the field of cell
signaling and stimulated the now maturing field of redox biol-
ogy. The purpose of thisminireview is to summarize howNO is
formed, its relevant chemistry, and how this underpins its bio-
logical effects.
Any newcomer to the NO field is confronted with a bewil-

dering nomenclature that uses very similar sounding names to
describe very distinct molecules, e.g. nitrous oxide (laughing
gas) and nitric oxide (sometimes called crying gas by those
working on it!). As an aid to the reader, we provide Table 1, in
which we list the nitrogen oxides relevant to biological pro-
cesseswith some key biochemical information (2, 5–7). In addi-
tion, we provide in Table 1 the most common adducts that are
formed from some of the more reactive nitrogen oxide species.
In general, the proper chemical terminology to designate the
formation of these adducts is based on the functional group, e.g.
nitrosation involves formation of the nitroso group (R-NO),
nitration involves the nitro group (R-NO2), and nitrosylation
involves the nitrosyl group.Unlike the nitroso and nitro groups,
the nitrosyl group is formally an NO radical and is not a cova-
lent functional group; rather, it forms a coordinate complex
with a transition metal (2).
A PubMed search based on the keyword “nitric oxide”

returns over 99,000 references, and thus, a comprehensive
review is clearly not feasible or within the attention span of the
authors! For this reason, we have selected predominantly
review articles as citations as a guide to the reader for more
detailed information regarding key points. As a framework for
this article, we have posed a series of major research questions
for the mechanisms of NO action, which we then address with
particular emphasis on the biochemistry of NO.

What Are the Key Chemical Properties of NO Relevant to
Biology?

NO is a free radical and can stabilize its unpaired electron by
two mechanisms: reaction with species containing other
unpaired electrons (thus pairing up the two lone electrons) and
interaction with the d-orbitals of transitionmetals, particularly
iron. Although there aremultiple subsequent species generated
from these two reactions that result in a panoply of biological
effects, the biological reactivity of NO itself is quite limited. In
its reaction with iron, NO forms stable high affinity bonds with
heme and NHI2 (8). The high affinity and rapid binding to fer-
rous heme are important biologically for the activation of sGC
to generate the second messenger cGMP and the regulation of
mitochondrial respiration at CcOx (9–16). NO binding to NHI
can also result in significant biological effects, including disrup-
tion of iron-sulfur centers and also binding to the so-called
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chelatable iron pool of cells (17). NO is uncharged and highly
soluble in hydrophobic environments. This propertymay allow
free diffusion across biological membranes and the potential to
signal many cell diameters distant from its site of generation
(18, 19).
A commonmisconception is that all free radicals are, by def-

inition, unstable and highly reactive, but this is not the case. To
place this in perspective, NO is chemically stable andmuch less
reactive with non-radical species than the hydroxyl radical but
more reactive than lipid peroxyl radicals. Biologically, this
means that the fate of NO is dramatically changed in the pres-
ence of other free radicals such as superoxide (O2

. ) (2, 20–22).
Once it has reacted with O2

. , it forms peroxynitrite and no lon-
ger participates in those signaling actions, which require bind-
ing to ferrous heme (23). The rate constant for the reaction of
NO and O2

. has been reported to be as high as 1.9 � 1010 M�1

s�1, nearing the diffusion limit for reactions (24). It is important
to note that when a reaction is “diffusion-limited,” itmeans that
the rate is determined solely by how fast the two reactants
encounter each other, which, in turn, is determined by their
diffusion. Factors that affect diffusion (e.g. viscosity, convec-
tion, etc.) will therefore influence the rate of reaction, and these
factors in vivo are certainly distributed heterogeneously (e.g.
variations in cytosolic and tissue viscosity). Thus, the rate of
peroxynitrite formation will be spatially heterogeneous and
vary from location to location. This, in turn, could result in
apparent localized protein and lipid modification mediated by
peroxynitrite even though the reaction with NO and O2

. is
rapid.

How Is NO Made in Biological Systems?

NO is synthesized intracellularly through the action of a fam-
ily of NOS enzymes (25). NOS enzymes catalyze the NADPH-
and O2-dependent oxidation of L-arginine to L-citrulline and
NO. The structures of these proteins and their mechanisms of

action have been well defined, and a wide range of pharmaco-
logical probes of NOS function have been synthesized (25).
Enzymatic synthesis of NO is complex and depends on the
availability of prosthetic groups and cofactors such as FAD,
FMN, tetrahydrobiopterin, and heme (26). Three distinct iso-
forms have been identified, all of which have different charac-
teristics and generate NO at different rates (27).
eNOS (NOS3) generates the lowest levels of NO and was

originally discovered in the vascular endothelium but is also
found in neurons, epithelial cells, and cardiacmyocytes (28). Its
location in the cell and activity are controlled by Ca2� and cal-
modulin, as well as post-translational modifications such as
phosphorylation and myristoylation (29, 30). Regulation of
eNOS is also intimately related to the physical forces important
in vascular function such as shear stress induced by blood flow
(27, 31). Neuronal NOS (NOS1) is constitutively present in
neurons, skeletal muscle, and epithelial cells. It is also a Ca2�/
calmodulin-dependent isoform that, in the brain, is activated
physiologically by agonists of the N-methyl-D-aspartate recep-
tor (27). The last major NOS isoform is inducible NOS (NOS2),
which has the highest capacity to generate NO. This isoform is
expressed in multiple cell types in response to inflammatory
stimuli such as that induced by endotoxin and cytokines, e.g.
interleukin-1 and -2, tumor necrosis factor-�, and interferon-�
(27, 32). It has also been shown to be constitutively present in
some tissues such as lung epithelium. The NOS enzymes are
regulated by post-translational modifications, controlled local-
ization within the cell, substrate and cofactor availability, and
other proteins withwhich they form stable complexes (27). The
extent to which these regulatory features modify the biochem-
ical actions of NO is an active area of research. For example,
several studies have suggested thatmitochondrially localized or
associated forms of NOS may play a specific role in the regula-
tion of mitochondrial function (33, 34).

TABLE 1
Nitrogen species occurring from the oxidation or reduction of NO
Selected intracellular targets that are well documented in the literature are listed on the right. For a more in-depth review, the reader is directed to the citations in the text.

Free molecular species Abbreviation Comments Intracellular targets

Nitric oxide or nitrogen monoxide NO or �NO Uncharged free radical product of NO synthases sGC, CcOx, NHI, thiyl radicals
Nitroxyl HNO or

NO�
Charged reduced state of NO; Angeli’s salt
product; acts as an electrophile

Transition metals,
nucleophiles (e.g. thiols)

Nitrosonium ion NO� Formally oxidized NO; does not exist at neutral
pH (reacts with water)

Thiolate anion

Nitrite NO2
� Product of NO reaction with O2; can be reduced to

NO in presence of iron
Heme

Nitrate NO3
� Non-reactive oxidation product of NO

Dinitrogen trioxide or nitrous anhydride N2O3 Nitrosating agent; formed from reaction of NO
with O2 and from protonation and further
reaction of nitrite

Thiols, amines

Nitrous oxide N2O Laughing gas
Nitrogen dioxide NO2 or �NO2 Strong oxidizing agent; free radical; nitrating agent Thiols, phenolics (tyrosine)
Peroxynitrite ONOOH or

ONOO�
Formed upon reaction of NO with superoxide;
nitrating agent

Thiols, transition metals

Peroxynitrate O2NOO� Formed upon reaction of NO2 with superoxide ?
Nitrosoperoxocarbonate ONOOCO2

� Formed upon reaction of CO2 with peroxynitrite;
probably very short-lived

Predominantly tyrosine

Hydroxylamine NH2OH Product of nitroxyl reaction
Ammonia NH3 Metabolic waste product

Adduct Name Type of bond to R

R-NO Nitroso Covalent
R-NO2 Nitro Covalent
R-ONO Nitrito Covalent
R��NO Nitrosyl Coordinate (R � metal)
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Recently, it has been suggested that a major metabolite of
NO, nitrite (NO2

�), can be reduced back to NO by heme pro-
teins such as hemoglobin (35). Some investigators have consid-
ered this an enzymatic activity, i.e. a nitrite reductase (36, 37).
The regeneration ofNO fromoneof itsmetaboliteswould seem
at first glance to be a futile exercise; however, this reaction both
changes the location of NO formation and decreases the
dependence on oxygen (35, 38). This contrasts with the gener-
ation of NO from theNOS enzymes, which require oxygen. For
this reason, this mechanism, although presently speculative in
details, suggests that NO2

� may play an important role in gen-
erating NO under hypoxic conditions (35, 38, 39). Whether or
not this role for NO2

� is a physiological process remains to be
seen, but its pharmacological potential is now well recognized
and supported by a number of studies (40). One important area,
which is an active topic for debate, is the source of NO2

� in
mammalian systems and its distribution in biological tissues
(35, 38). As we have speculated previously (41), reaction with
O2 in the biological milieu is almost certainly not important as
a source of nitrite formation compared with other much more
rapid mechanisms (although it could conceivably be a localized
source for reactive oxidative/nitrosative species, especially in
hydrophobic environments). Thus, the mechanism(s) of nitrite
formation in vivo remains elusive, although there is evidence
that it may occur mainly fromNO formation from eNOS com-
pared with other sources (35, 38). Interestingly, it has been
shown that the copper protein ceruloplasmin can catalyze the
conversion of NO to NO2

� (38).
Recent interest in nitrite’s therapeutic potential has focused

on its dietary or pharmacological applications (35, 38). This is
supported by several studies describing improvements in ische-
mia/reperfusion injury following acute myocardial infarction,
pulmonary hypertension, and organ transplantation following
dietary supplementation with nitrite (35).

How Does the Biochemistry of NO Change with
Concentration?

As mentioned above, the different NOS isoforms generate
NO at different rates. An interesting aspect of the biochemistry
of NO is that both concentration and location are key determi-
nants of its ability to activate different cell signaling pathways.
Perhaps surprisingly, controversy remains regarding the levels
of NO that can be achieved biologically (42). With the wide-
spread availability of NO donors, most biochemical experi-
ments are essentially unconstrained in terms of the amounts of
NO that can be added to a cell culture or in vitro system. There-
fore, it is possible that NO will not achieve the concentrations
necessary in vivo to exhibit all of its biochemical properties
defined in vitro.

To illustrate this important aspect of NO biology, we have
exploited the concept of the “bullseye” with reference to
increasing concentrations of NO (Fig. 1). At the center of the
bullseye is sGC, which is the most sensitive “receptor” or target
for NO (Fig. 1A). In the next ring is the mitochondrial enzyme
CcOx (43). As the concentration of NO increases, modification
of NHI occurs, which can also regulate cell signaling (44). The
concentration at which the endogenous NO-dependent forma-
tion of S-nitrosothiols occurs is not clear and is likely to be both

protein- and cellular compartment-specific (45). It is important
to note that this model does not fully account for the effects of
NO generation at different sites in the cell. In addition, aug-
menting the rate of formation ofNO increases the distance over
which NO diffuses, which also increases the target (bullseye)
size.
An interesting effect occurs if we now include ROS such as

O2
. in the same compartment where NO is generated (Fig. 1B).

In this case, oxidativemodification of proteins, lipids, andDNA
occurs, the target composition changes, and (Fig. 1B). For sGC
to be activated under this condition, the levels of NO must
exceed those of superoxide. This is clearly a simplified model,
but it begins to illustrate the biological necessity to have NOS
isoforms that are capable of generating NO at such different
levels and sites within the cell. For example, the control of vas-
cular tone by eNOS requires a localized transient effect,
whereas the modulation of synaptic transmission by neuronal
NOS requires a more persistent and long-range effect. At the
extreme of this spectrum, it is known that for inducible NOS to
kill microbes, parasites, or cancer cells, high levels of NO are
needed to destroy FeS centers and respiratory proteins in the
target organism (28, 31, 32, 46).

What Is the Fate of NO, and How Does That Change Its
Biochemistry?

Once generated, NO has a number of potential biological
fates. The intra- and extravascular half-lives of NO, which have
been measured to be in the range of 2 ms to �2 s, appear to be
dependent on the availability of intracellular reactants of NO
(47). The most specific and highest affinity interactions of NO
with biological targets are those with metalloproteins such as
sGC, CcOx, and hemoglobin. It is the individual interactions of
NO with each of these metalloproteins that lead to some of the
best understood biological effects of NO.
NO reacts rapidly with other free radicals such as O2

. or lipid
peroxyl radicals (5, 48). The best studied of these reactions is

FIGURE 1. Model for the cellular targets of NO and associated nitrogen
oxides. A, the most sensitive target of NO is sGC, followed by CcOx and NHI.
B, reaction of NO with O2 or ROS changes target susceptibility. Under high O2
tensions or conditions of increased free radical production, NO forms oxida-
tion products that react with proteins, lipids, DNA, and FeS centers predom-
inantly over the targets shown in A.
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the very rapid reaction of NO with superoxide to form peroxy-
nitrite (2, 21, 22, 24). For example, peroxynitrite (or reactive
species derived from it such as nitrogen dioxide and carbonate
anion radical) can mediate the oxidation and nitration of pro-
teins, lipids, or DNA, whereas NO cannot directly mediate any
of these effects. Since the realization that peroxynitrite is pro-
duced in biological systems, it has been proposed to be a major
mediator of the pathological effects associatedwithNO, partic-
ularly inflammation (22). Interestingly, the nitroproteome
appears to be quite specific, and pathological responses may be
due tomodification of particularly sensitive proteins, including
those that regulate signaling and cell metabolism (49–52).
Peroxynitrite reacts directly with sulfur-containing amino
acids (cysteine and methionine), as well as those with aromatic
structure (e.g. tryptophan and tyrosine). Furthermore, second-
ary products of peroxynitrite oxidation can also modify pro-
teins. Although the rate constant for reaction of peroxynitrite
with free cysteine is 5.9 � 103 M�1 s�1, reaction with protein
thiols is much slower. This may then contribute to the selectiv-
ity in protein targets. Additionally, because NO is freely diffus-
ible andO2

. is not, one factor controlling peroxynitrite reactivity
may be the location of O2

. production. It is important to also
realize that protein nitration can occur through other mecha-
nisms not directly involving the reaction of NO and O2

. such as
that of nitrite with the enzyme myeloperoxidase (53). In addi-
tion, nitration could be mediated by nitrogen dioxide (NO2

� ),
which is an important environmental toxin and a byproduct of
the reaction of NO with O2. If solely dependent on NO2

� , this
mechanism would require two molecules of the oxidant and is
therefore less likely to occur biologically. However, there are
many ROS that can generate a phenoxyl radical on a tyrosine
residue, which could then react with NO2

� , resulting in nitra-
tion. A major challenge in understanding the biochemistry of
NO has been to determine why the NO-dependent proteomes
such as the S-nitrosoproteome and nitroproteome involve lim-
ited subsets of proteins within the cell.

How Does NO Act as a Signaling Molecule?

There are essentially two major biochemical mechanisms
under current investigation through which NO can mediate
signal transduction, which we will discuss in turn.
Binding to Ferrous Heme—The reaction of NOwith metallo-

proteins involves nitrosylation of ferrous iron (Fe2�). However,
ligand discrimination between metalloproteins differs widely
because of the effects of the protein structure. For instance,
sGC does not bind O2 but does form 5-coordinate Fe2��NO
complexes, which subsequently activate the enzyme and are
responsible for the cGMP-dependent effects ofNO. In contrast,
hemoglobin and CcOx have different affinities for NO but also
bind O2 (15). Of these three interactions of NO with ferrous
heme proteins, it is widely accepted that binding sGC satisfies
all of the requirements for cell signaling, including regulation
and amplification of the signaling pathway (14, 15).
Notably, CcOx is considerably less sensitive to NO-mediated

inhibition than sGC is to NO-dependent activation (14, 43).
However, unlike sGC, the interaction of NOwith CcOx is com-
petitive with O2 (13, 54). In addition, modulation of mitochon-
drial respiration by CcOx is dependent on the state of oxidative

phosphorylation (55). NO is a better inhibitor of respiration in
mitochondria that are actively respiring and at low oxygen ten-
sions (13, 54). The conjunction of these properties has led to the
idea that NO may control oxygen gradients in organs such as
the heart and liver (54, 56).
Heme-containing O2 transport proteins are found in both

intracellular and extracellular compartments and are exposed
to varying levels of both NO and O2. Unlike CcOx, interaction
of NO with hemoglobin or myoglobin typically results in its
consumption. The extremely rapid reaction with HbO2 results
in conversion of theNO to nitrate, andNObinds very rapidly to
the deoxyheme to form a stable complex (35, 36). These reac-
tions should effectively prevent NO from activating sGC. This
results in a true conundrum: how could nanomolar levels ofNO
generated by the endothelium be capable of relaxing vascular
smoothmuscle cells in the presence ofmillimolar HbO2? Thus,
a great deal of effort has been expended by researchers to define
the interactions of NO with hemoglobin and its biological sig-
nificance. Although this remains a contentious and controver-
sial area, some key insights are slowly emerging on three fronts.
(a) There are significant diffusional barriers between the endo-
thelium and the red blood cell that decrease the inactivation of
NO by HbO2. These include the static fluid layer generated by
blood flow and a diffusional barrier at the red blood cell mem-
brane (47). (b) NO may be generated within the red blood cell
by metabolism of nitrite or, intriguingly, through the presence
of an erythrocytic NOS (57). (c) Another possibility is that
although the vast majority of NO that enters the red blood cell
is rapidly inactivated, a small proportion may be converted to
metabolites such as nitrite, which, through as yet unidentified
mechanisms, restoresNO-dependent activation of sGC.Recent
studies also suggest a role for S-nitrosothiol formation,
although the mechanism whereby this occurs is unclear. These
reactions may be particularly important under conditions of
hypoxia in restoring NO-dependent vascular function (35, 58,
59). There is, however, no general consensus on these possibil-
ities.We await further developments in this area for the insights
they may offer into NO-dependent regulation of vascular func-
tion and the basic biochemistry of NO reactions with heme
proteins.
NO-dependent Protein Modifications—The reaction of NO

with O2 is also an area of research critical to our understanding
of how NO can lead to nitrosation, nitration, or oxidation of
protein side chains. Cysteinyl thiols are targets of NO, and NO
from exogenous and endogenous sources has been shown to
increase intracellular lowmolecular weight S-nitrosothiols (e.g.
S-nitrosoglutathione), promote protein glutathiolation (pro-
tein S-glutathione), and increase thiol oxidation (protein oxy-
sulfur acids, PSOxH) (60). However, the differentmodifications
induced byNO appear to be dependent on the RNS, the protein
itself, and the subcellular localization of the protein.
Recently, RSNOs have attracted interest because of their

potential roles as intermediates in the transport, storage, and
delivery of NO; as post-translational protein modifications in
cell signaling and inflammation; and as molecular markers of
RNS. Well over 100 proteins have been shown to be S-nitro-
sated, and as the list of S-nitrosated proteins grows, the poten-
tial relevance of this modification and other NO-induced pro-
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tein modifications in redox biology and signaling is of
increasing interest (61, 62).
NO can promote S-nitrosation by four basic mechanisms

(45). 1) In radical-radical reactions, thiyl radicals on glutathione
and proteins can react with NO to form S-nitrosoglutathione
and S-nitrosated proteins. 2) In transnitrosation, once formed,
the nitroso group can be transferred among thiols on proteins
and lowmolecular weight peptides such as glutathione. 3) Pro-
teins may also be S-nitrosated by N2O3, which is formed from
the reaction of NOwith O2. Hence, the steady-state concentra-
tions ofO2, thiyl radicals, and antioxidants can interact tomod-
ulate the formation of RSNOs. 4) The fourth mechanism of
RSNO formation is transfer of the nitroso group from metal
nitrosyls in a reaction that may not involve O2. The relative
contributions of thesemechanisms to biological nitrosation are
not clear; however, recent evidence seems to implicate cellular
non-heme metal nitrosyls as important contributors to nitro-
sation reactions (63). One of the controversial aspects of the
S-nitrosothiol field involves the accurate measurement of NO-
induced proteinmodifications. Initially, the application of non-
specific techniques resulted in estimates of S-nitrosothiols sev-
eral orders of magnitude higher than the nanomolar amounts
now thought to be present inmost biological samples. The S-ni-
trosoproteome would now appear to be much more exclusive
than previously thought.
It is important to recognize that S-nitrosation is likely net-

worked with other thiol modifications, including S-glutathiola-
tion and S-oxidation. Several proteins have cysteines that react
with RNS and are nitrosated, glutathiolated, and/or oxidized.
This ability to incur multiple types of NO-induced modifica-
tions underscores a novel yet fundamental facet of redox biol-
ogy, i.e. the redox switch (64).

NO-induced thiol modifications of proteins can lead to tran-
sient changes in enzyme activity, and such modifications could
be regulated by enzymes such as glutathione S-transferase Pi
and glutaredoxin, which can catalyze the binding of glutathione
to oxidized protein thiols or restore thiols to their reduced state
(65). Hence, redox switches may represent pathways in which
thiol proteomes could be modulated in a well regulated
manner.
Despite major advances in this field, it remains extremely

challenging to determine whether an NO-dependent post-
translational protein modification is a bystander effect or an
obligatory step in a cell signaling pathway. The solution to this
question will likely lie in the ability to selectively introduce into
cellular proteins a defined modification such as protein nitra-
tion and observe the effects (66). Quantitative mass spectrom-
etry techniques capable of determining the extent of protein
modification are now also being developed and will aid in this
quest (67).

How Do We Translate Our Understanding of the
Biochemistry of NO to Understanding Its Physiology?

As mentioned above, the biochemistry of NO is governed by
1) its interaction withmetalloproteins, oxygen, and ROS and 2)
its concentration. In a biological setting, location of both the
source of NOproduction and the targets provides an additional
layer of complexity.Wewill now discuss how the integration of

the key biochemical properties of NO outlined above can inter-
act in physiological and pathological processes. To illustrate
this, we will use emerging concepts from both the hepatology
and cardiovascular fields.
Importantly, mitochondrial dysfunction and alteredNObio-

availability, down-regulation of the sGC pathway, and
increased proteinmodifications play a key role in the pathogen-
esis of liver disease. As discussed above, NO regulates mito-
chondrial function through reversible binding at the heme site
in CcOx, which inhibits O2 consumption and can influence
cross-talk mechanisms between the mitochondrion and sGC.
Recently, wehave shown that both alcoholic steatohepatitis and
nonalcoholic steatohepatitis are associated with increased sen-
sitivity of the respiratory chain to inhibition by NO, increased
hypoxia, and protein nitration (54, 68, 69). It is proposed that
these NO-dependent changes result in excessive inhibition or
altered regulation of the respiratory chain. This leads to bioen-
ergetic dysfunction, reductive stress, andROSproduction, all of
which are key features of mitochondrial dysfunction in diabe-
tes/obesity and alcohol-mediated liver disease.
One key function ofNO-mediated inhibition of respiration is

to modulate O2 gradients and hypoxia-responsive targets in
cells via inhibiting O2 consumption in respiring mitochondria
(47). A consequence of this inhibition would be to extend the
O2 gradient within tissues and prevent hypoxia. Indeed, a car-
dioprotective mitochondrially targeted S-nitrosothiol was
shown recently to enhance oxygen levels under hypoxic condi-
tions and to promote S-nitrosation of mitochondrial protein
thiols (63). These findings suggest that, like its deleterious
actions, the protective effects of NO also involve its binding to
ferrous iron and its regulation of protein thiol modifications.

Summary

In this minireview, we hope to have demonstrated how the
understanding of the biochemistry of NO, gained over the last
30 years, can be used to illuminate its biological properties. It is
now becoming clear that these biochemical mechanisms can
operate simultaneously within the context of any specific organ
or cell. Thus far, the study of these specific properties ofNO, i.e.
its binding to metalloproteins, reaction with free radicals, and
protein modifications, has proceeded in parallel. The challenge
in future research will be to integrate these characteristics into
a more comprehensive model of NO biology.
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Lysosomal storage diseases (LSDs), of which about 50 are
known, are caused by the defective activity of lysosomal pro-
teins, resulting in accumulation of unmetabolized substrates.
As a result, a variety of pathogenic cascades are activated such
as altered calcium homeostasis, oxidative stress, inflamma-
tion, altered lipid trafficking, autophagy, endoplasmic reticu-
lum stress, and autoimmune responses. Some of these pathways
are common to many LSDs, whereas others are only altered in a
subset of LSDs.We now review how these cascades impact upon
LSD pathology and suggest how intervention in the pathways
may lead to novel therapeutic approaches.

All eukaryotic cells contain lysosomes, membrane-bound
organelles that contain a range of acid hydrolases such as
proteases, glycosidases, sulfatases, phosphatases, and lipases.
Impairment of the activity of these enzymes leads to progres-
sive accumulation of unmetabolized substrates, resulting in the
monogenic disorders known as lysosomal storage diseases
(LSDs).2 Although monogenic diseases are simple in terms of
the causative gene defect, the biochemical and cellular cascade
of events that ensue is highly complex (1).
LSDs are typically inherited as autosomal recessive traits

and occur at a collective frequency of �1:5000 live births.
Over 50 LSDs are known; they can be caused by defects in sol-
uble lysosomal enzymes, in non-enzymatic lysosomal proteins
(soluble or membrane-bound), or in non-lysosomal proteins
that impinge upon lysosomal function. The degree of residual
function of the defective protein influences the age of symptom
onset. Patients null or almost null for a given protein present
symptoms in utero or in early infancy, whereas milder muta-

tions lead to juvenile or adult onset disease (1). The majority of
LSDs involve storage in both the central nervous system (CNS)
and visceral tissues. CNS pathology is a common hallmark of
LSDs, and LSDs are the commonest cause of pediatric neuro-
degenerative disease.
LSD classification is usually based on the biochemical nature

of the accumulating substrate. Thus, disorders in which sphin-
golipids are the primary accumulating material are classified
as sphingolipidoses, those in which mucopolysaccharides
(i.e. glycosaminoglycans) accumulate are known as mucopo-
lysaccharidoses (MPS), and oligosaccharides accumulate in the
oligosaccharidoses. However, classification according to the
accumulating substrate is often misleading, as is the case with
the neuronal ceroid lipofuscinoses (NCLs), classically charac-
terized as one disease family, based on the common intracellu-
lar accumulation of ceroid lipopigments and of subunit c of the
mitochondrial ATP synthase. It is, however, now known that
each of the NCL subtypes is caused by defects in one or other of
nine seemingly unrelated CLN proteins (2).
Despite the distinctive types of storage material in differ-

ent LSDs, they share many common biochemical, cellular,
and clinical features. Thus, advances in understanding one
particular disease can provide insight into other specific LSDs
or into LSDs in general. We now summarize the known bio-
chemical and cellular pathways that are altered in either
human LSDs or animal models of LSDs and attempt to clas-
sify the pathways as either “common” or “uncommon.” It
should be stressed that classification of a pathway as either
common or uncommon is based to a large extent on the avail-
ability, or not, of systematic studies of each particular pathway
in each specific LSD. Furthermore, the classification is often
hampered by the different cell types used in different studies.
Many studies have been performed in patient fibroblasts, but
LSD fibroblasts often bear little resemblance to the major
cell types that are affected in each disease because fibroblasts
may not accumulate substrates to the same extent as the
clinically relevant cell types. Thus, the value of comparing, for
instance, studies in fibroblasts with studies in cultured neurons
or in brain tissue is not always readily apparent. This is exem-
plified using different Gaucher disease models, where unfolded
protein response (UPR) activation and abnormal antioxidant
response were found in Gaucher disease fibroblasts (3, 4) but
were not observed in bone marrow mesenchymal stromal cells
(5) or in neurons (6). Great care must therefore be taken when
drawing conclusions from studies on the samedisease but using
different cell types.
Nevertheless, this classification (Table 1 and supplemental

Table 1) should be of use to researchers attempting to elucidate
the relative significance of the biochemical and cell biological
pathways associated with a specific disease, which is vital if
effective novel therapies are to be developed (7). As each LSD is
individually rare, targeting common clinical intervention
points with agents that could treat multiple diseases is particu-
larly attractive. This is even more relevant in light of the rather
limited therapeutic options available at present for many of the
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diseases, particularly the rarer diseases, which are usually char-
acterized by a distinct and fatal CNS phenotype.

Accumulation of Secondary Metabolites

In many LSDs, there is accumulation of secondary metab-
olites, such as gangliosides GM2 and GM3 (8) and choles-
terol (9), that are unrelated to the primary genetic defect.
In Niemann-Pick C (NPC) disease, secondary GM2 and GM3
accumulation may be the result of a trafficking defect that is
downstream to defects in lysosomal calcium homeostasis (10).
Cholesterol storage in the sphingolipidoses is probably related
to the tight membrane association and modes of regulation of
these lipids, although a precise mechanism is lacking to explain
the concomitant changes in sphingolipid and cholesterol levels
in the LSDs.

Calcium Homeostasis

Defective intracellular calcium signaling has emerged as a
key commonpathway in LSDs. In retrospect, this is perhaps not
surprising because calcium plays vital roles in regulating a vari-
ety of cellular events, with impaired calcium homeostasis lead-
ing to endoplasmic reticulum (ER) stress, oxidative stress,
and cell death. However, the mechanism leading to impaired
calcium homeostasis is different in each LSD, depending on the
mode of interaction of accumulating substrates with specific
calcium channels or pumps, or on other upstream events.
Altered calcium homeostasis can be classified according to the
organelle in which defective calcium signaling is observed.
Increased calcium release from the ER occurs in models of

neuronal forms of Gaucher disease due to overactivation of the
ER calcium channel, the ryanodine receptor (11); glucosylcer-
amide (GlcCer), the lipid that accumulates in Gaucher disease,
directly modulates the ryanodine receptor (12). In Sandhoff
disease (a GM2 gangliosidosis) (13) and in Niemann-Pick A
disease (14), elevated cytosolic calcium is due to a reduction in
the rate of calcium uptake by the sarco/endoplasmic reticulum
Ca2�-ATPase (SERCA); in the case of Sandhoff disease, gangli-
oside GM2 modulates SERCA activity in vitro (13), which
depends on an exposed sialic acid residue on GM2 (15). ER
calcium store depletion also occurs in the GM1 gangliosidosis
(16), where GM1 interacts with the phosphorylated form of the
inositol 1,4,5-trisphosphate-gated calcium release channel (17).
Mitochondrial calcium homeostasis is altered in at least two

LSDs. In a neuronal model of the GM1 gangliosidosis, GM1
accumulation in a glycosphingolipid-enriched fraction ofmito-
chondria-associated ER membranes results in elevated mito-
chondrial membrane permeabilization, opening of the perme-
ability transition pore, and activation of the mitochondrial
apoptotic pathway (17). In skin fibroblasts from mucolipidosis
type IV patients, mitochondrial fragmentation and decreased
mitochondrial calcium buffering were observed, leading to
oversensitivity of the cells to proapoptotic effects induced by
calcium-mobilizing agonists (18), although calcium-dependent
apoptosis appeared to dependon activation of a non-mitochon-
drial caspase 8 pathway.
Lysosomal calcium is altered in NPC1 disease. NPC1 cells

display amajor reduction in lysosomal calcium stores as a result
of sphingosine storage, resulting in defective endocytic fusionT
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and trafficking, which subsequently induces cholesterol, sphin-
gomyelin, and glycosphingolipid storage. Compensating for the
alterations in lysosomal calcium levels by elevating cytosolic
calcium reverses the NPC1 phenotype and prolongs survival of
NPC1 mice (10).
Finally, in a mouse model of the juvenile form of NCL, cal-

cium homeostasis is altered by modulation of a plasma mem-
brane voltage-gated calcium channel. Elevated levels of the
Gnb1 protein were observed; Gnb1 is a �1 subunit of the G
protein complex, which negatively regulates N-type voltage-
gated calcium channels. Upon inhibition of N-type calcium
channels, recovery from depolarization was lower in Cln3-de-
ficient neurons, resulting in a prolonged period of higher intra-
cellular calcium (19).

Oxidative Stress and Free Radicals

Accumulating evidence suggests that reactive oxygen species
(ROS) play a pivotal role and are perhaps common mediators
(3) of cell death in many LSDs. Thus, up-regulation of apurinic
endonuclease 1 (APE1) (a protein that repairs oxidative DNA
damage) was observed in Gaucher fibroblasts (4) (but not in
Gaucher bone marrow mesenchymal stromal cells (5)). In the
GM1 and GM2 gangliosidoses, inducible nitric oxide synthase
and nitrotyrosine were elevated in activated microglia/macro-
phages (20), andROSwas elevated in Fabry diseasemodels (21).
Genemicroarray analysis fromNPC1 fibroblastswas consistent
with enhanced oxidative stress (22), and elevated ROS and lipid
peroxidation rendered the fibroblasts more susceptible to cell
death after an acute oxidative insult (23). InMPSIIIB, enhanced
oxidative stress resulted in protein, lipid, and DNA oxidation
(24), and an oxidative imbalance was found in MPSI (25). In
NCLs, elevated ROS and superoxide dismutase levels were sug-
gested to be downstream to ER stress (26), a significant increase
in manganese-dependent superoxide dismutase activity was
detected in fibroblasts and brain extracts from CLN6 sheep
(27), and increased expression of 4-hydroxynonenal was de-
tected in late infant and juvenile forms of NCL (28).
The central role that oxidative stress plays in integrating

other cellular pathways and stresses suggests that it is most
likely activated in LSDs as a secondary biochemical pathway,
rather than as a direct result of accumulation of the primary
substrate.Moreover, the possible role of oxidative stressmay be
of real significance in delineating LSDpathology, particularly as
oxidative stress plays a central role in other better studied neu-
rodegenerative conditions.

Inflammation

Although the LSDs involve storage of self-components, a
common host response is the inappropriate activation of the
immune system, resulting in chronic inflammation. The exact
mechanisms leading to immune activation are unknown but
probably reflect altered signaling pathways in response to stor-
age. For instance, in type 1 Gaucher disease, which lacks CNS
involvement, the main storage cell types are macrophages,
which are found throughout the body but are particularly prev-
alent in the liver, spleen, and bone marrow. GlcCer storage in
macrophages leads to macrophage activation and release of
multiple cytokines and to the release of the chitinase, chitotrio-

sidase, which serves as a useful clinical biomarker for this dis-
ease (29).
In LSDs with CNS pathology, brain inflammation is a com-

mon and universal feature. In the brain, macrophage lineage
cells are represented by microglia, which respond to trauma
and disease by activating the inflammatory response (30). In
healthy individuals, microglia are in a resting state, but if infec-
tion or trauma is sensed, they undergo a wave of self-limiting
activation until the disease/damage episode is resolved (30).
Upon substrate accumulation in LSDs, an inflammatory
response is triggered that is not self-limiting, and once trig-
gered, it progressively increases in parallel with the storage bur-
den (20). Numerous studies in multiple LSDs indicate that the
inflammatory process contributes to pathogenesis (see, for
instance, Refs. 20 and 31). One example is the GM1 and GM2
gangliosidoses, where activation of both CNS and peripheral
inflammation predates the onset of clinical signs and involves
elevation of multiple proinflammatory cytokines (20).
It is likely that lysosomal storage causes immune activation

by different molecular mechanisms depending on where stor-
age occurs and on the biochemical nature of the stored mole-
cules. However, once activated, there is convergence in the
development of chronic inflammation. Despite the fact that
inflammation is a downstream event in the pathogenic cascade,
it may nevertheless be a target for adjunctive therapy in multi-
ple LSDs. Thus, when a mouse model of Sandhoff disease was
treated with non-steroidal anti-inflammatory drugs or crossed
with the MIP1� (chemokine CCL3) knock-out mouse to pre-
vent peripheral immune cell recruitment to the brain, clinical
benefit resulted (32, 33). The mouse model of NPC1 also ben-
efits from non-steroidal anti-inflammatory therapy (31).

Lipid Trafficking

Altered lipid trafficking has been shown in some LSDs but
not in others. A fluorescent analogue of lactosylceramide
(BODIPY-LacCer) accumulates in the Golgi apparatus in
normal fibroblasts after its addition from exogenous sources
but accumulates in late endosomes and lysosomes in fibroblasts
obtained from some LSD patients (i.e. GM1 gangliosidosis,
GM2 gangliosidosis, prosaposin deficiency, metachromatic
leukodystrophy, MPSIV, Fabry disease, Niemann-Pick disease
(types A, B, and C), and Krabbe disease) (34). In contrast, no
endosomal accumulation of BODIPY-LacCer was observed in
other LSD fibroblasts, such as Pompe disease, Hunter disease,
NCL, Farber, and Gaucher disease, although altered BODIPY-
LacCer trafficking was observed in a chemically induced Gau-
cher disease model (35), suggesting that the lack of change in
lipid trafficking in Gaucher fibroblasts may have been due to
the lack of GlcCer accumulation in fibroblasts. Themechanism
by which lipid trafficking is altered in some LSDs is unknown
but is related to changes in cholesterol levels because depletion
of cholesterol in LSDs restored normal BODIPY-LacCer
trafficking.

Autophagy

Autophagy is a vacuolar, self-digesting mechanism responsi-
ble for removal of long lived proteins and damaged organelles.
Autophagosomes fuse with lysosomes for degradation of their
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cargo by lysosomal hydrolases. Aside from its role in survival
during stress conditions, autophagy can also serve as a pro-
grammed cell death mechanism, with impairment of autopha-
gosome-lysosome fusion or overinduction of autophagy lead-
ing to autophagosome accumulation and cell death.
Impaired autophagy contributes to the pathogenesis of

several neurodegenerative diseases. Due to the vital role of
the lysosome in autophagy, this pathway is an obvious candi-
date in LSD pathogenesis (36) and has been extensively studied,
particularly in NPC. In brains obtained from Npc1�/� mice,
levels of the autophagy marker, LC3-II, were significantly ele-
vated, and autophagic vacuole-like structures were seen (37).
LC3-II elevation was observed upon treatment of cells with the
cholesterol-altering drug, U18666A, in NPC1-deficient Chi-
nese hamster ovary cells (38) and in NPC1-deficient human
fibroblasts (39). These changes were associated with increased
expression of beclin-1, a protein that is activated during auto-
phagy induction.
Activation of autophagy has also been observed in other

LSDs such as in NPC2, Sandhoff disease, multiple sulfatase
deficiency and MPSIIIA (40), GM1 gangliosidosis (41), NCLs,
and Pompe disease (42, 43). The latter studies demonstrated
that autophagic buildup had a profound effect on the endo-
cytic pathway. Defective LAMP-2 (the integral lysosomal
membrane protein defective in Danon disease) causes accu-
mulation of autophagosomes in many tissues, leading to car-
diomyopathy and myopathy (44). Hence, impaired autophagy
seems to play a role in many LSDs, although the underlying
mechanism differs between diseases. In the GM1 gangliosido-
sis, in NPC and in NCL, the impairment is due to autophagy
overactivation, whereas in other LSDs (i.e. multiple sulfatase
deficiency and MPSIIIA), autophagosome-lysosome fusion is
defective.
Alterations in autophagy are often directly related to altered

intracellular lipid trafficking (see above). Thus, autophagy appears
normal (as measured by LC3-II and beclin-1 levels) in Gaucher
disease fibroblasts, which traffic sphingolipids normally (39).
Clearly, further studies on Gaucher cells are needed, as are
studies on the relationship between lipid trafficking and auto-
phagy activation in LSDs, to definitely determine the common-
ality of this pathway to LSD pathogenesis.

ER Stress and the UPR

In the ER, secretory and transmembrane proteins fold into
their native conformations and undergo post-translational
modifications. When these functions are impaired, mis-
folded proteins accumulate in the ER lumen and activate the
UPR, which can initiate apoptosis. Unfolded protein accumu-
lation can occur in response to changes in the ER environment,
including glucose starvation, reducing agents, and depletion of
ER calcium stores. Because calcium homeostasis is altered in
LSDs, this pathway could also be potentially involved in LSD
pathology.
Activation of the UPR was recently suggested to be a com-

mon mediator of apoptosis in LSDs, based on studies showing
UPR activation in fibroblasts from a wide variety of LSDs (3).
However, a systematic study examining various neuronal
Gaucher mouse models found no evidence for UPR activa-

tion (6). UPR activation was shown in mouse tissues and in
neurospheres obtained from GM1 gangliosidosis mice (16), in
the brain and in cultured cells from infantile NCL (45), but was
not observed in spinal cord tissue from a mouse model of sia-
lidosis (16).

Autoimmune Disease

Autoantibody responses to storage material is not a com-
monly reported feature of the LSDs. However, in one report,
anti-GM2 autoantibodies were detected in a mouse model of
Sandhoff disease; crossing Sandhoff mice withmice deficient
in Fc receptor � prolonged their survival, suggesting an anti-
body-mediated component in this disease (46). Autoimmune
responses to molecules in the brain that are not themselves
stored in the disorder are also uncommon in LSDs, although
there is some evidence for this occurring in theMPSIIIBmouse
(47). Similar findings were reported in Batten disease (48) with
autoantibodies present against multiple CNS components. The
possible role of autoimmune disease merits more detailed and
methodical study.

Concluding Comments

We have surveyed the different biochemical and cellular
cascades that are altered in LSDs. For some diseases, wide
ranging and systematic studies have been performed, whereas
for other diseases, scant data are available. This reflects to some
extent the relatively low frequency of each individual disease in
the population. However, more advances in understanding the
downstream events affected in the LSDs are likely to come
about in the years ahead, with the realization that these mono-
genic diseases present unique opportunities for studying the
basic biology of some of the cellular pathways discussed above.
The convergence of increased understanding of the underlying
biology of LSDpathologywith progress inmodes of therapeutic
intervention should result in a fruitful period of research on
LSDs and in the development of new therapies.
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For many, the genetic code was to provide the key to under-
standing protein synthesis. For those with a bit more sophisti-
cation, it was the Shine-Dalgarno region (in prokaryotes) or
scanning and the Kozak consensus sequence (in eukaryotes). In
all of these, the answer was in the nucleic acid sequence of the
mRNAandwas based on the assumption of a singlemechanism
to explain translation initiation. However, like all of the macro-
molecular synthetic pathways, there have been two repetitive
observations. First, they are considerably more complicated
than anticipated, and second, there is not a single mechanism.
Beginning in the late 1980s, it was becoming apparent that

there were a number of “nonstandard” events associated with
translation, especially in eukaryotic systems. Much of this fell
under the description of “post-translational control of gene
expression,” and many of the examples would, indeed, reflect
changes in the initiation efficiency of specific mRNAs. More
recent examples also reflect changes in mRNA stability, alter-
nate splicing, or microRNAs.
The intent of this minireview series is to prepare readers for

the time when translation becomes a part of their research,
especially for those interested in the regulation of gene expres-
sion as it relates to the basic mechanisms of processes, such as
development and disease. I will initiate this minireview series
with a general review of issues to be covered and will point to a
number of issues that are either not like “globin mRNA” or for
which there is currently no consensus. Among these issues are
cap-dependent translation with long or structured 5�-untrans-
lated regions, mRNAs with upstream open reading frames
(How do they really work?), cellular IRES2 elements (Do they
really exist?), cross-talk of translation with the cell, etc.
The next two articles will focus on “standard translation ini-

tiation studies” that relate to the mechanism and the use of
genetics to evaluate translation in vivo. Michael Altmann and
Patrick Linder will describe how the “awesome power of yeast
genetics” has provided and will provide answers to the mecha-
nisms involved in translation. To date, themechanics of protein
synthesis have been elucidated largely in vitro (andmostly using
mammalian systems). However, much of our understanding of
the regulation of this process has come from in vivo studies
using yeast. Past examples include Thomas Donahue’s work
(SSL and SUI mutants), use of temperature-sensitive mutants,
Alan Hinnebusch’s study of the amino acid regulation of the
transcription factor GCN4, and others.

Jon Lorsch and ThomasDever offer their perspectives on the
biochemistry/structural biology findings relating to translation
initiation. Although many are familiar with the almost heroic
efforts that have resulted in the crystal structure of the bacterial
ribosome, equally impressive data on the structure of ribo-
some/factor complexes and the complexity of the eukaryotic
initiation pathway are emerging. For the first time, structure,
function, and kinetics are being combined to explain themech-
anism and regulation of protein-synthesis initiation.
Most of the current in vivo studies use yeast or tissue culture

cells. However, what does one do if onewants to consider a real,
intact multicellular organism? What type of signals predomi-
nate, why is leucine the “magic amino acid,” and just howmany
signaling pathwaysmight be at work to confound the investiga-
tor? The key feature is that multicellular organisms, especially
mammalian systems, maintain homeostasis. Thus, attempts to
isolate effects to specific organs have been challenging. Scot
Kimball and Leonard Jeffersonwill provide uswith insights into
where new methodologies are needed to relate effects on pro-
tein synthesis to the overall goal/strategy of the organism for
survival.
The study of IRESs began with the groundbreaking work of

Nahum Sonenberg, Eckard Wimmer, and their colleagues that
examined the initiation of poliovirus and encephalomyocarditis
virus mRNAs. Subsequent studies, mostly using mammalian
systems, have examined the existence of cellular IRES elements
that are present in normal cellular mRNAs. In stark contrast to
progress in the characterization of viral IRESs, which has pro-
duced detailed molecular and even structural descriptions of
several distinct mechanisms, the work with cellular IRES ele-
ments has beenmore refractory because they are generally inef-
ficient. Wendy Gilbert will describe current studies in this area
as well as her own efforts to identify and characterize IRES
elements in yeast. The real task is to define the mRNAs with
IRES elements and to begin to explore their regulation (IRES
trans-acting factors anyone?) in vivo, and perhaps, sooner or
later, in vitro.
As is true for any key macromolecular pathway, protein syn-

thesis seems to be a thermometer for cellular good health. A
variety of signals trigger the alteration of protein synthesis,
either as the absolute level of expression (i.e. as total amino acid
incorporation) or as the relative alteration of expression of the
population of mRNAs within the cell (as competition or as spe-
cific activation or repression of existing mRNAs). A commonly
identified protein associated with such changes is eEF1A, the
most abundant of the translation factors at about 2% of the total
cellular protein. Maria Mateyak and Terri Goss Kinzy will
describe many of their studies that link eEF1A function with

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: wcm2@case.edu.
2 The abbreviation used is: IRES, internal ribosome entry site.
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cytoskeletal formation and more recent research that impli-
cates this protein in regulating the interaction of the ribosome
and the cell. Identifying the proteins that interact with eEF1A
may explain concepts of localized translation and the influence
of changes in cellular morphology on translation at different
stages of the cell cycle.
One of the potentially important new areas of research

involves the role of small noncoding RNAs in cell growth and
development and their use to manipulate the levels of gene
expression in systems that do not have the genetic plasticity
found in yeast. Although both small interfering RNAs and
microRNAs are now part of the molecular biologist’s toolbox,
microRNAs have been associated with a variety of processes.
An example is the recent work of Joan Steitz and her colleagues
showing that microRNAs are either positive or negative regu-
lators of gene expression. Timothy Nilsen will explore what has
been learned about these RNAs and whether we might expect
that there is a common mechanism for both or whether there
might be a series of unique regulatory pathways.
In an intriguing new area of research, progress is being made

in determining the role of protein synthesis in learning. Previ-
ous efforts using drugs have shown that unlike short termmem-
ory, long term memory requires protein synthesis. How does
this work? With the recent advances in understanding the
mechanism of protein synthesis and the characterization of the
proteins/factors that are required, it is now possible to examine
what proteins are involved in this process. Nahum Sonenberg,

Christos Gkogkas, and Mauro Costa-Mattioli will review our
current knowledge and some suggestions as to where research
is going in terms of examining learning at the molecular level.
How long will it be before we have a real mechanistic interpre-
tation, and how might we get there? The GCN2�/� mouse is a
start. What is next?
Finally, we will present a recap of this year’s Nobel Prize

awards for the structure of the ribosome. Althoughmuch of the
early work from the laboratories of Ada Yonath and Thomas
Steitz focused on the structure of the bacterial ribosome in
the absence of protein synthesis components, the Venki
Ramakrishnan group provided mechanistic insights into the
catalytic workings on the surface of the bacterial ribosome.One
of the participants in this Nobel effort, Dr. Poul Nissen, and his
colleague Charlotte Knudsen, will provide us with an update of
the current workings of the ribosome as it relates to the molec-
ular enzymology of protein biosynthesis.
The variety of events that affect the regulation of translation,

specifically or globally, and the site-specific translation of pro-
teins (as best evidenced in neurons) have led to exceptionally
diverse patterns of expression of proteins. These, coupled with
the already known controls at the level of transcription, mRNA
processing, and mRNA turnover (at the level of macromolecu-
lar events) and the post-translational modifications that alter
enzyme/factor activities, ensure that multicellular organisms
have many mechanisms to control growth and development
and to maintain homeostasis.
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Much of what is currently understood about eukaryotic
protein synthesis represents some very simple principles.
DNA makes RNA makes protein. The genetic code accounts
for the conversion of nucleic acid information into protein
sequence information. The scanning hypothesis and the
optimal sequence context around the initiating AUG define
most of eukaryotic initiation using the predominant cap-de-
pendent mechanism. The work of many has led to the type of
initiation flow scheme shown in Fig. 1.
Despite this detail, this picture is quite deceiving. First, there is

more known than is depicted. Recentmethodologies of cryo-elec-
tron microscopy and high field NMR combined with the almost
miraculous crystal structures of bacterial ribosomes have added a
considerable amount of informationon the specificity and contact
(working) surfaces of the ribosome and the translation factors that
participate in protein biosynthesis. Second, methodologies are in
place that allow for a more detailed analysis of the kinetic proper-
ties of the individual steps in this process. Finally, there are more
and more examples emerging of elements influential in the regu-
lation of translation as seen as post-translational modifications of
the translation factors (or ribosomal proteins), non-coding RNAs,
or cis-acting elements in the 5�- and 3�-UTRs2 of mRNAs that
recruit trans-acting factors.
So where have we gone wrong? To begin with, much of the

detail in Fig. 1 was determined in vitro with a series of partial
confirmations in vivo, especially in the yeast system. As such,
themajor limitations to the pathway reflect the fact thatmost of
the evidence used for formulation of the pathway was deter-
mined with artificial synthetic mRNAs, globin mRNA, or
EMCV mRNA. It is usual to extrapolate from these experi-
ments to more general mRNA translation; however, there are
concernswith this approach. All of the in vitro systems function
at a rate that is generally 5% (or less) of the in vivo rate, and there
is rarely proof of turnover (i.e. that either a translation factor or
the mRNA was used more than once). Second, a casual look at
the pathway suggests that each translation initiation factor is
used once, whereas available data indicate that multiple copies
(or rounds of use) are required for one or more of the factors.
Finally, each factor used in the in vitro experiments is present in
the same stoichiometry. Numbers from mammalian systems
and yeast indicate that this is clearly not the case,with the actual

concentrations of different factors varying over a hundredfold
range. However, the different concentrations of factors could
reflect balancing concentration andbinding constants orpotential
multiple turnovers. Thus, although the overall pathway shown in
Fig. 1 may be correct, it certainly is not accurate in reflecting the
full dynamics and kinetics of the initiation process.
Let us begin with “What’s Right” with the model pathway

shown in Fig. 1. For most mRNAs that are not regulated for
expression, this pathway is accurate and reflects the translation
of about 80% or more of the cellular mRNAs. Thus, changes
that introduce secondary structure into the 5�-UTR reduce
expression, as does an alteration of the nucleotide sequence
around the initiating AUG (“the Kozak rules”) (1–3). The re-
duction in expressiondue to increased secondary structure canbe
reduced or eliminated by an increased concentration of eIF4A (4).
Although not shown in Fig. 1, translation is verymuch dependent
on them7G cap at the 5� end of themRNAand recognition of this
structure by eIF4E. Accessibility to this cap structure is the domi-
nant determinant of the efficiency of an mRNA; this has been
shown both experimentally andmathematically (5, 6). This estab-
lishes thecompetitive rankingofmRNAsfor translationwithin the
cell. Although not shown pictorially in step 3, this step is the con-
version of an RNP complex with secondary and tertiary folding
associatedwithanumberof specificandnonspecificRNA-binding
proteins into an activatedmRNA, the placewhere the initial com-
petition for translation begins (note that all mRNAs are initially
visualized as messenger RNP particles that are about 50% RNA
and 50% protein). From the numbers available, most cells contain
more mRNA than is being translated, and thus, competition is a
common element in translation.
A second element that seems correct is steps 7 and 8, which

depict the recycling of eIF2 and eIF4F (7). These steps are the
major sites for regulation of translation initiation. The control
of eIF2 recycling is influenced by either phosphorylation of ser-
ine 51 in the� subunit of eIF2 or direct regulation of the activity
of the exchange factor eIF2B. Reduction in ternary complexes,
eIF2�GTP�Met-tRNAi, as a result of diminishing recycling
seems to reduce the translation of all mRNAs equally. By con-
trast, regulation of the level of eIF4F activity, primarily via
4E-BP, which binds free eIF4E and thereby blocks the reconsti-
tution of active eIF4F, accentuates the competition between
mRNAs, more sharply favoring the more efficient mRNAs as
the level of eIF4F activity is reduced (8).
A third step in Fig. 1 that is also correct is that the selection of

the start codon is almost exclusively through the base paring of
the anticodon of theMet-tRNAi and the start codon (additional
effects via the purine at �3) (9). With this in mind, it then
makes perfect sense that the ternary complex should arrive at
the ribosome before the mRNA so that no matter where the
AUG start codon is, the initiator tRNA would be in position to
identify the start codon by base pairing.
Where is the pathway in Fig. 1 either incorrect or inaccurate?

The pathway is ideally suited for the attachment of the first few
ribosomes to an mRNA that begins as a messenger RNP. How-
ever, most of protein synthesis is accomplished by polysomes

* This is the first article in the Thematic Minireview Series on Protein Synthe-
sis. This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: wcm2@case.edu.
2 The abbreviations used are: UTR, untranslated region; EMCV, encephalo-

myocarditis virus; RNP, ribonucleoprotein; IRES, internal ribosome entry
site; MFC, multifactor complex; HCV, hepatitis C virus.
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where multiple ribosomes are translating the mRNA. There is
thus an apparent kinetic advantage for ribosomes that have just
finished translating an open reading frame to undergo initia-
tion on the same mRNA (the circular mRNA). This is envi-
sioned both as a three-dimensional concept (the finishing ribo-
some is on average closer to the 5� end of the mRNA than a 40
S subunit free in solution) and as a facilitated process (the inter-
action between the poly(A)-binding protein and eIF4F, which
drives the circularization via protein/protein interactions). A
second feature of themRNA in polysomes is that, at least for the
5�-UTR and the coding region, there is likely very little protein
present because it is removed by the scanning process or the
process of elongation, although the protein content in the
3�-UTR may be unchanged. The absence of proteins should
enhance placement of the mRNA into the mRNA track on the
40 S subunit. Thus, the pathway depicted for translation initiation

maybecorrect for the first fewrounds
of translation but not for the more
efficient rounds of expression from
polysomes. Most importantly, the
slow steps in the first initiation
pathway may be decidedly different
from polysome “reinitiation” and
thus yield different predictions for
the effect of restriction of ternary
complexes or active levels of eIF4F.

Scanning

One of the oldest tenets of eukary-
otic initiation is the scanning mecha-
nism that incorporates the binding of
themRNAto the5� endof themRNA
by 43 S ribosomes (minimally 40
S�eIF3�eIF2�GTP�Met-tRNAi) and
then subsequent movement of the
ribosomal complex in a 3� direction
in search of the initiating AUG.
Although much of the early work
and various tests to evaluate the
process were initiated by Dr. Mari-
lyn Kozak (1), a number of other
researchers have contributed to this
work as well. The two most key fea-
tures that evolved were that the rec-
ognition of the AUG start codon
was exclusively via the codon/antic-
odon interaction between AUG and
the anticodon of the initiator Met-
tRNA (9) and that increases in sec-
ondary structure in the 5�-UTR lead
to a decrease in the translational
efficiency of the mRNA (10, 11).
Kozak demonstrated that 40 S sub-
units bound near them7G cap of the
mRNA, and then in an ATP-depen-
dent manner, migrated to the initi-
ating AUG (1). To my knowledge,
this is the only experiment that

actually monitored the movement of the 43 S complex on the
mRNA. Model studies with purified factors and synthetic
mRNAs have shown that ATP is required for the binding of the
40 S ribosome to the initiating AUG (as a “toe print”); however,
these studies do not distinguish whether the ATP requirement
is for binding the mRNA to the 43 S complex (see step 3 in the
pathway), for scanning of the mRNA (see step 5), or both (12,
13). In addition, it has not been clearwhich proteins are respon-
sible for theATP-dependent steps. Clearly eIF4A is sufficient in
vitro because it is the only known protein added to assays that
binds and hydrolyzes ATP. Other proteins have been suggested
to participate in this process, but their role is not well defined
among the three options (step 3, step 5, or both). Three RNA
helicases have so far been implicated (Ded1, Dbp1, andDhx29),
but it is not clear whether the effect of these helicases reflects a
specific protein requirement or a general level of RNA helicase

FIGURE 1. The eukaryotic 80 S initiation pathway. A general scheme for the initiation steps in eukaryotic
translation (m7G cap-dependent) is depicted. Elements that are uncertain are discussed in the text. This figure
is adapted from Fig. 8 in Ref. 8.
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activity such that a greater number of specific RNA helicases
might make up for a deficiency in any one helicase (14).
The other question is how is scanning accomplished? The

two extremes would be a processive movement where the 43 S
complex slides along themRNAcontinuously in a 5� to 3�direc-
tion in search of the initiatingAUGand sensing eachnucleotide
along the way or the stochastic, random movement of the 43 S
complex from the 5� cap that on averagemoves 5� to 3� (although
little steps in between may be in the 5� to 3� or 3� to 5� direction).
Because DNA helicases are quite processive, unwinding thou-
sandsofnucleotidesbefore releasing fromthe substrate, one could
envision the placement of the enzyme on the surface of the 43 S
ribosome so that the action of the helicase would pull the 43 S
complex along the mRNA. However, none of the RNA helicases
studied todate are similarly processive. In fact,most seem to affect
the hydrolysis of only a single ATP and then are released from the
substrate (at least asmonitoredbyRNAduplexunwindingassays).
Thus, even if the correct helicase had been defined as one of the
four (including eIF4A) or a combination of all of them, themech-
anism remains to be defined.
The above concerns address the simple “globin-like” mRNA.

What happens when the mRNA has a long 5�-UTR or has a
5�-UTR that is GC-rich and by folding would appear to have
numerous stem loops that must be melted? Could the scanning
ribosome bypass such structures, perhaps by a ribosome-hopping
mechanism, as noted in bacteria, or a shunting mechanism, as
proposed for the adenovirus late 5� leader (15, 16)? In this regard,
the insertion of a simple but stable stem loop (�G � �30 kcal)
appears to block the scanning 43 S ribosome. For mRNAs, with
longandpotentially structured5�-UTRs, is there adifferentmech-
anism that employs similar features to the globin-like mRNA but
that requires the recruitment of additional proteins for scanning
(i.e. cis-acting sequences that recruit trans-acting factors)?

In all of this, one imagines a specific process based upon the
need for an m7G cap for efficient initiation. However, for some
mRNAs, there may be no factor requirement. Although this
may be true for the HCVmRNA (see “Cellular IRES Elements”
below), it is well known for the synthetic polymer poly(U),
which served as the initial template for studies of elongation
(the poly(U)-directed synthesis of polyphenylalanine).

Reinitiation

The best studied example of reinitiation is the synthesis of
GCN4 in response to amino acid deprivation (17). The model
developed to explain the regulation of GCN4 expression is that
following the normal initiation of an upstream open reading
frame as depicted in Fig. 1, the ribosome dissociates the 60 S
subunit (and most of the 40 S subunits) at the termination
codon, but 5–25% of the 40 S subunits remain bound to the
mRNA and continue to scan in a 5� to 3� manner (Fig. 2). In the
time period preceding arrival at the next start codon (Fig. 2,
ORF2), at a minimum, a new ternary complex (eIF2�GTP�Met-
tRNAi; Fig. 2, indicated by 3°) needs to be acquired. If this ter-
nary complex is not acquired, then the 40 S subunit continues to
scan to the start codon for GCN4. As this codon is considerably
downstreamof theORF2 start codon, there ismore time inwhich
to acquire a ternary complex.Thus, thebalancebetween recogniz-
ing the start codonatORF2or atGCN4 is governedby thekinetics

of ternary complex acquisition. This process may be accentuated
forGCN4 if there is sufficient secondary structure at the initiating
AUG such that the 40 S subunit is likely to stall at that position.
At a bare minimum, the following factors would be required:

eIF2 as the ternary complex because only the tRNAanticodonwill
recognize the initiating AUG; eIF5, which serves as the GTPase-
activating protein to trigger hydrolysis of the GTP in the ternary
complex; and eIF5B, which permits the GTP-dependent joining
with the 60 S subunit. Because both eIF1 and eIF1A function to
open the mRNA-binding channel (presumably a requirement to
allow for scanning) and eIF1A stabilizes the binding of the ternary
complex, it is likely that these two proteins are also required (18).
As theGCN4mRNAis alreadyassociatedwith the40S subunit,

eIF3wouldnotbe required toprovideeither apoolof free subunits
for initiation (step 1) or a platform to assist the binding of the
activatedmRNA(step 4).However, eIF3does stabilize the binding
of the ternary complex to the 40 S subunit andmay also play a role
in the recruitment of other factors, either as anMFCor as individ-
ual factors. The eIF4 family of proteins (eIF4A, eIF4B, eIF4F,
eIF4H) should not be required either for the activation of the
mRNAor for the binding of themRNA to the 40 S subunit. How-
ever, if the scanning described above is ATP-dependent, then
either eIF4F or eIF4A (or perhaps a combination possibly includ-
ing theRNAhelicases described above)might be required as there
has been no report of the 40 S subunit having either an ATP-
binding site or the ability to scan. Once the initiating AUG has
been identified, subsequent conversion to an 80 S initiation com-
plex requireseIF5andeIF5Bas in thenormalcap-dependentpath-
way (step 6). It remains to be determined whether this or some
modified versionof this scheme is responsible for the downstream
initiations in the reinitiation pathway.

Individual Factors Versus the MFC

The original purification ofmammalian andwheat germ trans-
lation factors sought to identify the smallest individual compo-

FIGURE 2. The process of reinitiation as seen in a model of the GCN4
mRNA. A ribosome is depicted having just completed the translation of the
first small open reading frame (ORF1). At termination, the 60 S subunit is
released, as are most, but not all, of the 40 S subunits. 40 S subunits that
remain bound to the mRNA have a probability of acquiring a new ternary
complex (3°) that is greatest under conditions of optimal protein synthesis
(High 3°) but not under conditions of reduced protein synthesis (Low 3°). The
probability of acquiring this second ternary complex is plotted below the
schematic of the GCN4 mRNA. Initiation at ORF2 leads to termination and
complete release of all subunits. Acquisition of a ternary complex 3� of the
AUG in ORF2 leads to the synthesis of GCN4 protein.
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nents required for initiation, elongation,or termination.Theuseof
these proteins in model assays or partial assays then led to initia-
tion schemes that depicted the addition or release of individual
components at particular steps in the synthetic pathways. During
purification, it was noted that a number of factors seemed to
“stick” to other factors (eIF1Aand eIF5B; eIF3 and eIF4B; eIF3 and
eIF4F; eIF3 and eIF2; eIF4B and eIF4F; p67 and eIF2). The purifi-
cation and subsequent analyses were consistent with individual
translation factors binding to and being released from the 40 S
subunit. This suggested that protein/protein interactions were
occurring on the surface of the 40 S subunit and that these inter-
actionsweremuch tighter than initially realized.Thus, if proteinA
and protein B bound to each otherwith aKd of 10�6 M in solution,
that binding was probably 1–2 orders ofmagnitude tighter on the
surface of the 40 S subunit.
With the development of the yeast system for factor analysis

and the evolution of the “pulldown” assay, researchers have found
complexes of greater size and number of components. The largest
of these, the MFC, contains the ternary complex (eIF2�GTP�Met-
tRNAi), eIF3, eIF1, and eIF5 (19). Although this and other com-
plexes have been identified either by pulldown assays or during
purification, there are still no kinetic data to confirm that such a
complex(es) actually binds directly to the 40 S subunit.

Cellular IRES Elements

The groundbreaking studies of the Sonenberg (20) andWim-
mer (21) groups on the IRES elements of poliovirus and EMCV,
respectively, established the general principal that specific RNA
sequences/structures exist that are capable of recruiting 40 S
subunits. This led to the question as to whether there were
cellular mRNAs that use a similar mechanism for expression.
The answer is clearly yes, althoughwhichmRNAs truly contain
an IRES element is still a topic for discussion (see the article by
Wendy Gilbert in this series). However, the question has not
beenwhichmRNA, but ratherwhat is themechanism involved?

At present, at least three distinct
mechanisms have been proposed
based upon the factors required for
initiation in vitro. For viral ele-
ments, these are: eIF4E-indepen-
dent but otherwise canonical ini-
tiation factors is required (i.e.
poliovirus or EMCV); none of the
eIF4 family of factors are required
(i.e. HCV); and none of the canoni-
cal initiation factors are required
(i.e. CrPV). Where studied, the cel-
lular IRES elements all seem to fit
the poliovirus model (22).
Although the above addresses the

factor requirements, it doesnotdelin-
eate the mechanism involved in the
process. With the identification of
binding sites in the 5�-UTR of either
poliovirus or EMCV mRNAs for
eIF4F, it seemed that these structures
are an alternative to the normal m7G
cap that is recognized by the eIF4E

subunit of eIF4F. If so, the initiation pathwaymight be identical to
that shown inFig. 1,with the caveat that a portionof the viral RNA
functionally substitutes for the m7G cap. However, numerous
publications have shown that when the levels of the ternary com-
plex are reduced, the translation of EMCVmRNA is not altered. If
the scheme inFig. 1 is correct, theprediction is that allmRNAswill
be reduced in expression to approximately the same degree.
Because this is not what has been observed, are there alternate
models thatmight explain this observation?Twoalternativemod-
els to the standard scheme (Fig. 3A) are presented in Fig. 3, but
there clearly could be more. The key feature is that some mecha-
nism likely exists that would allow the IRES-containingmRNA to
morecompetitively compete for the limiting ternarycomplex.The
first model (Fig. 3B) proposes that the IRES-containing mRNA
binds to the 40 S subunit before the binding of the ternary com-
plex. In this way, the 40 S�mRNA complex could more efficiently
bind the ternary complex (accentuated by codon/anticodon inter-
actions and possible preferred 40 S confirmation). It is not clear
whether the predominant effect would be on the forward reaction
ofbinding the ternarycomplexoron the reverse reactionof releas-
ing the ternarycomplex. In thisway, 40S�mRNAcomplexeswould
outcompete 40 S subunits. A second mechanism (Fig. 3C) pro-
poses the formation of an MFC that would include the mRNA.
Again, either through some interaction with the mRNA or a con-
formational change triggered by themRNA, anMFC�mRNAout-
competes the freeMFC for limiting ternary complexes. This com-
petition feature is supported by the observation that under
conditionsof limiting eIF4F, themost competitivemRNAsarenot
reduced in expression, whereas the poorly competitive mRNAs
see a drastic reduction in expression (8).

The Protein Sediments with Ribosomes

Often, what appears to be a translational effect is further
studied using sucrose gradients to determine whether protein
(or mRNA) is undergoing a redistribution under a particular

FIGURE 3. Alternate pathways for initiation complex formation that are more competitive for limiting
amounts of the ternary complex (eIF2�GTP�met-tRNAi). A shows the “normal, m7G cap-dependent” pathway for
initiation where ternary complex binding precedes binding of the mRNA. B shows the possibility of the mRNA
binding to the 40 S subunit prior to the binding of the ternary complex. C shows the possibility of an MFC preferen-
tially sequestering both the mRNA and the ternary complex prior to both binding to the 40 S subunit. Options in
either B or C would make translation of IRES-containing mRNAs less sensitive to the global reduction of ternary
complexes.
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physiological condition. It is common that the protein of inter-
est will sediment at a highmolecular mass (in polysomes) when
it is known that the purified protein is smaller (i.e. less than 10 S
or 400 kDa). One needs to be cautious because ribosomes rep-
resent a considerable part of the soluble protein in a cell (15–
25%), and any protein with a tendency to associate with other
proteins may find a match in the ribosome. Also, for proteins
that bind RNA, ribosomes/polysomes represent about 92% of
the RNA in the cell, with most of the remainder being tRNA
(perhaps because of its compact shape and small size, tRNA
rarely binds to anything except the aminoacyl-tRNA syntheta-
ses). Thus, it is not surprising that most RNA-binding proteins
are associated with ribosomes. There are also other cellular
elements that may give the misleading impression of being in
polysomes based solely upon their size (i.e. P bodies, cytoskel-
etal elements, etc.). Thus, there is a need to develop tests that are
specific for polysomes and will distinguish them and other high
molecular weight structures. Standard procedures in this regard
include the use of puromycin, cycloheximide, RNase, or EDTA.

Homogeneous or Heterogeneous Populations?

Almost by definition, any high molecular protein complex is a
mixture. This derives from the observation that on average, the
protein synthesis error rate is 3–4aminoacidsper10,000.Withan
average of about 1,000,000 in molecular weight for proteins asso-
ciated with each subunit, there should be 30–40 incorrect amino
acids incorporated into each ribosomal subunit. The same is true
for eIF3, which in mammals has a molecular weight of about
650,000 (in 13 subunits). By the same logic, eIF3 will contain
20–30 incorrect amino acids. If any of the mutant subunits fail to
be incorporated into the larger complex, they are degraded.
However, the bigger question is “Are there complexes that

lack a particular subunit function but have an mRNA-specific
phenotype?” Two examples point to the existence of subpopu-
lations of ribosomes. Fox and colleagues (23) have demon-
strated the phosphorylation-dependent loss of ribosomal pro-
tein L13a from the ribosome as part of a silencing mechanism
for the ceruloplasmin mRNA in response to interferon. The
second is the characterization of the gene defect in X-linked
dyskeratosis congenita as a pseudouridine synthase that modi-
fies ribosomal RNA (24). The absence of this post-transcrip-
tional modification yielded ribosomes that were defective in
IRES-mediated translation. From just these two examples, one
can clearly visualize the possible influence of ribosome modifi-
cation as leading to either global reduction in translation, or
perhapsmore interestingly, the possibility of anmRNA-specific
effect. Onemight thus anticipate studies of the consequences of
phosphorylation of ribosomal protein S6 that is generally phos-
phorylated under conditions for optimal growth. Previouswork
indicated that there is no difference in the distribution of S6
phosphorylated ribosomes from non-phosphorylated ribo-
somes. In addition, in a yeast strain in which the target serine
was mutated to alanine, the yeast grew like wild type (25). Both of
these studies examined the influenceon themajorpathwayofpro-
tein synthesis, the cap-dependent pathway.However, it is possible
that alternate pathways (leaky scanning, reinitiation, IRES-medi-
ated initiation, shunting)might be dramatically altered depending
on S6 phosphorylation status. As these are minor pathways for

translation initiation, the influence of this phosphorylation could
easily bemissedunless the cells/organismare/is examinedunder a
variety of stress or developmental conditions.

Conclusion

In summary, there is more than enough work to be done over
the next 20 years to keep a large cadre of researchers busy. Also, as
is quite likely, there will be new observations from development,
responses to stress, or disease that will provide new examples of
post-translational regulation that alters translation, either globally
or in anmRNA-specificmanner, thatwill require themodification
of exiting theories. Hopefully, this article, and the additional arti-
cles in this series, will provide a basis for better understanding the
complexities of translational control.
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Translation in Yeast

The process of translation initiation is highly conserved from
yeast to mammalian cells. It is therefore not surprising that
yeast has played an important role in deciphering diverse
aspects of this fascinating step in gene expression. The impor-
tance of the yeast system relies particularly on the ease with
which one can obtain knock-out/knock-in mutant strains and
the possibility to perform genetic screens to isolate mutants or
suppressors ofmutations. Such screens have, in some instances,
revealed genes encoding translation initiation factors. Often,
the combination of yeast genetics and biochemistry has con-
tributed to the understanding of the function of these factors.
With its ease in transformation and gene replacement, yeast is a
wonderful tool to create conditional mutants to test and
unravel the function of translation initiation factors (Fig. 1,
scheme of translation initiation). We have selected here a few
examples, among many, in which the yeast system has proven
useful in the analysis of translation initiation.

Laying the Way for the Scanning Ribosome

The yeast system has played a pioneering role in establishing
the scanning mechanism (for an excellent review, see Ref. 1).
Long before transformation and molecular genetic methods
were available, Fred Sherman showed, by using initiator codon
mutations and revertant and pseudorevertant analysis in CYC1
encoding iso-1-cytochrome c, that the initiator codon specifies
the initiation site and that the first AUG is used as the start
codon to initiate translation (2).
The next step was to identify transacting factors required for

the faithful recognition of the initiator codon. Using the yeast
system, the laboratory of Thomas Donahue identified genes
required for initiator codon selection. They mutated the antic-
odon of tRNAi

Met from UAC to UCC, which allowed for initia-
tion at an AGG codon, indicating that the initiator tRNA is
responsible for initiator codon recognition (3). To identify
transacting factors, the AUG initiator codons of both the HIS4
gene and aHIS4-lacZ reporter geneweremodified toAUU, and
histidine prototroph and blue suppressors (SUI for suppressor

of initiator codon mutants) were selected (4). The analysis of
the suppressor genes revealed the identity of eIF2� (5), eIF2�
(4), eIF2� and eIF5 (6), and eIF1 (7), all eukaryotic initiation
factors known to play an important role in the scanning and
AUG recognition process.
Related studies by Alan Hinnebusch and his laboratory on

GCN4 expression provided further insights into the scanning
process (8). The yeastGCN4 gene encodes a transcription acti-
vator required for the induction of�30 amino acid biosynthesis
genes. The particularity of this gene is that the 5�-UTR contains
four small upstream open reading frames (uORFs)2 that,
according to the scanningmodel and consistentwith the results
discussed above, are inhibitory for Gcn4 translation (Fig. 2). In
a landmark paper, Peter Mueller from the Hinnebusch labora-
tory showed that deletion of the uORFs permitted efficient
translation of the GCN4mRNA (9). Further genetic analysis of
GCN4 expression allowed the identification of a multitude of
gcn (general control noninducible, similar to the absence of the
transcription factor itself) and gcd (general control derepressed,
similar to the absence of the uORF) mutant genes that are
involved in the scanning and initiator codon recognition proc-
ess and thereby in regulation of GCN4 expression. The ration-
ale behind this control system is that the migration distance
required by the 40 S ribosomal subunit to acquire reinitiation
competence after translation of the first uORF determines
whether translation occurs at a proximal downstream uORF
or at the GCN4 initiator codon located farther downstream.
The outcome of these experiments showed that eIF2�
phosphorylation greatly delayed active ternary complex
(eIF2�GTP�tRNAi

Met) formation. When eIF2� is phosphory-
lated by Gcn2 kinase, the GDP-GTP exchange by eIF2B is
slowed down, and reinitiation is much less efficient. Therefore,
the small ribosomal subunit continues scanning after transla-
tion of the first uORF until it reaches theGCN4 initiator codon.
Under normal conditions, e.g. when Gcn2 is not activated by
uncharged tRNAs, and therefore, eIF2� is not phosphorylated,
reinitiation will occur at the fourth uORF, precluding initiation
at the GCN4 initiator codon (Fig. 2).

Factor Discovery and Analysis

The power of genetic analysis using the yeast Saccharomyces
cerevisiae has contributed to the identification and cloning of
several genes involved in translation, as indicated by the follow-
ing examples.
Prt1, a Subunit of eIF3—A landmark step in the identification

of genes encoding translation initiation factors was the isola-
tion of a series of 400 temperature-sensitive mutants by Leland
H. Hartwell (10). Among these mutants, some displayed rapid
cessation of protein synthesis under nonpermissive tempera-
ture conditions (37 °C) (11). The temperature-sensitive mu-
tants were tested for incorporation of precursors for DNA,
RNA, and protein synthesis (their reduced capability of poly-
some formation) (12). Mutant ts-187/prt1-1was used to create

* This work was supported by the Swiss National Science Foundation and the
Universities of Bern and Geneva. This is the second article in the Thematic
Minireview Series on Protein Synthesis. This minireview will be reprinted in
the 2010 Minireview Compendium, which will be available in January,
2011.
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cell extracts that were temperature-sensitive for the interaction
of the ternary complex with the 40 S subunit. Finally, the tem-
perature-sensitive growth phenotype permitted the cloning
and analysis of PRT1, the gene encoding the second largest
subunit of eIF3 (13).
Interestingly, the genetic mapping of cdc� (cell division

cycle) mutants revealed the allelic nature of temperature-sen-
sitive prt1-1 and cdc63-1 clones (14). Cell division cycle
mutants were isolated as cells that can survive otherwise lethal
conditions due to their arrest at G1 (15). Whereas prt1-1
mutants arrest randomly under nonpermissive temperature
conditions during the cell cycle, cdc63-1mutants preferentially
arrest at START during the cell cycle (14). This indicates that
subtle differences in the activity of one translation initiation
factor can have different outcomes on cell cycle progression.
Interestingly, in the original cdc63 mutant, protein synthesis
seemed to be unaffected. Importantly, the interconnection of
protein synthesis and cell cycle regulation has been later con-
firmed in many other instances (16, 17). This knowledge was
then further developed in the mammalian system, where it was
shown that eIF4E and its inhibitory partner, 4E-BP (eIF4E-

binding protein), act as a proto-oncogene and as an oncogene
inhibitor, respectively (18).
Yeast has also been widely used to search for in vivo protein-

protein interactionswith the yeast two-hybrid system (19). One
well documented example showing the potential of the two-
hybrid system has led to the discovery of the interactions of
subunits of eIF3 (17).
eIF4E, the Cap-binding Protein—An additional example

showing the advantages of studying translation initiation in
yeast has been the analysis of the cap-binding protein eIF4E.
The proteinwas originally purified by its virtue of binding to the
m7GpppG cap structure of eukaryoticmRNAs (20). Antibodies
were raised against the purified yeast protein and used to iden-
tify a cDNA clone in Escherichia coli. The resulting clone was
then used to isolate the corresponding yeast gene (21).
A major breakthrough was the establishment of a cell-free

eIF4E-dependent translation system (22). The development of
such a system was based on the use of a temperature-sensitive
eIF4Emutant (ts-4-2). A cell extract prepared from such a tem-
perature-sensitive strain was sensitive to a short incubation at
37 °C, but importantly, translational activity could be restored
by the addition of recombinant wild-type eIF4E protein puri-
fied from E. coli.
As for prt1-1/cdc63-1, the gene encoding eIF4E was inde-

pendently isolated as the cell division cycle gene CDC33 (23).
Moreover, it was later shown, in an analysis of eIF4E mutant
cdc33-1, that the expression of a stable form of cyclin Cln3 can
suppress its G1 arrest, consistent with the requirement of a high
Cln3 expression, which is dependent on sufficient eIF4E activ-
ity at the transition from G1 to S phase (24).
Although the demonstration that eIF4E from other organ-

isms such as mouse and Drosophila is able to complement a
yeast eIF4E knock-out seems obvious today (25, 26), it was a
crucial step to provide yeast with the “noblesse” in the transla-
tion initiation field (Fig. 3).Not allmammalian initiation factors
complement the corresponding yeast factor despite high amino
acid sequence homology, e.g. eIF4A (27).

FIGURE 1. Translation initiation. Shown are initiation factors (members from
the eIF4 family, eIF3, Ded1, and Pab1 and their regulatory proteins) discussed
in the text that are involved in mRNA 5�-UTR recognition and subsequent
scanning to the initiator AUG codon of 40 S ribosomes.

FIGURE 2. Scanning at GCN4 mRNA. Under normal conditions, the product of
the initiation pathway, eIF2�GDP, is recycled to eIF2�GTP by the aid of a gua-
nine nucleotide exchange factor, eIF2B. With high levels of the ternary com-
plex available (eIF2�GTP�tRNA

i Met), ribosomes that translate uORF1 will rapidly
reacquire a new ternary complex and initiate at uORF4, followed by complete
release of the ribosomal subunits from the mRNA and no synthesis of Gcn4.
Under conditions of starvation, uncharged tRNA activates Gcn2, leading to
phosphorylation of the �-subunit of eIF2. This phosphorylated form of eIF2
complexed with GDP binds tightly to the nucleotide exchange factor and
thereby blocks nucleotide exchange, resulting in low levels of ternary com-
plexes. The absence of a large pool of ternary complexes delays the pairing of
the ternary complex with an AUG start codon until the AUG for Gcn4 is
reached (i.e. the upstream uORFs are bypassed). This results in an increase in
Gcn4 expression relative to normal or non-starvation conditions.

FIGURE 3. Complementation of yeast by orthologous eIF4E proteins. Plas-
mid shuffling was carried out with haploid yeast strain RH2585, which carries
the deletion �cdc33::kanX, and the essential eIF4E activity is provided on plas-
mid pVTURA3. Cells were transformed with plasmids carrying different eIF4E
versions (yeast, Drosophila, murine, and vector) and plated on yeast minimal
medium containing 5-fluoroorotic acid to counterselect for the loss of the
eIF4E-encoding plasmid. Note that Drosophila eIF4E and murine eIF4E com-
plement the lack of yeast eIF4E, but murine eIF4E-transformed yeast cells
show a slow growth phenotype.
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eIF4A, Godfather of the DEAD Box Protein Family of RNA
Helicases—Although eIF4A was first described in plant and
mammalian systems (28–31), it was the discovery of yeast
eIF4A that stimulated the work on the DEAD box protein fam-
ily of RNA helicases (32). The first extensive mutational analy-
sis of a DEAD box protein and the analysis of the effects on
viability were carried out on yeast eIF4A (33). Some of the con-
ditionally lethal eIF4A yeast mutants were later used for analy-
sis in a yeast cell-free translation system (34) to confirm the
ATPase dependence of the eIF4A function in translation initi-
ation. Although eIF4A was known as a translation initiation
factor, it was one of the first factors for which a deficiency in the
in vitro enzymatic activity could be directly correlated with an
in vivo phenotype. Based on its enzymatic activity, its high
abundance, and the inhibitory effects of secondary structures in
the 5�-UTR, it was suggested that eIF4A is required in the scan-
ning process. Interestingly, in a factor-dependent extract, it was
shown that anmRNAwith a leader as short as 8 nucleotideswas
still dependent on the presence of eIF4A, indicating that it is
probably required for additional steps in translation initiation
other than scanning (35).
The RNA helicase activity of eIF4A is strongly stimulated

when this DEAD box protein is present as a component of
eIF4F, the cap-binding complex (consisting also of eIF4E and
eIF4G). This is one of the first examples in which it has been
shown that a DEAD box protein is stimulated by partner pro-
teins, in this case, probably by increasing its local concentration
at the cap structure of mRNAs. Similarly, in mammals, the
activity of eIF4A is stimulated by eIF4B and eIF4H (36, 37).
Yeast eIF4B was isolated by two independent and complemen-
tary approaches. Altmann et al. (38) isolated the yeast eIF4B
gene by screening cDNA libraries with anti-cap-binding com-
plex antibodies. At the same time, a genetic screen for a multi-
copy suppressor of a temperature-sensitive eIF4A mutation
allowed the cloning of the yeast eIF4B gene (39). Later, it was
shown that eIF4B also displays RNA-annealing activity (40).
Intriguingly, TIF3, the gene encoding eIF4B, is not essential in
yeast. The role(s) of eIF4B in translation initiation is not well
defined, and it is not clear why yeast does not possess an eIF4H-
like protein.
Despite many efforts in the analysis of eIF4A in yeast, plant,

andmammalian cells, we still do not know the exact function of
the free or eIF4F-bound form of eIF4A in translation initiation.
An in-depth biochemical analysis combined with a genetic and
mutational analysis would be welcomed.
Ded1/DDX3, a Splicing and Export Factor Required for Trans-

lation Initiation—The multipurpose protein Ded1 (DDX3 in
humans) was originally identified as a suppressor of a prp8
splicing mutant (41, 42). Although this analysis classified Ded1
as a splicing factor, a splicing defect due to a ded1mutation has
not been reported to date. Nevertheless, an involvement in
splicing was supported by a proteomic analysis of yeast that
clearly identified Ded1 as a component of the spliceosome (43).
Intriguingly, an analysis of the human homolog DDX3 gene
revealed a function of this protein in the export of partially
spliced HIV mRNA.
A genetic analysis in yeast established Ded1 as a translation

initiation factor (44, 45). The analysis of two cold-sensitive

mutations did not reveal a splicing defect but rather a strong
reduction of [35S]methionine incorporation into de novo pro-
tein synthesis at the nonpermissive temperature. This defect
was corroborated by polysome profile analysis. In accordance
with its assumed function in translation initiation, indirect
immunofluorescence microscopy revealed the majority of the
protein to be localized in the cytoplasm (44). At the same time,
a multicopy suppressor screen of temperature-sensitive eIF4E
mutants allowed the isolation of the DED1 gene. Interestingly
and in accordance with the suppressor phenotype of a deficient
cap-binding complex, an analysis of synthetic lethal interac-
tions between a ded1 mutant and diverse mutant translation
initiation factors revealed a genetic interaction with other pro-
teins of the eIF4 family, but not with Prt1 (a component of eIF3)
or the splicing factor Prp28 (45).
The involvement of Ded1 in translation initiation was also

confirmed by the establishment of a Ded1-dependent transla-
tion system in yeast (44). Later, it was shown that the Ded1
protein is required for optimal scanning of the small subunit for
the AUG initiator codon (46). In this latter study, the long
5�-UTR of GCN4 without upstream initiator codons was fused
to a luciferase reporter system. A mutation in DED1 consider-
ably reduced the expression of the reporter construct compared
with a construct with a short 5�-UTR. Interestingly, in this
study, translation initiation factor eIF4A was not important for
the scanning process, consistent with the previous finding that
a short 5�-UTR still requires eIF4A in translation initiation (see
above).
The Ded1 protein has been shown to be an efficient DEAD

box RNA helicase (47) and has served since as a model in the
analysis of DEAD box proteins. Such analyses using the yeast
system have allowed the dissection of the role of many motifs
conserved in the DEAD box RNA helicase family and the func-
tion ofDEADboxproteins in the displacement of proteins from
RNA. Importantly, the in vitro analysis of RNA displacement
using theDed1protein has shednew light on themodeof action
of DEAD box proteins. Experiments performed by the labora-
tory of Eckhard Jankowsky have shown that Ded1 requires
binding to a single-stranded extension of an RNA duplex (48).
However, contrary to classical helicases that require a single
strand for loading before translocation, Ded1 does not translo-
cate, and a covalent connection of the single-stranded exten-
sion with the duplex is not required. These results indicate that
the single-stranded extension is required to increase the local
concentration of the enzyme. Additionally, these studies pro-
vide evidence that the mechanism of duplex unwinding by
DEADbox RNAhelicases is distinct from that of the traditional
DNA helicases. Clearly, further studies to integrate the bio-
chemical data of Ded1 into our understanding of translation
initiation are needed.
When the 5�-End Meets the 3�-End: Role of the Poly(A)-bind-

ing Protein in Translation Initiation—Both the 5�- and 3�-ends
of anmRNAneed to be intact to allow efficient gene expression.
The 5�-end is necessary to assemble the cap-binding complex,
and the poly(A) tail at the 3�-end protects the mRNA against
degradation. The 3�-end of eukaryoticmRNAs carries a poly(A)
tail that is a binding site for the poly(A)-binding protein Pab1.
Deletion of thePAB1 gene is lethal, indicating an important role
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in the maintenance of gene expression. A genetic screen
allowed the isolation of suppressors of a pab1 knock-out (49).
Interestingly, some of these suppressors (spb, suppressor of
pab1) affected proteins of the 60 S ribosomal subunit (Spb2/
RPL46) or its biogenesis (Spb4, a DEAD box protein required
for 60 S biogenesis) (50). Thus, at least on a genetic level, a
communication of the 3�-end of themRNAwith the large ribo-
somal subunit was shown to be involved during translation (see
also review by Sachs andWahle (51) on poly(A) as a stimulating
element).
Further translation experiments performed by the laboratory

of Alan Sachs showed in vitro that Pab1 binds to the poly(A) tail
and thereby stimulates the binding of 40 S subunits to the
mRNA (52). This clearly reinforced the idea of a communica-
tion of the 3�-end of themRNAwith the 5�-end. Because affect-
ing 60 S subunit biogenesis leads to an excess of 40 S subunits
(e.g. Ref. 50), it has been suggested that suppression of PAB1 is
effective through a mass effect of an elevated 40 S subunit
concentration.
In accordance with these data, Tarun and Sachs (52) further

showed that the Pab1 protein interacts with yeast eIF4G
(Tif4632). Finally, this interaction and the circularization of the
mRNA by atomic force microscopy were beautifully shown by
the laboratory of Alan Sachs (53). Clearly, this important con-
cept, which is nowadays found in basic textbooks, was pro-
moted by genetic screens in yeast.

Analysis of Translation-mediated Control of Gene
Expression

Translation initiation is an energy-consuming process that is
subject to multiple regulatory circuits that act mostly at the
initiation level. The best studied example is the repression of
general translation by amino acid starvation and the simultane-
ous induction of GCN4 (9, 54) required for the coordinated
expression of amino acid biosynthesis genes. Other examples
are the regulation of translation initiation by the TOR (target of
rapamycin) pathway (see below), the down-regulation of trans-
lation upon glucose withdrawal, and the addition of exogenous
effectors such as caffeine (55).
Translation Regulation by Cellular Stress—It seems logical

that a eukaryotic cell diminishes its main biosynthetic activities
if reduced secretion occurs. However, the first secretion
mutants (sec) were isolated on the basis of continued protein
synthesis and a concomitant increase in buoyant density (56).
Nevertheless, Deloche et al. (57) have shown that, in certain
vesicular transportmutants, translation initiation is attenuated.
When using a sec4 or end3 mutant, they showed that, after a
shift to nonpermissive temperature, polysomes relocate to the
monosomal 80 S peak, and incorporation of radiolabeled
methionine is attenuated. This effect has been shown not to be
due to an arrest of ribosome biogenesis or tRNAi

Met synthesis.
Importantly, the shift to nonpermissive temperature or cell
treatment with chlorpromazine (a drug that alters the structure
of lipid membranes) does not completely inhibit but causes an
attenuation of translation initiation for a prolonged period of
time. This allows the cells to cope with a defect in vesicular
transport. Further analysis showed that translational attenua-
tion is mediated by Gcn2, a kinase that phosphorylates and

inactivates eIF2�, and Eap1, an eIF4E-binding protein. A
mutant eIF2� protein that cannot be phosphorylated (Sui2-
S51A) or the deletion of EAP1 abolishes the attenuation effect
induced by chlorpromazine or by a sec4 eap1 double mutant.
A genetic analysis of an essential membrane-spanning pro-

tein involved in inserting the spindle pole body into the nuclear
membrane has revealed an interesting translational control
mechanism (58).Whereas the secretion defect described above
results in translational attenuation of bulk mRNA, a defective
spindle pole body results in a very specific inhibition of the
nuclear pore membrane protein POM34 mRNA. A battery of
very elegant experiments, includingmulticopy suppressor anal-
ysis, identification of synthetic lethal interactions, and co-im-
munoprecipitations, identified a complex composed of the
mRNA-binding protein Scp160, the 4E-BP Eap1, the endoplas-
mic reticulum-associated Smy2 protein, and Asc1 (G-protein
�-subunit) that is involved in this regulation. Thus, a protein
complex is stimulated by a defect in spindle pole body insertion
into the nuclear membrane to direct the translation regulator
Eap1 to act on a specific mRNA. Importantly, mutations that
affect the interaction of Eap1 with its target protein, eIF4E,
abolish this regulation. Moreover, genetic analysis of the sec-
ond yeast eIF4E-binding protein Caf20 (see below) did not
result in the same regulatory defects.
Translation Initiation Inhibited by Metabolic Changes or by

Exogenous Compounds—Glucose withdrawal results in an
immediate strong translational arrest that is not accompanied
by transcriptional inhibition (59). This inhibitory effect is not
mediated by phosphorylation of eIF2� or the activation of
Tap42, a phosphatase activator that acts downstream of the
TOR kinase pathway (see below). Interestingly, defects in glu-
cose repression, the induction of hexose transporters, or in the
cAMP-dependent protein kinase pathways abolish the inhibi-
tory effects of glucose withdrawal. Therefore, the translational
inhibition by glucose withdrawal is most likely not simply due
to an energy limitation effect but is dependent on glucose sig-
naling pathways.
Other studies have used the yeast system to follow the effect

of fusel alcohols or volatile anesthetics on translation. In the
case of fusel alcohols (by-products of cellular metabolism), it
has been shown that certain strains are inhibited for translation
upon the addition of butanol (60). Genetic crosses allowed the
identification of the GCD1 gene as the one involved in the
translational repression of BUTs strains. GCD1 encodes a sub-
unit of eIF2B, the guanine exchange factor required for eIF2-
GDP to eIF2-GTP recycling. Accordingly, the addition of buta-
nol in BUTs strains slightly induces the GCN4 response in a
Gcn2 (eIF2� kinase)-independentway. Interestingly, fusel alco-
hols induce pseudohyphal growth in BUTs strains but not in
BUTr strains. Similarly, volatile anesthetics such as isoflurane
also inhibit translation initiation (61). These examples of trans-
lational fine-tuning nicely illustrate the application of yeast
genetics to the study of translational control.
TOR Signaling Affects Cap-dependent Translation Initiation—

In the early 1990s, the laboratory of Michael Hall identified the
yeast genes encoding Tor1 and Tor2 as targets of the immuno-
suppressant rapamycin (62). Ever since, a vast number of pub-
lications have described the importance of these evolutionary
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conserved kinases in signal transduction pathways that allow
the cells to monitor proper nutritional conditions in their envi-
ronment before undergoing cell division.
In yeast, the presence of rapamycin or the absence of the

kinases Tor1 and Tor2 arrests growth in the early G1 phase of
the cell cycle due to an inhibition of translation initiation,
inducing starvation (63). An important cause for the observed
decrease in cap-dependent translation is the rapamycin-in-
duced degradation of initiation factor eIF4G (71).
In mammals, rapamycin blocks the phosphorylation of

4E-BPs, a family of small acidic eIF4E-binding proteins that
block cap-dependent translation. Their interaction with eIF4E
is regulated by their phosphorylation status: hyperphosphory-
lation of 4E-BPs, which is accomplished bymTOR (mammalian
TOR), leads to their dissociation from eIF4E, allowing cap-de-
pendent translation (64–66).
In themeantime, other proteins involved in protein synthesis

such as S6 kinase and eIF4B have been identified as phosphor-
ylation targets of mTOR. In yeast, although there also exists a
small 4E-BP named Caf20, which inhibits cap-dependent pro-
tein synthesis (67), the regulation of its interaction with eIF4E
has not yet been established.

Conclusion

During the last 20 years, yeast has served as an invaluable
system to study the mechanism and regulation of translation
initiation. Now that most genes involved in translation initia-
tion have been identified and their gene products character-
ized, one could ask if yeast still represents a useful system to
study this fundamental process.
Previous studies indicate that this will be indeed the case, e.g.

to study differentiation when cells are submitted to nutritional
deprivation leading to morphological changes such as invasive
growth (68). This ability was overlooked for a long time, as
laboratory yeast strains had lost this property, but this is not the
case formany yeast strains found “free” in nature or also aggres-
sive yeast strains that cause many problems in hospitals after
surgical intervention (69).
A recent study shows that several gene products involved in

yeast invasive growth become translated in a cap-independent
manner (70). Pivotal in this process is the presence of a poly(A)
stretch in the 5�-UTR of involvedmRNAs that serves as a bind-
ing site for the poly(A)-binding protein Pab1 and allows inter-
nal initiation under conditions in which overall cap-dependent
translation is low due to nutritional restrictions. The cap-inde-
pendent translation of mRNAs such that for Flo8, a transcrip-
tion factor required for invasive growth, is fundamental for this
physiological adaptation.
We anticipate that studies carried out in yeast will serve as an

indispensable system allowing also for conclusions on the dif-
ferentiation process in higher cells. Indeed, yeast will very likely
be an early focus for systems biology analyses that examine gene
expression and enzyme regulation as a function of physiological
state because of the existing genetic information available, the
ease of performing knock-out/knock-in gene replacements,
and the ability to use the well established genetic tools to screen
for different genetic interactions.
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A central step to high fidelity protein synthesis is selection of
the proper start codon. Recent structural, biochemical, and
genetic analyses have providedmolecular insights into the coor-
dinated activities of the initiation factors in start codon selec-
tion. A molecular model is emerging in which start codon rec-
ognition is linked to dynamic reorganization of factors on the
ribosome and structural changes in the ribosome itself.

Overview of the Eukaryotic Translation Initiation
Pathway

Assembly of an 80 S ribosome at the start codon of anmRNA is
facilitated by translation initiation factors that function in a step-
wise manner, rearranging both interfactor and factor-ribosome
contacts at each step. In this review, we will highlight recent
advances in our understanding of the structure-function proper-
ties of the initiation factors that function on the ribosome to pro-
mote assembly of the 43 S preinitiation complex and govern start
site selection. Translation initiation (Fig. 1) (reviewed in Ref. 1)
begins with formation of TC3 between initiator Met-tRNAi and
the GTP-bound form of eIF2. The TC then associates with the
small (40 S) ribosomal subunit. Binding of eIF1 and eIF1A alters
the conformation of the 40 S subunit and promotes TC loading,
which is also aided by eIF3. In a reaction facilitated by the eIF4
familyof factorsaswell asbyeIF3, the43SPIC(40S�eIF1, eIF1A,
TC, eIF3) binds to an mRNA near the 5� cap and scans in a 3�
direction in search of a start codon.Upon start codon recognition,
eIF2 completes hydrolysis of its bound GTP in a reaction pro-
motedbyeIF5.Basepairingbetweenthestart codononthemRNA
and the anticodon loop ofMet-tRNAi in the 43 S complex triggers

eIF1 release from its ribosomal binding site and dissociation of Pi
from eIF2 to form eIF2�GDP, which is now unstably associated
with the 40 S subunit. In a second GTP-dependent reaction, the
factoreIF5Bpromotes joiningof the large (60S) ribosomal subunit
to the43Scomplex.Hydrolysis ofGTPbyeIF5B following subunit
joining enables eIF5B and eIF1A to dissociate from the 80 S initi-
ation complex, leavingMet-tRNAi in the P site base paired to the
start codon. The ribosome is now poised to enter the elongation
phase of protein synthesis.

eIF2

Although the structure of the eIF2 complex, consisting of �,
�, and � subunits, has not yet been determined, structural stud-
ies of individual subunits as well as of the corresponding
archaeal factor aIF2, in conjunction with in vivo and in vitro
analyses, have recently shed light on the structure-function
properties of the factor. The eIF2� subunit domain structure is
conserved between eukaryotes and Archaea (Fig. 2) (2, 3); how-
ever, an N-terminal extension makes the eukaryotic � subunit
twice the length of the archaeal protein. This extension con-
tains three lysine-rich segments (K-boxes) consisting of 6–8
consecutive lysine residues (Fig. 2A). The K-boxes in eIF2�
mediate the binding of eIF2 to both its GAP, eIF5, and the
catalytic subunit of its guanine nucleotide exchange factor,
eIF2B� (4). The � subunit of eIF2 contains three domains (Fig.
2) and shows striking similarity to the structure of EF-Tu/
eEF1A, the GTPase that brings aminoacyl-tRNAs onto the
ribosome during elongation.
In EF-Tu, domains II and III move relative to the G-domain

in response to GTP versus GDP binding. In the GDP state,
domains II and III are remote from the G-domain, whereas in
the presence of GTP, domains II and IIImove toward theG-do-
main to form the aminoacyl-tRNA-binding pocket (5). In the
structures of aIF2�, the protein is in the closed state in the
presence of GTP, GDP, or no nucleotide (6, 7). It seems that
rather than large conformational changes, modest reorienta-
tions in the G-domain govern Met-tRNAi binding by aIF2.
Consistently, only a modest change in Met-tRNAi affinity was
detected between eIF2�GTP and eIF2�GDP (15-fold) in contrast
to the very large change in aminoacyl-tRNA affinity between
EF-Tu in its two nucleotide states (8) (see below).
The eIF2� subunit forms the keystone of the eIF2��� hetero-

trimericcomplex. In theaIF2���complexstructure,domain IIIof
aIF2� contacts a loop on domain II of aIF2� (9). Consistently,
mutations that alter conserved surface residues in domain II of
aIF2� impair aIF2� binding in vitro. Importantly, the growth
defect associatedwith the correspondingmutations in yeast eIF2�
were suppressed by overexpression of eIF2� (6). The binding con-
figurationof aIF2� to aIF2� is the same in the aIF2��heterodimer
and the aIF2��� complex, consistent with the notion that aIF2�
and aIF2� bind independently to aIF2� (3, 9, 10).

Ternary Complex Formation

No structures of a/eIF2with boundMet-tRNAi have yet been
reported. Despite the lack of this important structure, signifi-
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cant insights into themechanismofMet-tRNAi binding by eIF2
have been obtained. In the “on” GTP-bound state, eIF2 binds
Met-tRNAi with a Kd of �10 nM, 15-fold more tightly than the
“off” GDP-bound state (8). This GTP/GDP switch involves tog-
gling on and off of an interaction between eIF2 and the methi-
onine on the tRNAi. Recombinant aIF2 also binds Met-tRNAi
in a GTP-dependent manner (11). As might be expected based
on its structural similarity to EF-Tu, the isolated aIF2� subunit
bindsMet-tRNAi, albeitweakly (Kd� 5�M) (11).Neither aIF2�
nor aIF2� binds Met-tRNAi, and the aIF2�� complex binds
Met-tRNAi with similar affinity as isolated aIF2�. In contrast,
the aIF2�� complex binds Met-tRNAi with a Kd of �40 nM,
similar to intact aIF2. Interestingly, this increased Met-tRNAi
binding affinity is observed when only the C-terminal domain
III of aIF2� is in complex with aIF2�. As isolated domain III
from neither aIF2� nor eIF2� showed significant Met-tRNAi
binding, it seems that aIF2� allosterically enhances the Met-
tRNAi binding by aIF2�. Consistent with this idea, deletion of
the aIF2�-binding loop in domain II of aIF2� impairs Met-
tRNAi binding to isolated aIF2� (11). At odds with these find-
ings, a yeast eIF2�� complex isolated from a strain lacking
eIF2� bound Met-tRNAi with only 5-fold lower affinity than
intact eIF2 (12). Moreover, as the growth rate of the eIF2�-less
strain (expressing a mutant form of eIF2� and overexpressing
tRNAi) is �2-fold slower than a wild-type strain (13), it seems
that eIF2� does not play a crucial role in translation initiation in
vivo aside from its role in regulation.
Although it was previously thought that GTP hydrolysis on

eIF2 was triggered upon base pairing between the anticodon

loop of Met-tRNAi in the 43 S com-
plex and a start codon in the mRNA,
more recentworkhasestablished that
some of the GTP in the ternary com-
plex is hydrolyzed to GDP�Pi in the
PIC prior to start codon recognition
(14) (Fig. 1). Release of Pi, rather than
GTP hydrolysis, is the step that
appears to be strongly controlled by
start codon recognition. As will be
discussed below, dissociation of eIF1
from the 43 S complex upon start
codon recognition is the event that
triggers release of Pi from eIF2.

The structures of various aIF2
complexes provide a rationale for the
Pi-regulated binding ofMet-tRNAi to
eIF2. In aIF2��GDP structures, the
tRNA-binding pocket is not formed
(6,7);however, in theaIF2���GDPNP
structure (3), a cleft for binding the
methionine and terminalA76ofMet-
tRNAi is observed (3). Surprisingly,
when aIF2��� was crystallized in the
presence of GDP, a similar Met-
tRNAi-binding cleft was observed (9).
Careful examination of the structure
suggested the presence of GDP�Pi,
rather than GDP, in the nucleotide-

binding pocket. As the Met-tRNAi-binding cleft is in the open
conformation in aIF2����GDP�Pi, this structure is compatible
with the notion that Pi release and the resultant reconfiguration of
eIF2 to the GDP conformation are necessary for release of eIF2
fromMet-tRNAi in the ribosomal P site.

eIF2 Structure-Function Insights from Yeast Genetics

Genetic analyses in yeast have provided novel insights into the
structure and function of the initiation factors. Mutations that
impair TC formation or TC binding to the ribosome affect trans-
lational control of theGCN4mRNA and produce a Gcd� pheno-
type (15). A second assay systemmonitoring His4p production in
yeast from an mRNA lacking its normal start codon allows the
fidelity of start codon recognition to be assessed. Sui� mutations
enhance initiation at an in-frameUUGcodon allowingHis4p syn-
thesis from themutant mRNA (16).
BothGcd� and Sui�mutations have been identified in all three

subunits of eIF2. For example,Gcd�mutations in eIF2� that affect
guanine nucleotide-binding residues (16–18), the predicted
methionine-binding pocket (6), and residues proposed to interact
with the body of the tRNA (3) have been isolated and character-
ized. In all cases, phenotypes associated with the mutations are
suppressed by overexpressing tRNAi, as predicted for amino acid
changes that affect TC formation.Mutations in eIF2 causing Sui�
phenotypes could operate by increasing spurious Pi orMet-tRNAi
release from the factor. However, as the Sui� phenotypes do not
simply correlate with the Met-tRNAi binding affinities of the
mutant factors, it has been proposed that subtle alterations in the
conformationofMet-tRNAion the40Ssubunit affectbasepairing

FIGURE 1. Translation initiation pathway. The scheme of 80 S complex assembly is shown as described in the
text. Note that hydrolysis of GTP on eIF2 to GDP�Pi initiates prior to mRNA binding. In addition, following start
codon selection and Pi release, the PIC transitions from the open (scanning-competent) to closed (scanning-
arrested) state. Factors involved in mRNA binding to the PIC are not shown for clarity.
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between the anticodon and base triplets in the scanned mRNA,
thereby impairing the fidelity of start codon recognition (17).

eIF1 and eIF1A

eIFs1 and1Aare small initiation factors that binddirectly to the
40 S ribosomal subunit and play central roles in both TC recruit-
ment and the identification of the start codon (19). Together, eIF1
andeIF1A induceaconformational change in the40Ssubunit that
promotes rapid binding of the TC (20). This open complex (Fig.
1), in which the mRNA entry channel latch is unlocked and a
connection is formed between the head and shoulder of the
subunit, is proposed to be competent for scanning the
mRNA. eIF1 accelerates the rate of TC binding to the 40 S

subunit as well as its release, whereas eIF1A accelerates the
rate of TC binding but slows its release. These data suggest
that eIF1 primarily acts to induce the formation of the open
state of the 40 S subunit along with eIF1A, whereas eIF1A
both performs this function and also interacts with the TC to
stabilize its binding to the PIC. As expected based on the
important roles these factors play in TC loading, a variety of
mutations have been found in each that produce Gcd� phe-
notypes (e.g. Refs. 21–23).
eIF1A is made up of a central OB-fold domain that binds to

theA site of the 40 S subunit and two long, unstructuredN- and
C-terminal tails (24, 25) (Fig. 2). These tails, which are not
found in the orthologous bacterial factor, IF1, have been shown
to be intimately involved in TC loading onto the 40 S subunit
and in start codon recognition (19, 26). Prior to start codon
recognition by the PIC, the tails of eIF1A are located in or near
the P site of the 40 S subunit, which likely prevents the initiator
tRNA from fully entering it (25, 26). When the start codon is
encountered, the tRNA moves fully into the P site, and the
C-terminal tail moves out of it (25, 26). It has been shown that
eIF1A interacts strongly with eIF5, either directly or indirectly,
upon start codon recognition (27), and the movement of the
C-terminal tail of eIF1Amay be involved in mediating this new
interaction.
Mutations in both theN-terminal and theC-terminal tails have

been found that affect the fidelity of start codon recognition.
Amino acid changes in the N-terminal tail suppress Sui� muta-
tions elsewhere in the protein or in other factors, as do changes in
a region at the veryN-terminal edge of the unstructured C-termi-
nal tail. These two regions are proposed to pack on an �-helical
segment of the factor, mutation of which also confers an Ssu�

(suppressor of Sui�) phenotype. The structure formed by these
three regions of eIF1A forms a sort of “brake” that inhibits
scanning by the PIC. Disrupting this scanning inhibitor
reduces the ability of the complex to stop and enter the
closed, post-start codon recognition state and hence sup-
presses Sui� phenotypes. In contrast, mutations in two other
regions of the C-terminal tail, termed SE 1 and 2, produce
Sui� phenotypes. The data suggest that SE1 and SE2 pro-
mote formation of the open, scanning-competent state of the
PIC, in which the initiator tRNA is not fully engaged in the P
site. Movement of these elements out of the P site upon
initial start codon recognition is proposed to allow proper
engagement of the tRNA (25, 26).
The core (��) domain of eIF1 is similar to several ribosomal

proteins, as well as to eIF2� and the N-terminal domain of eIF5
(Fig. 2A) (28). Footprinting studies have shown that eIF1 binds
near the P site but not in a position that allows it to directly
monitor codon/anticodon pairing between the mRNA and ini-
tiator tRNA (29).
Work invitroand invivohas shownthateIF1 is thekey switch in

triggering downstream events in response to the PICs encounter-
ing a start codon (21, 30). Initial start codon recognition results in
a rapidconformational change in thePICthatmoves theCtermini
of eIF1andeIF1Aaway fromeachother.This is followedbyrelease
of eIF1 from its binding site within the PIC. Dissociation of eIF1
triggers Pi release from eIF2�GDP�Pi (14), as well as conversion
from the open conformation of the PIC to the closed one (23)

FIGURE 2. Architecture of the PIC. A, schematic depictions of the key PIC
factors from yeast. eIF2 is composed of �, �, and � subunits. eIF2� consists of
an OB-fold, an �-helical domain, and an �/� domain; the N-terminal half of
eIF2� contains three Lys-rich (K) segments followed by a short unfolded
domain (that adopts a helical structure when in the eIF2 complex, red), a core
�� domain, and a C-terminal zinc finger (gray) domain (9, 48, 49). eIF2� has
three domains: an N-terminal GTP-binding (G) domain and two �-barrel
domains II and III; a zinc-binding knuckle is present within the G-domain (6, 7).
eIF1A consists of a core OB-fold domain and long unstructured N- and C-ter-
minal tails (NTT and CTT). eIF1 contains an unstructured N-terminal tail linked
to an �� core similar to eIF2� and the eIF5 NTD. eIF5 contains N-terminal ��
and zinc finger domains connected by an unstructured linker to the C-termi-
nal HEAT (Huntington, elongation factor 3, PR65/A, TOR) domain. B, struc-
tures of human eIF1 (Protein Data Bank (PDB) code 2IF1), human eIF1A
(1D7Q), eIF5 (human NTD, 2G2K; yeast CTD, 2FUL), and a composite archaeal
TC are displayed around a schematic depicting the PIC constituents bound to
the 40 S ribosomal subunit (light blue). The TC composite structure consists of
archaeal aIF2 (3CW2; �, domain I, light blue; domain II, slate blue; domain III,
blue; �, N-terminal helix, pink; domain II, violet; domain III, purple; and �, G-do-
main, green; domain II, pale green; domain III, yellow) and yeast tRNAi (1YFG,
brown). The position of tRNAi was modeled by superimposing the structures
of aIF2 (3CW2 and 2QMU) with the structure of EF-Tu�GDPNP�Phe-tRNAPhe

(1TTT). The structures of eIF1, eIF1A, and eIF5 are displayed with �-helices in
red and �-strands in yellow. The Arg-15 residue in eIF5 that is required for GAP
activity is colored magenta.
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(Fig. 1). This latter finding is consistentwith the fact that both eIF1
andeIF1Aare required for stable formationof theopenstateof the
yeast 40 S subunit, which suggested that release of eIF1 from the
PIC should result in complex closure (20). The presence or
absence of eIF1 within the PIC is thus the key control point that
determineswhether the complex continues searching for the start
codonorhalts andcommits todownstreamevents in the initiation
process. Consistent with this, a number of mutations have been
found in eIF1 that reduce the affinity of the factor for the PIC,
increasing aberrant release and thus producing strong Sui� phe-
notypes (21, 23, 31).
Both eIF1 and eIF1A have been reported to interact with

eIF2. In solution, eIF1A interactswith eIF2 via the unstructured
N-terminal tail of eIF1A, which also mediates an interaction
with eIF3 (32). Pulldown experiments have indicated that eIF1
interacts in solution with eIF2�. This interaction appears to be
mediated by both the unstructured N terminus of eIF1 and a
basic region in its structured domain (28). These interactions
may provide communication links between eIFs 1 and 1A and
eIF2, allowing signaling within the PIC in response to start
codon recognition.

eIF5

eIF5 acts as a GAP for eIF2 (33, 34), increasing the rate of GTP
hydrolysis within the PIC by over 6 orders of magnitude (14).
However, several lines of evidence indicate that eIF5 plays a more
direct role in themechanism of start codon recognition than sim-
ply acting as a constitutive GAP. For example, although Archaea
have an ortholog of eIF2, they lack any detectable eIF5 ortholog,
suggesting that this factor evolved in response to a eukaryote-spe-
cific requirement. As Archaea utilize either 5�-proximal AUGs or
Shine-Dalgarno sequences to locate start codons, whereas
eukaryotes employ anentirely differentmechanism, eIF5mayplay
an important role in the eukaryotic scanning mechanism of start
codon selection. In addition, mutations in eIF5 have been isolated
that alter the fidelity of start codon recognition. Strikingly, the
Sui� mutation G31R is codon-specific in its effect; it efficiently
enhances use of UUG codons as start sites but does not enhance
use of GUG, CUG, or AUU codons (16). This result suggests that
themutationalters theabilityof eIF5 to senseandrespond toAUG
codons, endowing it with specific ability to also respond to UUG
but not other near cognate codons. If eIF5 acted simply as a con-
stitutiveGAP, rather thanplaying amoredirect role in start codon
recognition, it is unclear how amutation could lead to this sort of
specificity given that GUG and CUG codons are inherently as effi-
cient asUUGcodons for initiation in Saccharomyces cerevisiae (35).

A number of recent in vitro studies support a direct role for
eIF5 in detecting and responding to the start codon. eIF1A and
eIF5 interact strongly within the PIC upon start codon recog-
nition (27). With wild-type factors, this interaction is stronger
with an AUG codon than a UUG codon. Remarkably, this spec-
ificity is switchedwhenwild-type eIF5 is replacedwith the Sui�

G31R version of the factor, mimicking the codon specificity
observed in vivo. More recently, it was shown that eIF5 antag-
onizes eIF1 binding to the PIC, suggesting that these two factors
also communicatewith each other and that release of eIF1 upon
start codon recognition may allow eIF5 to alter its position

within the complex, possibly an event that allows interaction
with eIF1A and/or Pi release by eIF2 (23).

Structures of the N- and C-terminal domains of eIF5 have
been determined by NMR and x-ray crystallography, respec-
tively (36–38) (Fig. 2). A variety of studies have indicated that
eIF5 interacts directly with eIF1, eIF2, eIF3, and eIF4G. The
interaction with eIF2 is mediated by both the NTD and the
CTD of eIF5. The NTD of eIF5 interacts with the G-domain of
eIF2� (39), and the CTD of eIF5 interacts with the K-boxes in
the N-terminal region of eIF2� (4, 40, 41). eIFs 1, 3, and 4G all
appear to interact with the CTD of eIF5, suggesting that one
important role of this part of the factor is as a platform for
organizing the architecture of the PIC.
The findings that theNTDof eIF5 is structurally similar to eIF1

(37) and that eIF5 and eIF1 antagonize each other’s binding to the
PIC (23) have suggested amodel to explain part of themechanism
of action of eIF5 during start codon recognition. In this proposal,
eIF1 occupies a binding site within the PIC in competition with
part of eIF5 (e.g. its NTD). When eIF1 is released following start
codon recognition, eIF5 canmove into this site. This change in the
positionofeIF5could thenallowPi release, interactionwitheIF1A,
and stabilization of the closed state of the complex. It is appealing
to think that the domain that moves is the NTD, which is the
domain containing the GAP activity and thus might also be
expected to serve as the physical gate that prevents premature Pi
release. Its structural similarity to eIF1 is also consistent with the
idea that the NTD of eIF5 and eIF1 can bind to the same region
within the PIC (37). However, given the interaction between eIF1
and the CTD of eIF5 observed in solution, it is also possible that
these events are mediated by the proximity of the eIF5 CTD and
eIF1 within the PIC (28). Either way, in this model, a key function
of eIF5 is to act as the gate that prevents Pi release until start codon
recognition has taken place. If this is the case, having eIF5 act as a
GAP for eIF2 makes sense as it prevents GTP hydrolysis until the
Pi gate is in place. Premature GTP hydrolysis and Pi release could
result in selection of aberrant start sites and the production of
miscoded proteins.

Perspectives

Over the past 5 years, it has become clear that the eukaryotic
translation preinitiation complex is a dynamic version of a
three-dimensional jigsaw puzzle. Each component makes a
number of interactions with other components, and these
interactions change as the initiation process proceeds.
In addition to the expected conformational changes in the 40 S

ribosomal subunit itself, it is becoming increasingly clear that the
movements of the factors, and the domains within them, are crit-
ical to the mechanics of the process. Competition between com-
ponents for a single binding site, which allows the movement or
release of one factor to trigger movement of another, may be an
emerging theme. In addition, many factors have long, unstruc-
tured regions that are increasingly appearing to play critical roles
in various stages of initiation. These regions may allow efficient
communicationover longdistances, aswell asprovide factorswith
the ability to readily change binding partners. For example, the
C-terminal tail of eIF1A plays a role in TC recruitment to the 40 S
subunit. It moves out of the P site upon start codon recognition,
possibly an event that is involved in triggering a new interaction

MINIREVIEW: Translation Initiation 43 S Complex Formation

21206 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 28 • JULY 9, 2010



with eIF5, and then interacts with eIF5B at the very end of initia-
tion to stimulate subunit joining (42, 43).
At the heart of start codon recognition is the formation of 3 bp

between the anticodon of the initiator tRNA and themRNA. This
is a simplemolecular interaction, yet it triggers a series of compli-
cated rearrangements that commit the complex to completing the
initiation process from the selected point on themRNA.How this
signal is transmitted andamplified into the events described above
is not yet clear. Recentworkhas indicated that like decoding in the
A site during elongation, recognition of the start codon relies only
on formation of 3 bp, not on the specific sequence of those pairs,
suggesting that the PICmonitors duplex formation in the P site in
some way (35). However, the structures of the P site of bacterial
elongation complexes do not provide any obvious candidates for
ribosomal sensors analogous to A1492, A1493, and G530, the
bases in the A site that swing out to recognize formation of a
duplex between the incoming tRNAand themRNAcodon (44). It
ispossible that the structureof thePsite is altered in theeukaryotic
initiation complex in such away as to allow it to directly recognize
base pairing. Alternatively, the initiation factors themselves may
be the sensors of base pair formation.Themovement of theC-ter-
minal tail of eIF1A out of the P site upon initial start codon recog-
nition is likely part of this sensor system. eIF1, eIF2, and eIF5may
sense formation of the codon/anticodon duplex either directly or,
perhaps more likely given the crowded nature of the P site, indi-
rectly. Indirect sensing of base pairing might be mediated by
changes in the conformation or position of the initiator tRNA
body (45, 46), similar to the active role proposed for tRNAs during
decoding in the A site (47). These changes in the conformation or
positionof the initiator tRNAcouldbe sensedby eIFs 1, 1A, 2, or 5,
triggering downstream events including eIF1 and Pi release from
the PIC.
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dorov, R., Garber, M., and Nikonov, O. (2008) J. Mol. Biol. 382, 680–691
11. Yatime, L., Schmitt, E., Blanquet, S., and Mechulam, Y. (2004) J. Biol.

Chem. 279, 15984–15993
12. Nika, J., Rippel, S., andHannig, E.M. (2001) J. Biol. Chem. 276, 1051–1056
13. Erickson, F. L., Nika, J., Rippel, S., and Hannig, E. M. (2001) Genetics 158,

123–132
14. Algire, M. A., Maag, D., and Lorsch, J. R. (2005)Mol. Cell 20, 251–262

15. Hinnebusch, A. G. (2005) Annu. Rev. Microbiol. 59, 407–450
16. Huang, H. K., Yoon, H., Hannig, E. M., and Donahue, T. F. (1997) Genes

Dev. 11, 2396–2413
17. Alone, P. V., Cao, C., and Dever, T. E. (2008) Mol. Cell. Biol. 28,

6877–6888
18. Erickson, F. L., and Hannig, E. M. (1996) EMBO J. 15, 6311–6320
19. Mitchell, S. F., and Lorsch, J. R. (2008) J. Biol. Chem. 283, 27345–27349
20. Passmore, L. A., Schmeing, T.M.,Maag, D., Applefield, D. J., Acker,M.G.,

Algire, M. A., Lorsch, J. R., and Ramakrishnan, V. (2007) Mol. Cell 26,
41–50

21. Cheung, Y. N., Maag, D., Mitchell, S. F., Fekete, C. A., Algire, M. A.,
Takacs, J. E., Shirokikh, N., Pestova, T., Lorsch, J. R., and Hinnebusch,
A. G. (2007) Genes Dev. 21, 1217–1230

22. Fekete, C. A., Mitchell, S. F., Cherkasova, V. A., Applefield, D., Algire,
M. A., Maag, D., Saini, A. K., Lorsch, J. R., and Hinnebusch, A. G. (2007)
EMBO J. 26, 1602–1614

23. Nanda, J. S., Cheung, Y. N., Takacs, J. E., Martin-Marcos, P., Saini, A. K.,
Hinnebusch, A. G., and Lorsch, J. R. (2009) J. Mol. Biol. 394, 268–285

24. Battiste, J. L., Pestova, T. V., Hellen, C. U., andWagner, G. (2000)Mol. Cell
5, 109–119

25. Yu, Y.,Marintchev, A., Kolupaeva, V.G., Unbehaun, A., Veryasova, T., Lai,
S. C., Hong, P.,Wagner, G., Hellen, C.U., and Pestova, T. V. (2009)Nucleic
Acids Res. 37, 5167–5182

26. Saini, A. K., Nanda, J. S., Lorsch, J. R., and Hinnebusch, A. G. (2010)Genes
Dev. 24, 97–110

27. Maag, D., Algire, M. A., and Lorsch, J. R. (2006) J. Mol. Biol. 356, 724–737
28. Reibarkh, M., Yamamoto, Y., Singh, C. R., del Rio, F., Fahmy, A., Lee, B.,

Luna, R. E., Ii, M., Wagner, G., and Asano, K. (2008) J. Biol. Chem. 283,
1094–1103

29. Lomakin, I. B., Kolupaeva, V. G.,Marintchev, A.,Wagner, G., and Pestova,
T. V. (2003) Genes Dev. 17, 2786–2797

30. Maag, D., Fekete, C. A., Gryczynski, Z., and Lorsch, J. R. (2005)Mol. Cell
17, 265–275

31. Yoon, H. J., and Donahue, T. F. (1992)Mol. Cell. Biol. 12, 248–260
32. Olsen, D. S., Savner, E. M., Mathew, A., Zhang, F., Krishnamoorthy, T.,

Phan, L., and Hinnebusch, A. G. (2003) EMBO J. 22, 193–204
33. Das, S., Ghosh, R., and Maitra, U. (2001) J. Biol. Chem. 276, 6720–6726
34. Paulin, F. E., Campbell, L. E., O’Brien, K., Loughlin, J., and Proud, C. G.

(2001) Curr. Biol. 11, 55–59
35. Kolitz, S. E., Takacs, J. E., and Lorsch, J. R. (2009) RNA 15, 138–152
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Control of translation initiation in a tissue of an intact mam-
malian organism is a highly complex process requiring the con-
tinuous integration of multiple positive and negative stimuli.
For a tissue such as skeletal muscle, which has the capacity to
undergo dramatic changes in size and protein content, transla-
tion initiation contributes importantly to the regulation of glo-
bal rates of protein synthesis and is controlled by numerous
stimuli, including those arising fromnutrients and hormones in
the circulating blood, as well as from contraction-induced sig-
nalingwithin the tissue.Many of the pathways conveying signals
generated by these stimuli converge onmTORC1, a serine-thre-
onine protein kinase that has been termed the nutrient and
energy sensor of the cell and that plays a prominent role in the
regulation of cell growth. Control of translation initiation by
mTORC1 is mediated through phosphorylation of downstream
targets that modulate the binding of mRNA to the 43 S preini-
tiation complex. Control of translation initiation is also medi-
ated through modulation of binding of initiator methionyl-
tRNA to the 40 S ribosomal subunit. Together, modulation of
these two regulatory steps in translation initiation accounts in
large part for changes in protein synthesis in skeletal muscle
produced by the integration of inputs from hormones, nutri-
ents, and exercise.

Previous articles in this Thematic Minireview Series on Pro-
tein Synthesis have laid the groundwork for understanding the
molecular mechanisms involved in translation initiation, par-
ticularly with regard to eukaryotic organisms. Our task in this
minireview is to describe the role of translation initiation in the
control of protein synthesis in an intact mammalian system
wherein the maintenance of homeostasis is of utmost impor-
tance. We have chosen skeletal muscle as our focus because of
its unique plasticitywith regard to a capacity to increase (hyper-
trophy) or decrease (atrophy) in size and thus protein content
in response to a variety of hormonal, nutritional, and mechan-
ical stimuli. Skeletal muscle hypertrophy and atrophy result
from a homeostatic shift favoring either protein synthesis or
protein degradation, respectively, and modulation of transla-

tion initiation contributes importantly to the changes in pro-
tein synthesis associated with both conditions. Moreover, skel-
etal muscle is a principal contributor to whole body substrate
metabolism. Representing the major “reservoir” of protein in
the body, it becomes a crucial source of amino acids that serve
as substrates for gluconeogenesis in the liver, thus allowing for
the maintenance of blood glucose concentrations during times
of food deprivation.
One approach that has been used to assess changes in trans-

lation initiation in muscle is analysis of the distribution of ribo-
somal subunits in polysomes compared with those that are free
(i.e. nonpolysomal), in combination with a measurement of the
global rate of protein synthesis. An increase in protein synthesis
in association with a shift of ribosomal subunits into polysomes
indicates a stimulation of translation initiation. Conversely, loss
of polysomes and accumulation of ribosomal subunits in asso-
ciation with a decrease in protein synthesis indicate an impair-
ment of translation initiation. These analyses are often per-
formed over a relatively short time frame and thus reflect acute
changes in translation initiation rather than long-term ones.
Analysis of acute responses has the advantage of revealing rapid
changes in translation initiation factor function, e.g. through
covalent modification of initiation factors by phosphorylation
and/or protein-protein interaction profiles of the relevant ini-
tiation factors and regulatory proteins, in contrast to alterations
in their expression. The results of these analyses allow for local-
ization of changes in initiation to the two generally accepted
regulatory processes (see theminireview byMerrick (68) in this
thematic series), i.e. assembly of the 43 S preinitiation complex
through binding of the Met-tRNAi

Met�eIF2�GTP ternary com-
plex to the 40 S ribosomal subunit and assembly of the 48 S
preinitiation complex through binding of themRNA to the 43 S
preinitiation complex.
A prominent signaling pathway that controls the regulatory

processwhereinMet-tRNAi
Met joins the 40 S ribosomal subunit

is represented by four separate stress-activated protein kinases
that mediate phosphorylation of serine 51 on the �-subunit of
eIF2 (Fig. 1). A variety of stresses, including nutrient depriva-
tion, oxidative stress, heme deficiency, and double-stranded
RNA, lead to activation of one or more of these eIF2� kinases.
Phosphorylation of eIF2� converts it from a substrate into a
competitive inhibitor of eIF2B, resulting in an accumulation of
the eIF2�GDP binary complex that is inactive in assembly of the
ternary complex (Fig. 1, step 10).

A prominent signaling pathway that controls the regulatory
process wherein the mRNA binds with the 43 S preinitiation
complex involves mTORC1 (mammalian target of rapamycin
complex 1), which phosphorylates the eIF4E-binding protein,
4E-BP1 (Fig. 2, step 15), preventing its association with eIF4E and
thereby permitting eIF4E to associate with eIF4G to form the
activemRNA cap-binding complex, eIF4F (Fig. 1, step 9). In addi-
tion, mTORC1 phosphorylates and activates the protein kinase
S6K1 (Fig. 2, step 11). S6K1 subsequently activates themRNA cap
binding stepbyphosphorylatingeIF4B (Fig. 2, step12) andPCDC4
(step 13), which, in its unphosphorylated state, binds to eIF4A and
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eIF4G (step 14), thereby inhibiting themRNAbinding step. Thus,
mTORC1 stimulatesmRNA joining to the 43 Spreinitiation com-
plex throughmultiple downstream effectors.
Here, we summarize the evidence in support of roles for the

Met-tRNAi
Met and mRNA binding steps in mediating the regu-

latory effects of amino acids (particularly leucine), insulin, glu-
cocorticoids, and resistance exercise on translation initiation in
skeletal muscle.

Amino Acids and Control of mRNA Translation

Early studies in rodents (1–3) and humans (4) showed that, in
the fasted state, refeeding stimulates protein synthesis in skel-
etal muscle. Subsequent studies using isolated muscle prepara-
tions and perfused hind limb preparations demonstrated that,
in large part, the feeding-induced stimulation of protein syn-
thesis is mimicked by provision of amino acids and, in particu-
lar, by the branched-chain amino acid leucine (5, 6), which acts
to stimulate translation initiation. Later studies using muscle
cells in culture showed that deprivation of either leucine or
histidine leads to repression of the Met-tRNAi

Met binding step
through an increase in eIF2� phosphorylation and inhibition of
eIF2B activity (Fig. 1, step 10) (7). However, only leucine depri-
vation results in repression ofmTORC1, leading to impairment
in the mRNA binding step (7). Thus, deprivation of any essen-

tial amino acid leads to eIF2�phosphorylation and inhibition of
eIF2B activity, but mTORC1 signaling and the mRNA binding
step are specifically repressed by leucine deprivation. Addition of
insulin to leucine-deprived muscle cells has no effect on global
ratesofprotein synthesis, eIF2�phosphorylation, or eIF2Bactivity
but restores mTORC1 signaling to the level observed in cells
maintained in complete medium. These results suggest that,
under conditions in which the Met-tRNAi

Met binding step is
inhibited, stimulation of the mRNA binding step through acti-
vation of mTORC1 has no global effect on protein synthesis.
Instead, when eIF2B activity is rate-limiting, mTORC1 activa-
tion may promote translation of a subset of mRNAs (8).
It is curious that, in perfused rat hind limb preparations,

the stimulatory effect of amino acids on mTORC1 signaling
in muscle is absent. Thus, increasing amino acids from the con-
centration that is observed in a fasted animal (referred to hereaf-
ter as 1�) to 10 times (10�) that amount leads to increased rates
of protein synthesis but has no effect on mTORC1 signaling, as
assessed by 4E-BP1 or S6K1 phosphorylation, or on the associ-
ation of 4E-BP1 with eIF4E (9). Similarly, in the presence of 1�
amino acid concentrations, increasing leucine alone by 10-fold
stimulates protein synthesis but has no effect on mTORC1 sig-
naling (10). However, assembly of the eIF4E�eIF4G complex is
increased in muscle perfused either with a complete mixture of
amino acids at 10� concentrations or with a 1� amino acid
mixture containing 10� leucine, and the effect is associated
with increased phosphorylation of eIF4G. Together, the results
of these studies demonstrate that, in vitro, increasing amino
acids above fasting levels does not activatemTORC1 in skeletal
muscle, but amino acids instead act in an mTORC1-indepen-
dent manner to promote eIF4F complex assembly (possibly
through amechanism involving phosphorylation of eIF4G) and
to increase protein synthesis.
Why do amino acids fail to activate mTORC1 in perfused

muscle preparations? A likely explanation is that amino acid
signaling tomTORC1 requires co-stimulation with insulin. For
example, the leucine-induced stimulation of protein synthesis
and mTORC1 signaling are blunted in skeletal muscle of
severely diabetic rats (11). However, the concentration of insu-
lin required for leucine to activate mTORC1 in muscle is likely
to be low because oral administration of leucine in rats treated
with somatostatin tomaintain insulin concentrations at fasting
levels leads to activation of mTORC1 (12). Thus, even fasting
concentrations of insulin are sufficient for leucine-stimulated
mTORC1 activation in muscle. Although the mechanism
involved in the permissive effect of insulin on amino acid-in-
duced mTORC1 activation is incompletely defined, it may be
explained by insulin acting through the GTPase activator pro-
tein TSC1/2 to increase Rheb GTP loading (Fig. 2, step 7), a
critical step in mTORC1 activation, whereas amino acids act
downstream of TSC1/2, possibly through the RagA/B�RagC/D
complex (Fig. 2, step 9) (13), with both TSC1/2-dependent and
TSC1/2-independent inputs being required for optimal
mTORC1 signaling.
An unanswered question is whether leucine, or a product of

its metabolism, is involved in mTORC1 activation. Studies in
primary cultures of adipocytes have shown that �-ketoisocap-

FIGURE 1. Met-tRNAi
Met binding step in translation initiation. The eIF2�GTP

complex binds to Met-tRNAi
Met to form a ternary complex (step 1) that associ-

ates with the 40 S ribosomal subunit (step 2). During a late step in initiation,
the GTP bound to eIF2 is hydrolyzed, and eIF2�GDP is released (step 3). A
guanine nucleotide exchange factor, eIF2B, mediates exchange of GDP
bound to eIF2 for GTP (steps 5–7), permitting reassembly of the ternary com-
plex. Phosphorylation of serine 51 on the �-subunit of eIF2 by any of four
known kinases leads to sequestration of eIF2B into an inactive complex (step
10), repressing the translation of most mRNAs but stimulating the translation
of a selected group of mRNAs, such as the one encoding the transcription
factor ATF4. GCN2 is activated when it binds to deacylated tRNA; HRI is acti-
vated both by heme deficiency and under conditions of heat shock and oxi-
dative stress; PERK is activated in response to the accumulation of misfolded
proteins in the lumen of the endoplasmic reticulum; and PKR is activated by
double-stranded RNA. The binding of mRNA to the 40 S ribosomal subunit is
mediated by the eIF4F complex, consisting of eIF4A, eIF4E, and eIF4G (step 8).
Assembly of the eIF4F complex is regulated in part through the binding of
eIF4E to 4E-BP1 (step 9).
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roate (KIC),2 generated by the branched-chain amino acid ami-
notransferase BCAT2 during the initial step in leucine metab-
olism, is as potent as leucine in stimulating mTORC1 (e.g. Ref.
14). However, the reaction catalyzed by BCAT2 is reversible,
and therefore, conversion of KIC to leucine may account for
increased mTORC1 signaling after KIC treatment. To circum-
vent this possibility, a recent study (15) assessed mTORC1 sig-
naling in mice lacking BCAT2. In such mice, the increase in
4E-BP1 and S6K1 phosphorylation associated with refeeding
fasted animals is magnified in skeletal muscle of wild-type
compared with knock-out animals, suggesting that leucine, not
KIC, promotes mTORC1 signaling. Interestingly, in the fasted
state, phosphorylation of 4E-BP1 and S6K1 is the same in skel-
etal muscle of wild-type and knock-out animals, even though
plasma leucine concentrations are elevated by 14-fold in
knock-out compared with wild-type mice. In part, the lack of
leucine-inducedmTORC1 signaling inmuscle of fasted knock-
out animals may be a consequence of the plasma insulin con-

centration being only 35% of that in fastedwild-typemice. Even
though plasma insulin concentrations are exceptionally low,
the basal rates of protein synthesis are significantly increased in
muscle of knock-out compared with wild-type animals.
Whether or not the increase is a consequence of leucine-in-
duced phosphorylation of eIF4G and increased assembly of the
eIF4E�eIF4G complex is unknown.
Assuming that leucine specifically mediates activation of

mTORC1, it might be expected that the molecule possesses a
unique structural feature(s) that allows it to interact with
mTORC1 or an upstream regulatory protein. Thus, the side
chain of the amino acid (and in particular, the branch point of
the side chain) might play an important role in mediating its
signaling function. However, norleucine, an amino acid with a
side chain containing the same number of carbons as leucine
but in linear format, is as potent as leucine in activating
mTORC1 in skeletal muscle (14, 16). Other studies examining
the structural requirements for leucine in mediating mTORC1
activation have yielded inconsistent results (17, 18).

Insulin and Control of mRNA Translation

Evidence suggests that insulin regulates a number of steps in
the pathway of protein synthesis (Fig. 2, steps 17–20), although
the exact biochemical and molecular mechanisms whereby the
hormone mediates this control remain to be completely de-
fined. The first evidence of a role for insulin in the control of
mRNA translation comes from studies using isolated perfused
preparations of rat heart (19) and skeletalmuscle (20). The con-
clusiondrawn from these studies is that insulin acts to stimulate
translation initiation. A similar conclusion comes from studies
with diabetic rats in which a defect in translation initiation is
observed (21). The mechanism suggested initially to explain
this action of insulin is that it acts to stimulate assembly of the
43 S preinitiation complex (22). Further studies with diabetic
rats suggested that insulin acts to control the activity of eIF2B
(23, 24) through a mechanism not involving changes in phos-
phorylation of eIF2� (25).

As noted above, a prominent site in mediating the action of
insulin in the control of translation initiation in skeletal muscle
is mTORC1 and the subsequent assembly of the 48 S preinitia-
tion complex. An initial study showed that insulin and diabetes
cause reciprocal changes in the association of eIF4E and 4E-BP1
in rat skeletal muscle in vivo (26). A subsequent study using
an isolated perfused preparation of rat skeletal muscle showed
that insulin acts directly to enhance association of eIF4E with
eIF4G in conjunctionwith stimulation of protein synthesis (27).
A conclusion drawn from that study is that the enhanced asso-
ciation of eIF4E with eIF4G is mediated in part through phos-
phorylation of 4E-BP1, resulting in release of eIF4E from the
inactive 4E-BP1�eIF4E complex (Fig. 1, step 9). Studies designed
to identify the signaling pathway(s) through which insulin acts
to control assembly of the eIF4F complex in skeletal muscle
show that it stimulates phosphorylation of 4E-BP1 as well as
dissociation of the 4E-BP1�eIF4E complex and that these effects
are blocked by rapamycin, thus implicating mTORC1 in medi-
ating the effects of the hormone.
In contrast to the consistent findings with animal models, a

number of studies have failed to demonstrate an effect of insu-
2 The abbreviations used are: KIC, �-ketoisocaproate; caAkt, constitutively

active Akt; EGFP, enhanced green fluorescent protein.

FIGURE 2. Various signaling pathways converge on mTORC1 to mediate
control of the mRNA binding step in translation initiation in skeletal
muscle. mTORC1 acts as a nexus for numerous signaling pathways, including
both positive inputs, e.g. amino acids, exercise, and insulin/insulin-like
growth factor-1 (IGF-1), and negative inputs, e.g. glucocorticoids, energy
stress, and the integrated stress response. Activation of mTORC1 impinges on
at least three proteins involved in the mRNA binding step, eIF4A (steps 13 and
14), eIF4B (step 12), and eIF4E (step 16), although future studies may reveal as
yet unknown targets involved in mTORC1-mediated control of translation
initiation and/or elongation.
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lin on protein synthesis in human skeletal muscle. A potential
explanation for the different response in humans compared
with animals is the dramatic effect the hormone has on lower-
ing plasma amino acid levels. To address this possibility, a
recent study (28) compared increasing insulin alone while
maintaining amino acids and glucose at fasted levels with a
condition in which insulin, amino acids, and glucose were all
raised to the level observed in fed individuals. In that study,
raising all three effectors led to stimulation of protein synthesis,
activation of mTORC1 as evidenced by increased phosphory-
lation of 4E-BP1 and S6K1, and decreased association of
4E-BP1 with eIF4E compared with subjects in which only insu-
lin was increased.

Glucocorticoids and Control of mRNA Translation

Glucocorticoid hormones are known to have a general ac-
tion on protein metabolism in skeletal muscle opposite that
of insulin, producing a catabolic rather than an anabolic
response. The overall effects of excess amounts of glucocor-
ticoids, whether from endogenous (e.g. Cushing syndrome) or
exogenous sources, are widely recognized. Administration of
exogenous glucocorticoids has been shown to cause loss of
body weight (29, 30), marked atrophy of certain skeletal mus-
cles (29–33), and a reduction in rates of protein synthesis in
skeletal muscle as measured in the intact animal (34), perfused
hind limb preparations (32, 35), isolated muscle preparations
(36, 37), and cultures of L6 myoblasts (38). Administration of
the potent glucocorticoid analog dexamethasone produces
within 4 h a maximal reduction in protein synthesis in skeletal
muscle in vivo (39) and in L6 myoblasts (38).

From initial attempts to identify the mechanism(s) responsi-
ble for the reduction in protein synthesis came the conclusion
that glucocorticoids act to repress initiation of mRNA transla-
tion (35) and that this effect involves assembly of the eIF4F
complex and not a change in eIF2� phosphorylation or eIF2B
activity (39). The effect on assembly of the eIF4F complex is
associated with down-regulated phosphorylation of 4E-BP1
and S6K1 (Fig. 2, steps 11 and 15) (39, 40), which correlates
temporally with the reduction in protein synthesis in skeletal
muscle in vivo (39) and L6myoblasts (38) following administra-
tion of dexamethasone.
The dexamethasone-induced reduction in 4E-BP1 and S6K1

phosphorylation is attenuated both by inhibitors of glucocorti-
coid receptor function and by inhibitors of DNA transcription
and mRNA translation (41). Moreover, the glucocorticoid re-
ceptor is both necessary and sufficient for the dexamethasone-
induced dephosphorylation of S6K1 (41). Mutational analysis
of the glucocorticoid receptor reveals that the DNA binding
and transcriptional activation functions, but not the transcrip-
tional repression function, of the receptor are required for S6K1
regulation (41). Taken together, these studies demonstrate that
glucocorticoids induce transcription of a gene encoding a pro-
tein that acts to reduce phosphorylation of 4E-BP1 and S6K1.
Given that 4E-BP1 and S6K1 are downstream targets of

mTORC1, it had been considered likely that the protein
induced by glucocorticoids would act to repress signaling
through this pathway. The timely identification of two novel
repressors of mTORC1 signaling, i.e. proteins referred to as

REDD1 and REDD2 (regulated in development and DNA
damage responses) (Fig. 2, step 4), has provided an opportu-
nity to assess their role in mediating the effects of glucocor-
ticoids on protein synthesis and mRNA translation (42–46).
Studies show that REDD1, but not REDD2,mRNA expression
is dramatically induced following acute dexamethasone treat-
ment both in rat skeletal muscle in vivo and in L6 myoblasts in
culture (40). In L6myoblasts, the effect of the drug onmTORC1
signaling is efficiently blunted in the presence of REDD1 RNA
interference oligonucleotides. Moreover, the dexametha-
sone-induced assembly of the mTORC1 regulatory complex
TSC1/2 is disrupted in L6 myoblasts following siRNA-
mediated repression of REDD1 expression. Finally, over-
expression of Rheb (Fig. 2, step 8) reverses the effect of dexa-
methasone on phosphorylation of mTORC1 substrates.
Overall, the data lead to the conclusion that REDD1 func-
tions upstream of TSC2 and Rheb to down-regulate
mTORC1 signaling in response to dexamethasone.
Subsequent studies show that changes inmTORC1 signaling

are inversely proportional to alterations in expression of
REDD1 and that REDD1 is rapidly degraded with a half-life
estimated to be 10 min or less (47). In addition, changes in
REDD1 in skeletal muscle in response to fasting and refeeding
(48) and in REDD2 in skeletal muscle following resistance exer-
cise (49) correlate with altered mTORC1 signaling. Thus, this
mTORC1 repressor is likely to play an important role in the
control of translation initiation in skeletalmuscle under a num-
ber of physiological and pathophysiological conditions.

Resistance Exercise and Control of mRNA Translation

The preponderance of evidence shows that resistance exer-
cise induces skeletal muscle hypertrophy by enhancing protein
synthesis (50). The first evidence that translation initiation is
involved inmediating the exercise-induced stimulation ofmus-
cle protein synthesis comes from the work of Baar and Esser
(51), who examined the distribution of ribosomal subunits
between polysomal and nonpolysomal fractions after electrical
stimulation of rat hind limb muscles. They showed that, in the
extensor digitorum longus muscle, but not the soleus muscle,
translation initiation is enhanced under these conditions. This
conclusion has been confirmed by Kubica et al. (52), who
showed an increase in polysome aggregation in the gastrocne-
mius muscle of rats subjected to an acute resistance exercise
protocol.
A study by Bodine et al. (53) was the first to provide con-

vincing data supporting a direct role for the mTORC1 sig-
naling pathway in controlling translation initiation and pro-
moting skeletal muscle hypertrophy in response to exercise.
The study shows that chronic overloading of the plantaris
muscle (through synergistic ablation of the soleus and gastro-
cnemius muscles) leads to increased phosphorylation of Akt
and proteins downstream of mTORC1, such as 4E-BP1 and
S6K1. The central role of mTORC1 in mediating the hyper-
trophic response under these loading conditions is verified
through in vivo treatment with rapamycin, which completely
blocks themuscle hypertrophy associatedwith synergistic abla-
tion (53, 54) and the exercise-induced increase in protein syn-
thesis andmTORC1 signaling in humans (55). In other studies,
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phosphorylation of both 4E-BP1 and S6K1 has been shown to
be enhanced in response tomuscle loading and an acute bout of
resistance exercise in rodents and in humans and to positively
contribute to the up-regulation of select gene expression pat-
terns necessary to elicit long-term increases in skeletal muscle
accretion (55–57). Further evidence of a role for Akt in medi-
ating these effects on mTORC1 signaling is provided by the
finding that phosphorylation of Ser2448 on mTOR, an Akt site,
is increased in skeletal muscle in response to ablation-induced
overload (58–60) or an acute bout of resistance exercise (61,
62). Direct evidence linking Akt to muscle hypertrophy is pro-
vided by studies wherein a constitutively active form of the
kinase (caAkt) was exogenously expressed in rat skeletal mus-
cle. In tibialis anterior muscle expressing a hybrid protein con-
sisting of caAkt linked to enhanced green fluorescent protein
(EGFP), muscle size is increased by 1.6-fold compared with
muscle expressing EGFP alone (53). Moreover, expression of
caAkt-EGFP significantly reduces muscle atrophy induced by
denervation (53) or injury (63).
In the acute resistance exercise model, the increases in phos-

phorylation of Akt, mTOR, 4E-BP1, and S6K1 in the gastrocne-
mius muscle are accompanied by enhanced activity of eIF2B,
which correlates temporally with the stimulation of protein
synthesis (64). In this model, the relative expression of the cat-
alytic subunit of eIF2B, i.e. eIF2B�, is increased in the gastro-
cnemius muscle by �2-fold 3 h after exercise, and this increase
is sustained for 48 h (65). An increase in the relative abundance
of the mRNA for eIF2B� is not observed until 48 h post-exer-
cise. In a subsequent study, it was shown that the increase in the
relative expression of the eIF2B� protein 16 h post-exercise is
mediated by up-regulated translation of its mRNA (52). More-
over, this effect, as well as the exercise-induced stimulation of
protein synthesis, is prevented by pretreatment of rats with
rapamycin, demonstrating thatmTORC1 signaling is necessary
for both. Finally, using a cell culture model in which Rheb is
overexpressed exogenously, it was shown that activation of
mTORC1 is both necessary and sufficient to stimulate eIF2B�
mRNA translation and protein synthesis (66). Additional stud-
ies in support of a role for the eIF2 ternary complex binding step
in skeletal muscle protein synthesis include a report by Hwee
and Bodine (67) showing increased expression of eIF2B� fol-
lowing ablation-induced hypertrophy, a response that wanes as
a result of aging.

Conclusions and Future Directions

Amajor challenge in designing experiments and interpreting
results from in vivo studies is the complex response of an orga-
nism to a seemingly simple physiological perturbation. For
example, protein synthesis in skeletal muscle is regulated by an
array of anabolic and catabolic stimuli that function in a coor-
dinated manner to modulate translation initiation. Conse-
quently, in vivo, the response to a particular perturbation rep-
resents an integration of a variety of positive (e.g. amino acids,
insulin) and negative (e.g. glucocorticoids) inputs, as well as
modulation by neural signaling. Notably, the plasticity exhib-
ited bymuscle ismuch less apparent in other tissues, and there-
fore, although the overall pathway depicted in Fig. 2 is likely to
be similar, the upstream signals are likely to differ. Delineating

the complex interactions among the variousmodulatory signals
in the control of translation initiation not only inmuscle, but in
other tissues, needs to be an important goal for future studies.
Such knowledge is critical for designing studies to assess, for
example, the attenuated response of protein synthesis to ana-
bolic stimulation in catabolic conditions such as sarcopenia,
cachexia, sepsis, and aging. Based on the complex response elic-
ited by many perturbations, it may seem surprising that so
many studies have focused on the role of a single protein kinase,
mTOR, in the control of translation initiation in skeletal mus-
cle. However, mTOR as part of the mTORC1 complex is a key
regulator of muscle hypertrophy and integrates signals from a
variety of pathways to regulate the function of several proteins
involved in the control of translation initiation, as well as trans-
lation elongation factor 2. The relative contribution of changes
in initiation compared with elongation in modulating muscle
protein synthesis is largely unexplored. Moreover, mTORC1 is
not the only mechanism through which the control of transla-
tion initiation is mediated in skeletal muscle. For example, the
mechanism through which amino acids act to promote eIF4G
phosphorylation and assembly of the eIF4E�eIF4G complex in
the absence of insulin is unknown. Further investigation of
mTORC1-independent mechanisms in the control of transla-
tion initiation in vivo is sorely needed. Finally, themajority of in
vivo studies have assessed changes in global protein synthesis.
Few studies have examined changes in the translation of
mRNAs encoding specific proteins or subsets of proteins or the
mechanisms that mediate such regulation.
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Internal ribosome entry sites (IRESs) are specialized mRNA
elements that allow recruitment of eukaryotic ribosomes to nat-
urally uncappedmRNAs or to cappedmRNAs under conditions
in which cap-dependent translation is inhibited. Putative cellu-
lar IRESs have been proposed to play crucial roles in stress
responses, development, apoptosis, cell cycle control, and neu-
ronal function. However, most of the evidence for cellular IRES
activity rests on bicistronic reporter assays, the reliability of
which has been questioned. Here, the mechanisms underlying
cap-independent translation of cellular mRNAs and the contri-
butions of such translation to cellular protein synthesis are
discussed. I suggest that the division of cellular mRNAs into
mutually exclusive categories of “cap-dependent” and “IRES-
dependent” should be reconsidered and that the implications of
cellular IRES activity need to be incorporated into ourmodels of
cap-dependent initiation.

Eukaryotic mRNAs are modified by the addition of an
m7GpppN cap structure to their 5�-ends. The m7G cap is
thought to stimulate translation of most mRNAs by enhancing
binding of a 43 S preinitiation complex (containing 40 S ribo-
somal subunits, methionine initiator tRNA, and initiation fac-
tors eIF2 and eIF3) to 5�-UTRs of mRNAs through recognition
of the m7G cap by a complex of the cap-binding protein, eIF4E;
a large scaffold protein, eIF4G; and an ATP-dependent RNA
helicase, eIF4A. Subsequentmovement of the 43 S complex in a
5�- to 3�-direction (scanning) locates the initiating AUG
through recognition by the anticodon of the initiator tRNA.
The discovery that naturally uncapped picornaviral mRNAs
can efficiently recruit the host cell translation machinery via
internal ribosome entry sites (IRESs)2 raised the possibility that
certain cellular mRNAs might have a similar capability (1, 2).
The cellular IRES hypothesis offered an attractive solution to

two problems. First, a number of cellular stress responses
involve inhibition of one or more general translation initiation
factors, yet the adaptive responses to stress require new protein
synthesis. Cellular IRES elements could allow mRNAs encod-
ing key regulatory proteins to escape the general inhibition of

translation. The observation that some cellular mRNAs con-
tinue to be translated in poliovirus-infected cells after the inhi-
bition of cap-dependent initiation (through cleavage of eIF4G
by a virally encoded protease) is consistent with this hypothesis
(3). Second, the existence of cellular IRESs could explain how
mRNAs with very long 5�-UTRs or containing numerous pre-
dicted stem-loop structures or upstream AUG codons within
their 5�-UTRs could be translated with reasonable efficiency,
despite evidence that such features can significantly reduce
translation of model mRNAs (4–6).
Both arguments in favor of the cellular IRES hypothesis rest

on certain assumptions about the predominant mechanism of
cap- and scanning-dependent initiation that this minireview
will re-examine in light of recent publications that (i) demon-
strate that long GC-rich 5�-UTRs can be efficiently translated
by a cap-dependent mechanism, in contrast to the prevailing
view, and (ii) reveal the surprising range of translational effi-
ciencies displayed by cellular mRNAs under conditions in
which cap-dependent initiation is presumed to be the predom-
inant mechanism for translation.
To be clear, it is not my intention to deny the existence of

cellular IRESs or to discourage newcomers to the translational
control field from testing their favorite genes for IRES activity.
Rather, one purpose of this discussion is to ensure that such
newcomers do not fall victim to either the logical or experimen-
tal pitfalls that have plagued the cellular IRES field. The ulti-
mate goals of this field are to understand both the molecular
mechanisms underlying cap-independent initiation and the
physiological function(s) of cellular IRES-dependent transla-
tion. Because neither of these purposes is servedwhen 5�-UTRs
are erroneously claimed to promote IRES-dependent initiation,
I begin by discussing the source of most such errors.

Pitfalls of Bicistronic Reporter Assays

Eukaryotic ribosomes do not efficiently reinitiate translation
of a downstream ORF after translating a full-length ORF
located upstream in the same mRNA. If, however, the down-
stream ORF is preceded by an IRES, internal ribosome recruit-
ment can result in high levels of translation of the second cis-
tron. Based on this property, bicistronic reporters have been
used to investigate the cis-acting elements required for viral
IRES activity (7). A typical bicistronic reporter construct is
illustrated in Fig. 1. Such reporters have also been employed to
test the capacity of cellular 5�-UTRs for IRES-dependent initi-
ation. It will be immediately clear tomost readers that the inser-
tion of a promoter sequence between the two cistrons will also
promote reporter activity from the downstream cistron, by
activating transcription of a capped monocistronic mRNA. In
principle, it seems straightforward to distinguish between these
two mechanisms by determining whether or not the inserted
sequence leads to the production of monocistronic messages.
In practice, despite abundant evidence that cryptic promoter
artifacts are widespread in the cellular IRES literature (8–16),
most publications claiming cellular IRES activity do not include
controls that are adequate to determine whether a candidate

* This work was supported, in whole or in part, by National Institutes of Health
Grant 5R00GM081399-03. This is the fifth article in the Thematic Minire-
view Series on Protein Synthesis. This minireview will be reprinted in the
2010 Minireview Compendium, which will be available in January, 2011.
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sequence really is an IRES and not a cryptic promoter. Why is
this the case?
Most putative cellular IRESs are much less active than their

viral counterparts when tested in assays that reliably measure
translational activity (in vitro translation or in vivo translation
of transfected in vitro transcribed mRNAs) (8, 9, 16). Although
it is true that the presumed raison d’être of most cellular IRESs,
to permit expression of key regulatory proteins, often of low
abundance, under conditions of global inhibition of cap-depen-
dent translation, does not require that cellular IRES-dependent
initiation be nearly as efficient as viral IRES-dependent transla-
tion (which typically drives unregulated high-level expression
of viral proteins), the very low level of activity of most putative
cellular IRESs makes it far more difficult to rule out alternative
explanations for activity in bicistronic reporter assays, mecha-
nisms that do not involve translation at all, such as cryptic pro-
moter activity. The use of extremely sensitive reporters like
firefly luciferase permits detection of protein produced from
almost undetectably small quantities of m7G-capped monocis-
tronic mRNA. A typical Northern blot exposure is simply not
adequate to rule out the possibility that 1% of the total mRNA
encoding the 3�-cistron is monocistronic. This is the appropri-
ate level of detection to consider for most putative cellular
IRESs, whose demonstrably IRES-dependent translation is only
�1% as efficient as cap-dependent translation of a control
reporter mRNA (8, 9, 16). It is important to note that the pop-
ularRenilla/firefly luciferase reporter is not the only bicistronic
reporter system vulnerable to cryptic promoter artifacts. The
�-gal/chloramphenicol acetyltransferase reporter system has
been shown to produce similar results (14).
No matter what reporter is used, the induction of 3�-cistron

expression through non-translationalmechanismsmust be rig-
orously excluded before cellular IRES activity is concluded. A
number of appropriate controls have been proposed, including
showing very overexposed Northern blots, using siRNAs tar-
geting the 5�-cistron of bicistronic mRNAs, and testing candi-
date IRESs for promoter activity in vectors that retain the SV40
enhancer element (but omit the SV40 promoter). Each of these
control experiments behaves as expected for true IRES-depen-
dent initiation when tested with viral UTR sequences such as
the encephalomyocarditis virus (EMCV) IRES. Notably, most
cellular IRES publications do not undertake such tests, and
when tested, many putative cellular IRESs fail (8–16).
The DNA-based bicistronic reporter assay is not hopelessly

flawed. The use of tightly regulated inducible promoters to
drive expression of bicistronic mRNAs in vivo can permit dis-
crimination between translational activation of the down-

stream cistron by an IRES, in which case activity from the
downstream reporter will disappear in parallel with the
upstream reporter when the 5�-promoter is repressed, and
transcriptional activation via the insertion of a promoter, in
which case activity of the two reporters will be uncoupled (17,
18). Note that the presence of promoter activity, cryptic or oth-
erwise, does not rule out the possibility that a sequence may
normally function as an IRES (the hepatitis C virus (HCV) IRES
is an example of such a sequence), but it necessitates the use of
some assay other than DNA transfection of bicistronic report-
ers to study the activity of putative IRESs.

Cellular IRESs, Weak and Strong

So, are there cellular 5�-UTRs with unambiguous IRES activ-
ity? Yes. A number of cellular 5�-UTRs stimulate translation of
uncapped mRNA and/or promote translation of 3�-cistrons in
RNA-based reporter assays that eliminate the possibility of
cryptic promoter activity (9, 16, 19–21). The question is, how
much does IRES-dependent initiation contribute to the overall
level of protein synthesis for IRES-containing genes? As noted
above,most cellular IRESs promote translation that is very inef-
ficient (�2%) compared with cap-dependent translation of
control reporters. Not all cellular IRESs are so weak. Internal
initiation at AUG94 of theURE2 gene of Saccharomyces cerevi-
siae occurs �22% as often as cap-dependent initiation at the
first AUG under normal growth conditions and �50% as often
under conditions in which cap-dependent initiation is reduced
by amutation in the cap-binding protein (22). This level of IRES
activity is comparable with that of viral IRESs. Importantly, the
truncated protein produced by internal initiation at AUG94 has
distinct functional properties, suggestingmechanismswhereby
IRES-dependent initiation could affect cellular physiology. The
authors ruled out IRES-independent mechanisms for the effi-
cient production of the C-terminal fragment of Ure2p, includ-
ing proteolysis of full-length protein and leaky scanning past
the first AUG initiation codon. Heavily exposedNorthern blots
showed no signs of a smaller mRNA species (22), and sequenc-
ing of full-length cDNAs revealed transcription start sites
between �216 and �208 exclusively (23).
URE2 is not the only cellular IRES with activity comparable

with viral IRESs. Other yeast cellular IRESs show similarly high
activity in in vitro translation assays (19). Furthermore, strong
cellular IRES activity is not restricted to yeast. The 5�-UTR of
mammalian c-src contains a potent IRES, having �80% of the
activity of the poliovirus IRES in in vitro translation assays and
�100% of the activity of the HCV IRES in in vivo RNA trans-
fection experiments. In a bicistronic m7G-Renilla-IRES-firefly
reporter mRNA, translation initiation by the c-src IRES pro-
duced a firefly/Renilla ratio of �1 (24).
Given that some cellular IRESs show activity comparable

with viral IRESs and within the same order of magnitude as
efficiently translated m7G-capped mRNAs, what are we to
make of cellular IRESs that are �2% as efficient as cap-depen-
dent controls? It has been argued that this is not the relevant
comparison. Control m7G-capped mRNAs usually have short
5�-UTRs that are thought tomediate very efficient initiation. In
contrast, most reported cellular IRESs are found in mRNAs
with unusually long 5�-UTRs predicted to form extensive RNA

FIGURE 1. Typical bicistronic reporter plasmid used for IRES assays. A
strong promoter such as SV40 drives expression of a bicistronic mRNA. Renilla
luciferase activity reports the level of cap-dependent initiation in the experi-
ment. Firefly luciferase activity is very low unless the intercistronic region
contains an IRES or a promoter.
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secondary structures and therefore presumed incapable of
mediating efficient cap-dependent initiation. Furthermore, cel-
lular IRESs are generally proposed to function under conditions
in which cap-dependent translation is inhibited.

Presumption of Inefficient Cap-dependent Initiation

Predicted 5�-UTR RNA secondary structure is frequently
invoked as a reason a gene might require an IRES for efficient
translation. The evidence for an inhibitory effect of RNA sec-
ondary structure seems clear from experiments using artificial
5�-UTRs with hairpins of defined stability and placement
within the 5�-UTR (4–6). It was therefore quite surprising
when the long GC-rich 5�-UTRs of several putative cellular
IRES-dependent genes (including HIF-1�, c-myc, and Apaf-1)
were found tomediate cap-dependent translation nearly as effi-
ciently as the 5�-UTR from �-globin or a short unstructured
control 5�-UTR. Even somewhat less efficiently translated
5�-UTRswere translated almost exclusively by a cap-dependent
mechanism (8, 9). Clearly, our current understanding of what
makes an mRNA amenable to cap-dependent translation is
insufficient to allow accurate predictions. To avoid this pitfall in
the future, researchers should directly compare the efficiencies
of cap-dependent and IRES-dependent translationmediated by
a given 5�-UTR. One cannot conclude that any 5�-UTR, nomat-
ter how long or burdenedwith “inhibitory” features like predicted
stem-loops or AUG codons, is poorly translated via cap-
dependent initiation without direct experimental evidence.
How strongly is cap-dependent translation inhibited under

conditions in which cap-independent initiation is proposed to
predominate? Glucose withdrawal causes a 10–20-fold reduc-
tion in global protein synthesis by a mechanism that requires
the decapping machinery (25, 26). A cap-independent mecha-
nism of translation that was only 10% as efficient as cap-depen-
dent initiation under normal growth conditions could never-
theless be responsible for the majority of new protein synthesis
in starved cells, if the mechanism of “global” inhibition were
specific to cap-dependent initiation.Hypoxia is another cellular
stress that causes global down-regulation of translation and for
which cellular IRES-dependent translation has been suggested
to be important for the adaptive response. Might a mechanism
that is 2% as efficient as cap-dependent initiation contribute
significantly to overall levels of protein synthesis? Given recent
work showing that global translation decreases by 20–70%dur-
ing oxygen deprivation, it seems unlikely (16). One should care-
fully consider both the extent of inhibition of cap-dependent
initiation and the relative efficiencies of cap-dependent and
IRES-dependent translation of a given gene when trying to
determine the likely biological role of a 5�-UTR with IRES
activity.
There may be dedicated cellular IRESs, 5�-UTRs that are

incapable of cap-dependent initiation, as well as local cellular
environments where cap-dependent initiation is so strongly
inhibited as to render even inefficient cellular IRESs physiolog-
ically relevant, but this needs to be demonstrated experimen-
tally. Something is wrongwhen a study revealing that a putative
cellular IRES is actually a cryptic promoter is followed by a
subsequent study investigating the regulation of said “cellular
IRES” activity using transfection of bicistronic DNA reporters.

Role of RNA Tertiary Structure in Cellular IRES Activity: Is
There One?

The nature and function of RNA structures in a variety of
viral IRESs that use different mechanisms to initiate have been
reviewed recently (27). There is reason to suspect that cellular
IRESs may also use a variety of mechanisms. Here, I consider
the evidence that cellular IRESs rely on the formation of defined
RNA structures that functionally substitute for one or more
translation factors to recruit ribosomes. Mammalian c-src is a
good candidate for a dedicated cellular IRES gene, as addition of
an m7G-cap does not stimulate translation of mRNA contain-
ing the c-Src 5�-UTR (24). This observation is also consistent
with the hypothesis that the c-Src 5�-UTR is extensively folded,
as predicted in silico. Although it is tempting to speculate that
the cellular IRES activity of c-Src depends on the formation of a
defined RNA tertiary architecture, similar to structured viral
IRESs, this need not be the case. The IRES-containing
YMR181c 5�-UTR is extensively folded, at least in vitro, yet
deletion of the structured 5�-portion of the 5�-UTR has no
effect on IRES activity (19). In contrast, the URE2 IRES does
appear to require RNA structure for full activity, but the mini-
mal IRES is both smaller and less structured than well charac-
terized viral IRESs (18, 28).
Hints that virus-like structured cellular IRESs may exist can

be found in studies of mutants with reduced translation from
the structured cricket paralysis virus (CrPV) IRES (17, 29). In
yeast lacking the nonessential ribosomal protein Rps25, CrPV
IRES activity is reduced by 97%. Cellular protein synthesis,
measured by [35S]methionine incorporation, is reduced by 19%.
Polysome analysis showed a similarly modest decrease in the
polysome/monosome ratio in the rps25� strain, consistent
with amild defect in translation initiation (17). The identities of
the affected cellular mRNAs were not determined, but it is
tempting to speculate that at least some of them might require
a specific interaction between their 5�-UTRs and the 40 S sub-
unit of the ribosome for efficient translation initiation. It seems
unlikely that 19%of normal yeast protein synthesis proceeds via
aCrPV IRES-like initiationmechanism, but this possibility can-
not yet be ruled out. Alternatively, our models for cap-depen-
dent initiation must be altered to explain why certain mRNAs
require a specific nonessential ribosomal protein for their
translation.
In summary, the jury is still out on whether virus-like struc-

tured cellular IRESs exist. Even if they exist, theymay not be the
norm for cellular IRESs. In other aspects ofmRNAmetabolism,
such as mRNA export, eukaryotic host cells employ diverse
RNA-binding proteins (RBPs) to do a job that is performed by
structured viral RNA elements (30). Thismay reflect a trade-off
between constitutive efficiency in viral gene expression and a
need for regulation in cellular gene expression.

Dedicated IRES or Translational Enhancer?

Does the capacity of a 5�-UTR to promote IRES-dependent
initiation, even in cases in which the IRES-dependent mecha-
nism is quite efficient, necessarily mean that a particular pro-
tein is synthesized by a cap-independent mechanism? In the
literature, “has an IRES” is often taken to mean “is normally
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translated via internal ribosome entry.” This is a dangerous
assumption. Unlike some viral mRNAs, cellular IRES-contain-
ing mRNAs are generally capped. A 5�-UTR element that is
capable of promoting internal ribosome entry might also func-
tion as an enhancer of cap-dependent initiation, depending on
itsmechanismof action. For example, some yeast cellular IRESs
enhance the recruitment of eIF4G via binding of the poly(A)-
binding protein toA-rich elementswithin 5�-UTRs (19). Unless
tightly folded intervening RNA elements are present to pre-
clude a productive interaction between eIF4E bound to the cap
and eIF4G recruitedmore internally, there is no reason a priori
to assume that internal 5�-UTR elements could not act syner-
gistically with the m7G cap to increase the overall efficiency of
initiation. Such a capability could permit some mRNAs to be
preferentially translated under conditions in which global cap-
dependent initiation is reduced but not abolished.
The purpose of this discussion is not to dwell on possible

errors of interpretation in the cellular IRES literature, but to
suggest that mechanistic studies of cellular IRES-dependent
initiation ought to be reconsidered in light of what they may be
telling us about the mechanism(s) of eukaryotic translation.
Whether or not a particular gene is likely to rely on a cap-
independent mechanism of protein synthesis, the fact that
some 5�-UTRs, but not others, are capable of recruiting the
eukaryotic translation machinery internally is interesting. The
prevailing model for cap-dependent initiation treats 5�-UTRs
as passive substrates that contribute nothing to the recruitment
of ribosomes. According to this model, most mRNAs are trans-
lated by a constitutive mechanism whose efficiency is largely
determined by the global availability of active initiation factors.
Deviations from the “typical” (idealized) 5�-UTR are presumed
to affect translation negatively. Consistent with this view, most
examples of 5�-UTR-mediated translational control involve
inhibition of cap-dependent initiation (reviewed in Ref. 31).
Why should there not also be enhancers of cap-dependent

translation? The core eukaryotic translation initiation machin-
ery includes several proteins known to have direct RNA-bind-
ing capacity, which viruses exploit. The IRESs of poliovirus and
EMCV bind specifically to eIF4G; the HCV IRES binds eIF3 as
well as the 40 S subunit; and the CrPV IRES binds ribosomes
directly (27). It is unlikely to be true that all cellular 5�-UTRs
have identical affinities for all factors. Indeed, genome-wide
studies investigating the consequences of reducing the activity
of the “core” cap-dependent initiation factor eIF4G reveal strik-
ing gene-specific consequences rather than uniform reduction
of translation of most mRNAs (32, 33). This is analogous to
recent studies in the splicing field, in which reductions in dif-
ferent core components of the splicing machinery were shown
to cause intron-specific effects in both yeast andmetazoans (34,
35). One could argue that certain mRNA transcripts are inher-
ently poor substrates for the splicing or translationmachineries
and are therefore sensitized to partial loss-of-function condi-
tions. This “sensitive substrate” model does not adequately
explain why genes would respond differentially to reductions of
some but not other core components, if one envisions a single
pathway taken by all genes. An alternative model proposes that
specific interactions between individual 5�-UTRs and RNA-

binding translation factors contribute significantly to the effi-
ciency of the translation of some genes.
Even under growth conditions in which “standard” cap-de-

pendent translation is presumed to predominate, the transla-
tional efficiencies of yeast genes vary by 2 orders of magnitude
(36). This surprising conclusion was reached using an elegant
new method developed by Ingolia, Weissman, and colleagues.
Their method, ribosome footprint profiling, permits quantita-
tive measurement in vivo of translational efficiency genome-
wide and is capable of confidently distinguishing small changes
in translation over a large dynamic range. We have repeated
these experiments in our laboratory and seen similar results.3
Even if one allows for 5-fold differences in translational effi-
ciency to be ignored, which is generous given that the replicate
error ofmeasurement is�1.5-fold, there is still a lot of variation
to be explained, as illustrated in Fig. 2. For the �200 genes that
are translated with very low efficiency (lower than GCN4,
which is known to be poorly translated in rich media), one
could argue that each of thesemRNAs is burdened with a “bad”
5�-UTR. But how shall we explain the hundreds of genes that
are translated much more efficiently than the average yeast
gene? Although it remains to be seen how much of this varia-
bility is due to differences in 5�-UTR features, translation stud-
ies of putative cellular IRESs may be informative.
Whereas most mechanistic studies of cap-dependent initia-

tion have focused on a very limited collection of mRNA sub-
strates, the cellular IRES field has investigated the molecular
requirements for translation of amore diverse group of 5�-UTR
constructs. Assays for cellular IRES activity artificially force
5�-UTRs to rely exclusively on internal ribosome entry, thereby
revealing contributions to translation that do not require rec-
ognition of the m7G cap by eIF4E. Most yeast cellular IRESs
characterized to date show activity that is strongly affected by
the level of eIF4G (19). Some of these eIF4G-dependent IRES-
containing genes are among the yeast genes that are very effi-
ciently translated in rapidly dividing cells: PAB1, TIF4632,

3 M. K. Thompson and W. Gilbert, unpublished data.

FIGURE 2. Genome-wide measurements reveal large differences in trans-
lational efficiency under conditions in which the canonical cap-depen-
dent initiation mechanism is presumed to predominate. Translational
efficiency is determined by comparing the amount of ribosome-associated
mRNA with the total pool of mRNA for each gene. The data are normalized
such that the median translational efficiency is equal to 1 (log2 � 0). Some
genes with unusual translational efficiencies are highlighted and discussed in
the text. The data are for wild-type yeast grown in rich media (36).
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NCE102, andGIC1 (Fig. 2).One attractive hypothesis to explain
this observation is that 5�-UTR sequences that are capable of
recruiting eIF4G in the absence of eIF4E greatly enhance the
efficiency of translation in the presence of eIF4E and an m7G
cap. Several mammalian 5�-UTRs that are capable of (relatively
inefficient) IRES-dependent initiation are translated with sur-
prising efficiency in a cap-dependent context, given that these
5�-UTRs are quite long and GC-rich (8, 9). The in vitro IRES
activity of these 5�-UTRs is strongly dependent on the level of
eIF4G (20). eIF4A may also act as an mRNA-specific transla-
tional enhancer. Cap-independent translation of mRNAs con-
taining the c-myc or BiP 5�-UTRs was strongly stimulated by
increased levels of eIF4A comparedwith a controlm7G-capped
reporter containing an artificial 56-nucleotide 5�-UTR (21).
Selective recruitment of multiple molecules of eIF4A to certain
5�-UTRs could explainwhy eIF4A is severalfoldmore abundant
than eIF4E in yeast (37, 38). These results are consistent with
themodel that specific recruitment of a general initiation factor
can lead to enhanced cap-dependent initiation and permit
some level of cap-independent initiation, as depicted in Fig. 3.
Them7Gcapmay also cooperatewith the cellular IRES element
to facilitate initiation, e.g. by increasing the local concentration
of eIF4F. Thus, a stimulatory effect of the m7G cap on transla-
tion does not necessarily reflect the use of a canonical cap-de-
pendent initiation mechanism.
Cellular 5�-UTRs may also contain translational enhancer

elements that recruit dedicated RBPs. Such enhancers of cap-
dependent initiation need not be large RNA elements. In the

case of splicing enhancers, 6-nucle-
otide elements are sufficient to
stimulate splicing severalfold (39).
This likely involves the recognition
of the enhancer element by specific
RBPs that subsequently bind to and
stabilize the association of one
or more spliceosome components
with the pre-mRNA. Although it is
not yet clear how many RBPs might
similarly bridge interactions be-
tween cellular 5�-UTRs and the
translation machinery, even the rel-
atively small yeast genome is pre-
dicted to encode�300 RBPs (exclu-
sive of ribosomal proteins), each
with a specific set of RNA targets
(40). Precedent for this mode of
translational enhancement by spe-
cific RBPs exists in the form of
5�-UTRs that specifically bind Pab1
to enhance recruitment of eIF4G in
yeast and neuronal mRNAs that
specifically bind HuD to enhance
recruitment of eIF4A in mammals
(19, 41). Some of the RBPs proposed
to act as IRES trans-activating fac-
tors may function similarly. Of
course, RBPs might also regulate
translation by antagonizing the

activity of a translational enhancer element.

Concluding Remarks

Most 5�-UTRs with cellular IRES activity can be efficiently
translated by a cap-dependent mechanism, despite the pres-
ence of features (unusual length, GC richness, predicted RNA
structure, upstream AUG codons) long presumed to inhibit
cap-dependent initiation. The significance of this fact is only
beginning to be appreciated. In future work, researchers inves-
tigating the mechanisms of eukaryotic translation initiation,
whether cap-dependent or IRES-dependent, will need to
account for the surprising range of in vivo translational efficien-
cies revealed by new high-throughput methods. It seems likely
that many molecular connections linking specific 5�-UTR
sequences, RBPs, and the translation machinery remain to be
discovered.
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Eukaryotic translation elongation factor 1A (eEF1A) is one of
themost abundant protein synthesis factors. eEF1A is responsi-
ble for the delivery of all aminoacyl-tRNAs to the ribosome,
aside from initiator and selenocysteine tRNAs. In addition to its
roles in polypeptide chain elongation, unique cellular and viral
activities have been attributed to eEF1A in eukaryotes from
yeast to plants and mammals. From preliminary, speculative
associations to well characterized biochemical and biological
interactions, it is clear that eEF1A, of all the translation factors,
has been ascribed the most functions outside of protein synthe-
sis. A mechanistic understanding of these non-canonical func-
tions of eEF1A will shed light on many important biological
questions, including viral-host interaction, subcellular organi-
zation, and the integration of key cellular pathways.

Protein synthesis can be divided into three fundamental stag-
es: initiation, elongation, and termination. Translation elonga-
tion requires several soluble proteins called eEFs.2 During elon-
gation, cognate aa-tRNA are delivered to the A site of the
ribosome by eEF1A. Once a codon/anticodon match is
detected, eEF1A deposits the aa-tRNA and is itself released
from the ribosome. A peptide bond can now be made, thereby
elongating the growing polypeptide. eEF2 then catalyzes the
movement of the peptidyl-tRNA�mRNA complex from the A
site to the P site of the ribosome, positioning the next codon in
the A site and allowing the process to repeat. This minireview
focuses on eEF1A, briefly discussing its canonical function in
translation elongation and then describing other cellular activ-
ities of this highly abundant protein. Although there are many
examples where components of the translational apparatus
have been linked to a process distinct from protein synthesis
(1), eEF1A provides perhaps the most examples. Our goal is to
bring together the work from many different laboratories that
support the hypothesis that eEF1A is a central regulator
involved in the coordination ofmany different cellular and viral
processes.

Special Delivery: The Canonical Role of eEF1A in
Translation

eEF1A is a GTP-binding protein and the homolog of the bac-
terial protein EF-Tu. The GTP-dependent binding of aa-tRNA
to eEF1A, binding of the complex to the ribosome, and decod-
ing are essential steps for both efficient and accurate gene
expression (reviewed in Ref. 2). In addition, eEF1A requires the
activity of a GEF, eEF1B��, to promote GDP release and reac-
tivate the protein for aa-tRNA delivery (3). A combination of
kinetic, genetic, and structural information has provided a rich
understanding of this canonical role of eEF1A and EF-Tu (3–5).
High resolution crystal structures of Saccharomyces cerevisiae
eEF1A (3, 6) and bacterial EF-Tu inmultiple functional confor-
mations (5) and bound to the ribosome (7) provide detailed
information for the interpretation of the function of the protein
in translation. As shown in Fig. 1A, the crystal structure of
eEF1A forms three well defined domains involved in specific
aspects of its function. Domain I binds GTP, domain II is impli-
cated in aa-tRNA binding, and domains I and II interact with
eEF1B� (Fig. 1A). These studies also provide a platform for
understanding the plethora of non-canonical activities ascribed
to this elongation factor and how these activities compete with
the canonical functions of the protein (Fig. 2).

Movin’ Out: eEF1A and the Nuclear Export Process

Although the canonical role of eEF1A in translation is asso-
ciated with a cytoplasmic function, several reports have linked
the protein to nuclear export. The first work isolated eEF1A in
a high copy suppressor screen of a synthetic lethal nuclear
transport mutant in S. cerevisiae. Budding yeast with reduced
eEF1A expression or those expressing eEF1A domain II
mutants, E286K or E291K (Fig. 1B), showed defects in nuclear
export of aa-tRNA (reviewed in Ref. 8). These eEF1A mutants
are near the proposed binding site for the aminoacyl end of the
tRNA. eEF1A was also shown to exhibit aa-tRNA-dependent
binding to the nuclear exportmachinery inmammalian cells (9,
10). Because eEF1A binds aa-tRNA in its canonical role,
whether this is really a non-canonical function or part of effi-
cient channeling of protein synthesis components within the
cell can be debated. However, more recently, eEF1A was iden-
tified as a participant in the transcription-dependent nuclear
export of proteins from the nucleus (11), which is clearly a dis-
tinct function from protein synthesis. In both export processes,
it was postulated that this function of eEF1Awas executed from
the cytoplasmic side of the nuclear envelope because eEF1A
appeared to be excluded from the nucleus. However, a recent
study demonstrated that eEF1A could be detected in the
nucleus of a specific budding yeast nuclear export mutant
(msn5�), suggesting that eEF1A can access the nucleus (12).
Therefore, a role for eEF1A on the nuclear side of the mem-
brane cannot be excluded.

The Yin and Yang: eEF1A and Proteolysis

At first glance, the thought of eEF1A playing a role in protein
degradation seems counterintuitive. However, upon further
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consideration, the high concentration of eEF1A in close prox-
imity to the ribosome might facilitate a potential role for this
protein in protein quality control and co-translational degrada-
tion. Initial support for this hypothesis came from in vitro
experiments where eEF1A was purified as a factor required for
the degradation of N�-acetylated proteins (13). Other experi-
ments showed that eEF1A could be UV cross-linked to a nas-
cent polypeptide chain as well as a misfolded protein but not to
a folded protein (14). eEF1A could even facilitate the folding of
denatured proteins in in vitro activity assays (14). However, in
vivo evidence supporting a role for eEF1A in co-translational
degradation is still preliminary. eEF1A was isolated as a sup-
pressor of a growth defect associated with deletion of genes in
the proteolytic pathway (15). It was subsequently shown to

interact with the 26 S proteasome
and that this association increases
when translation is inhibited (15).
Intriguingly, the half-life of a re-
porter protein is significantly in-
creased in S. cerevisiae expressing
eEF1A with an D156N mutation
(Fig. 1B) in the GTP-binding do-
main (15). This mutant was de-
signed and determined to affect
nucleotide specificity and the
requirement of the GEF eEF1B�.
The combination of these data sup-
ports a model in which eEF1A plays
a role in regulating protein de-
gradation, perhaps by linking un-
folded proteins with the protea-
some. Future experiments will need
to address the pivotal question of
how the diverse roles of eEF1A in
protein synthesis and quality con-
trol are integrated in the cell.

Closet Organizer: eEF1A and the
Cytoskeleton

Over the past two decades, evi-
dence has been presented from a
number of laboratories that estab-
lishes a functional link between the
protein translation machinery and
the cytoskeleton. For example,
several components of the transla-
tional apparatus associate with the
cytoskeleton, including aa-tRNA
synthetases, eukaryotic initiation
factors (eIFs), and eEFs (for review,
see Ref. 16). In addition, efficient
translation in mammalian cells has
been shown to be dependent on an
intact actin cytoskeleton, whereas
deletion of certain actin-remodel-
ing proteins in budding yeast has a
specific effect on translation initia-
tion (17, 18). Finally, the cytoskele-

ton is important for the spatially restricted translation of local-
ized mRNAs in diverse organisms (19). At the simplest level,
these observations suggest that the cytoskeleton provides a spa-
tial concentration of the translation machinery for efficient
protein synthesis. However, additional studies on the associa-
tion between eEF1A and the cytoskeleton reveal that the regu-
lation of these two processes may be reciprocal.
eEF1Awas first isolated as an actin-binding protein from the

slime mold, Dictyostelium discoideum (20). eEF1A can both
bind and bundle actin filaments in vitro, and this activity has
been evolutionarily conserved (21). Unlike its interaction
with aa-tRNA, the actin bundling activity of eEF1A is not
dependent on GTP (22). Interestingly, eEF1A cannot bind or
bundle actin efficiently in the presence of aa-tRNA, suggest-

FIGURE 1. Structural organization of eEF1A. A, the structure of eEF1A from S. cerevisiae bound to the catalytic
C terminus of eEF1B� (cyan). eEF1A has three well defined domains. Domain I (red) binds GTP, domain II (yellow)
is proposed to bind the aminoacyl end of the aa-tRNA, and domains II and III (blue) are linked to actin binding.
eEF1B� binds eEF1A in domains I and II. B, mutations affecting the non-canonical functions of eEF1A are
indicated by colored spheres. Mutations in domain I include T22S (dark blue), which inhibits TBSV replication,
and D156N (gray), which affects protein turnover. eEF1A mutations defective in nuclear transport, E286K and
E291K (magenta), are found in domain II. Mutations that affect actin organization, N329D, N329D, Y355C,
K333E, H294A, Q296R, F308L, S405P, and N305S (cyan), are shown in domains II and III. The figure was prepared
with Jmol using Protein Data Bank (PDB) 1F60 (6).

FIGURE 2. Canonical and non-canonical functions attributed to eEF1A. The canonical function of eEF1A is to
bind aa-tRNA in a GTP-dependent manner and deliver it to the ribosome (A). The exchange of GDP is promoted
by the GEF eEF1B�� (B). The non-canonical functions include roles in nuclear export events (C), turnover of
misfolded proteins (D), binding and bundling of the actin cytoskeleton as well as other cytoskeletal compo-
nents (E), apoptosis (F), and the viral life cycle (G).
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ing that the binding of these two factors to eEF1A is mutually
exclusive (23). These experiments raised the question of how
the role of eEF1A in these diverse functions is regulated
in vivo.
Genetic and biochemical experiments in budding yeast have

begun to address the divergent roles of eEF1A within the cell.
Overexpression of eEF1A causes a slow growth phenotype and
disruption of the actin cytoskeleton in the absence of any mea-
surable effects on protein synthesis (24). In addition, synthetic
growth defects were observed when eEF1A overexpression was
combined with mutations in actin, illustrating a genetic inter-
action between these two factors in vivo (24). A series of sepa-
ration of function mutations in eEF1A has also been identified
that clearly demonstrates a role for eEF1A in the organization
of the actin cytoskeleton in vivo (17, 25). Thesemutations local-
ize to domains II and III of eEF1A and fall into two classes (Fig.
1B). The first class of mutants is characterized by normal rates
of protein synthesis, disorganization of the actin cytoskeleton,
and reduced actin bundling but not binding in vitro (25). The
second class of mutants displays more severe actin phenotypes
combined with a slow growth phenotype and defects in trans-
lation initiation (17). The localization of the majority of these
separation of function mutations within domain II, which is
also implicated in aa-tRNAand eEF1B� binding (Fig. 1B), raises
important questions about how the interaction of eEF1A with
these two factors affects its affinity for actin. Recent work has
shown that eEF1B� can reduce in vitro actin bundling by
eEF1A, and mutations in eEF1B� that reduce its affinity for
eEF1A induce actin disorganization (26). Together, these data
suggest that there exists a complex relationship in eukaryotic
cells between the function of eEF1A in translation and actin
organization that may be influenced by the availability of its
binding factors. Finally, in addition to the direct interaction
between eEF1A and actin described above, certain isoforms of
eEF1A in human cells (see “To Die or Not to Die, eEF1A and
Apoptosis”)may also influence the actin cytoskeleton indirectly
(27, 28).
Studies using eEF1A from a number of organisms have also

suggested that eEF1A may function in microtubule dynamics,
although its exact role remains unclear. eEF1A or an eEF1A-
like activity was first identified as a component of the mitotic
apparatus in sea urchin eggs (29). In vitro experiments employ-
ing carrot eEF1A demonstrated that eEF1A could stabilize
microtubules at substoichiometric amounts and bundle micro-
tubules at approximately equimolar amounts (30, 31). In con-
trast, eEF1Awas purified as amicrotubule-severing factor from
Xenopus laevis egg extracts (32). Microtubule-severing activity
was also observed for mammalian forms of eEF1A both in vitro
and in microinjection experiments (32). Clearly, additional
experiments are required not only to address these differences
in eEF1A activity but also to further understand the functional
significance and regulation of these microtubule-related activ-
ities in the cell.

To Die or Not to Die: eEF1A and Apoptosis

eEF1A has been reported to play a role in apoptosis in meta-
zoans. Apoptosis or programmed cell death is a highly regu-
lated series of cellular events that lead to the elimination of

damaged or unnecessary cells. Early experiments showed that
the level of eEF1A expression in cultured mouse fibroblasts
correlated with the rate of apoptosis upon serum withdrawal,
with higher levels of eEF1A expression being associated with a
faster rate of cell death (33). In another set of experiments,
eEF1A was isolated in a cDNA screen to identify factors that
promote survival following growth factor withdrawal of a pro-B
cell line (34). An explanation for the discrepancy of these two
observations may come from the fact that mammals have two
isoforms of eEF1A that are �92% identical at the amino acid
level. Although both isoforms function in translation elonga-
tion assays in vitro, they display tissue and developmentally
specific expression patterns (35). eEF1A-1 is widely expressed
in mouse tissues, whereas eEF1A-2 expression is found only in
the heart, brain, and skeletalmuscle (35, 36). Thus, the effect on
apoptosis may depend on the isoform of eEF1A, a detail that
was not reported in the early analyses. Recent experiments sup-
port this hypothesis. In cultured myoblasts, eEF1A-2 expres-
sion correlates with differentiation and has a protective effect
against apoptosis, whereas expression of eEF1A-1 has the
opposite effect (37). The reason for these different effects on
apoptosis, however, is currently unclear. It is possible that the
two different eEF1A isoforms may vary in their ability to
express specific genes, or they may interact with different pro-
tein partners (38). It is also unknown whether the two eEF1A
isoforms differ in their abilities to carry out other non-canoni-
cal functions in vivo. Further analysis of the functional differ-
ences between these two isoforms will be necessary to under-
stand the mechanism(s) of their effects on apoptosis.

Hijacked: eEF1A and Viral Propagation

Viruses depend on host cell proteins for their replication and
propagation. Therefore, it is not surprising that numerous
viruses have apparently evolved to utilize eEF1A, one of the
most abundant proteins in eukaryotic cells, in their life cycle.
Data from a number of laboratories have implicated eEF1A in
the replication of positive strand RNA viruses of both plants
and animals. However, the exact role that eEF1A plays in viral
replication is not clear and may vary depending on the virus.
Similar to its canonical role in translation, eEF1A has been
shown to bind an aa-tRNA-like element in the 3�-untranslated
region of the turnip yellow mosaic virus genome and repress
minus strand synthesis in vitro (39). In other viruses, eEF1A has
been shown to interact with the viral RdRP, although its func-
tional significance as a part of this complex is unknown (40–
43). In still other viruses, such as the TBSV, the tobaccomosaic
virus, and theWest Nile virus, eEF1A binds both the viral RNA
and the RdRP (44–48). Genetic analysis of both the virus and
eEF1A is now illuminating the functional consequences of
these interactions.Mutation of themajor eEF1A-binding site in
theWest Nile virus genome leads to a decrease in minus strand
synthesis and a corresponding decrease in viral production,
suggesting that binding of eEF1A to the viral template is impor-
tant for viral replication (45). Down-regulation of eEF1A in
Nicotiana benthamiana inhibited tobacco mosaic virus repli-
cation and spreading, which highlights the functional signifi-
cance of eEF1A in this viral life cycle (49). In TBSV, eEF1Amay
promote viral replication by stabilization of the p33 component
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of theRdRP (46). S. cerevisiae expressing aT22Smutant formof
eEF1A displayed defective viral replication (Fig. 1B), suggesting
that eEF1A plays a functionally significant role in TBSV repli-
cation (46). In summary, positive strand viruses may have
evolved to utilize eEF1A to promote viral propagation through
multiple mechanisms.

Conclusions and Future Implications

It is clear that althoughmany functions aside from its canon-
ical role in aa-tRNAdelivery have been ascribed to eEF1A, there
remains much to learn. In some cases, initial studies have
advanced to convincing examples of functional interactions
such as with the actin cytoskeleton. In other cases, such as
recruitment as a host factor for the viral life cycle, the reassign-
ment of function is seen in multiple different viruses. In still
other cases, the results are beginning to shed light on new links
to other cellular processes. These links may define important
communication between cellular pathways, such as how pro-
tein synthesis links to protein turnover or cell death or how
cellular organization can affect gene expression through a link
to translation. The challenge remains to separate the nonspe-
cific association of eEF1A with proteins, due to its abundance
and electrostatic and RNA binding properties, from function-
ally significant associations. This last fact is recognized in the
exclusion of the protein from the matrix-assisted laser desorp-
tion/ionization prey data set of a global mass spectroscopy-
based protein complex screen (50). The examples described in
this review demonstrate that eEF1A clearly has additional func-
tions and provides unique ways to look at both secondary func-
tions of a protein and links between different processes in the
complex milieu of the cell.
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Mnemonic processes are controlled by selective modifica-
tion (weakening or strengthening) of connections betweenneu-
rons (1–5). To understand the precise molecular mechanisms
by which this remarkably complex network encodes a given
episode during learning is arguably one of the major challenges
in modern neuroscience (6). Two kinds of memory storage
mechanisms have been described: short-termmemory (STM),3
which lasts only a fewminutes or hours, and long-termmemory
(LTM), which persists formanyweeks, months, years, and even
a lifetime (7). Consolidation of LTM depends on de novo syn-
thesis. Indeed, the firstmolecular distinction between STMand
LTM emerged from studies with protein synthesis inhibitors
�40 years ago: animals that were treated with drugs that block
protein synthesis could not form LTM, yet their STM was pre-
served. More than a century ago, Dr. Santiago Ramón y Cajal,
the great Spanish neuroanatomist, proposed that forming
memories requires neurons to strengthen their connections
with one another. Now, it is widely accepted that information is
stored in the brain as changes in the strength of synaptic con-
nections. Like LTM, long-lasting (but not short-lasting)
changes in the strength of synaptic connections depend on new
protein synthesis. Such changes can be observed when neuro-
nal activity is recorded in brain slices with microelectrodes
in vitro.
Synaptic plasticity refers to the ability of the synapse to

strengthen or weaken in response to experience. The best stud-
ied forms of synaptic plasticity are long-term potentiation
(LTP) and long-term depression (LTD), which refer to facilita-
tion and depression of synaptic strength, respectively (8). LTP
can be divided into two distinct temporal phases: early LTP
(E-LTP), which depends on modification of pre-existing pro-
teins, is usually induced by one tetanic train, and lasts 1–2 h,
and late LTP (L-LTP), which requires new protein synthesis, is
induced by repetitive tetanic trains, and lasts for several hours
(9). There is emerging evidence that local protein synthesis at

dendrites could play a key role in long-lasting forms of synaptic
plasticity (10). Recent genetic and molecular studies have cast
new light on the molecular mechanisms underlying protein
synthesis-dependent synaptic plasticity and memory storage.
We discuss here some of the molecular mechanisms by which
translational control regulates changes in synaptic strength and
memory storage.

Translational Control in Eukaryotes

Translational control is defined as a change in the rate
of translation of themRNA. Translation is a complex process
that is divided into three steps: initiation, elongation, and
termination. Initiation is the step at which the ribosome is
recruited to the mRNA and is thought to be the major rate-
limiting step in the translation process under most circum-
stances and a frequent target for regulation (11, 12). Trans-
lation of mRNA into protein begins after assembly of
Met-tRNAi, mRNA, and the 40 S and 60 S ribosomal sub-
units into an 80 S ribosome in which the Met-tRNAi is posi-
tioned in the ribosomal P site occupied by the initiation
codon. The initiation process consists of several key events:
(i) formation of the 43 S ribosomal initiation complex, (ii)
binding of the mRNA to the 43 S ribosomal complex to form
the 48 S ribosomal initiation complex, (iii) movement of the
48 S ribosomal complex along the 5�-UTR) and base pairing
of the initiation AUG codon with the anticodon of Met-
tRNAi, and (iv) 80 S complex formation (12).
As an early step in translation initiation, the eukaryotic initi-

ation factor eIF2 (which is composed of three subunits, �, �,
and �) binds Met-tRNAi and GTP to form a ternary complex
(eIF2�Met-tRNAi�GTP) (Fig. 1). The 40 S ribosomal subunit,
which is associated with other eIFs, binds to the ternary com-
plex to form a 43 S ribosomal complex.
Another key eIF involved in the recruitment of the ribosome

to themRNA is the eIF4F complex. It consists of three subunits:
(i) eIF4E, the cap-binding protein; (ii) eIF4A, an ATP-depen-
dent helicase that unwinds the secondary structure in the
5�-UTR; and (iii) eIF4G, a modular scaffolding protein that
bridges the mRNA to the ribosome through interactions with
eIF3 (which is bound to the 40 S ribosomal subunit) (2, 13).
Once bound to the 5�-end of the mRNA, the 43 S ribosomal
complex scans the 5�-UTR until the initiation AUG codon is
encountered to form a 48 S initiation complex. This is followed
by joining of the 60 S subunit after the release of eIFs, which is
dependent on eIF5, a GTPase-activating protein that hydro-
lyzes the GTP bound to eIF2 (12). After initiation is completed,
elongation factors are recruited to carry out the elongation of
the polypeptide chain (14). Upon recognition of a stop codon,
termination factors promote the release of the polypeptide
chain from the mRNA and ribosome.
Two major mechanisms control translation initiation: (a)

phosphorylation of the translation initiation factor eIF2�,
which inhibits the formation of the ternary complex, and (b)
eIF4F formation, as controlled by the mammalian target of
rapamycin (mTOR), which promotes the recruitment of the 43
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S ribosome to the 5�-end of the mRNA. Translation initiation
can also be regulated at the mRNA 3�-end by controlling the
poly(A) tail through the RNA-binding protein CPEB (cytoplas-
mic polyadenylation element-binding protein).

eIF2� Phosphorylation: A Master Switch of Learning and
Memory

Phosphorylation of eIF2� on Ser51 blocks the GDP/GTP
exchange reaction, which is catalyzed by eIF2B and is required
to reconstitute a functional ternary complex for a new round of
translation, thus causing a decrease in general translation initi-
ation (Fig. 1B) (15, 16). In higher eukaryotes, the phosphoryla-
tion of eIF2� on Ser51 is a highly dynamic, regulated process
that is controlled by four kinases and two phosphatase com-
plexes. The four kinases are PKR (protein kinase activated
by double-stranded RNA), HRI (hemin-regulated inhibitor
kinase), PERK (PKR-like endoplasmic reticulum kinase), and
GCN2 (general control non-derepressible-2 kinase) (Fig. 1B).
The different kinases are activated by distinct forms of cellular
stress (17, 18).
Two phosphatase complexes dephosphorylate eIF2� (re-

viewed in Ref. 19). One complex consists of the eIF2�-specific

regulatory subunit CReP (constitutive repressor of eIF2� phos-
phorylation) andPPIc (protein phosphatase I catalytic subunit).
The other complex consists of the related regulatory subunit
GADD34 (growth arrest and DNA damage-inducible gene 34)
and PPIc. The regulatory subunits are thought to provide the
specificity for the phosphatase complex for eIF2�.
Although eIF2� phosphorylation suppresses general transla-

tion, it paradoxically stimulates the translation of a subset of
mRNAs that contain short upstream open reading frames in
their 5�-UTR (16, 19). The molecular mechanism underlying
this unique translational control was elucidated in great detail
for the transcriptional activator GCN4 mRNA in yeast (re-
viewed in Ref. 16 and 20). Inmammalian cells, translation of the
GCN4 metazoan counterpart, the transcriptional modulator
ATF4 (activating transcription factor 4; also termed CREB2), is
enhanced in response to eIF2� phosphorylation (21, 22). Inter-
estingly, ATF4 and its homologs play an important role as
repressors of CREB (cAMP response element-binding pro-
tein)-mediated gene expression in the brain, which is known to
be required for long-lasting changes in synaptic plasticity and
LTM (23–25).
Using mouse genetics and pharmacology, Costa-Mattioli

et al. (17) demonstrated that eIF2� phosphorylation plays a
crucial role in the conversion of STMtoLTM. In the hippocam-
pus of eIF2��/S51Amice, which are heterozygous for the S51A
mutation, the phosphorylation of eIF2� is reduced by �50%,
and the formation of LTM is enhanced as determined by a vari-
ety of behavioral tasks (17). For instance, eIF2��/S51A mice
show enhanced spatial LTM when tested in the Morris water
maze, where animals use visual cues to find the location of a
hidden platform in a circular pool. The enhanced LTM corre-
lates with facilitated LTP in eIF2��/S51Amice and also inmice
lacking GCN2, the major eIF2� kinase in the brain (17, 26).
Thus, decreased eIF2� phosphorylation strengthens long-last-
ing synaptic transmission, which underlies LTM consolidation.
Conversely, hippocampal infusion with a small molecule inhib-
itor (Sal003), which prevents eIF2� dephosphorylation, blocks
both L-LTP and LTM formation (17). Jiang et al. (27) recently
ruled out the possibility that the effects of eIF2� phosphoryla-
tion on LTM and LTP occur during development. Using a new
pharmacogenetic mouse model in which eIF2� phosphoryla-
tion is selectively increased inCA1 hippocampal neurons (from
adult animals) in a time-dependent and inducible manner, they
demonstrated that both L-LTP and LTM were impaired (27).
How does eIF2� phosphorylation control L-LTP and LTM?

Recent evidence supports the idea that eIF2� phosphorylation
regulates L-LTP and LTM storage through translational con-
trol of specific mRNAs, such as ATF4 mRNA. For instance,
although general translation is not altered in CA1 neurons,
ATF4 protein is increased in the CA1 region from mice in
which eIF2� is phosphorylated (27). Consistentwith these data,
Sal003, which increases eIF2� phosphorylation, failed to sup-
press L-LTP in slices from ATF4 knock-out mice compared
with WT mice (17). Thus, eIF2� phosphorylation causes up-
regulation of ATF4mRNA translation and consequently blocks
the expression of long-lasting synaptic plasticity genes and
hence memory formation.

FIGURE 1. Regulation of synaptic plasticity, learning, and memory via
eIF2� phosphorylation. The ternary complex comprising the three eIF2
subunits (�, �, and �), GTP, and Met-tRNAi associates with the 40 S ribosomal
subunit. “Recycling” of the eIF2 ternary complex is mediated by eIF2B, which
catalyzes the conversion of GDP to GTP on eIF2. This activity is regulated by
eIF2� phosphorylation on Ser51; phosphorylated eIF2� inhibits eIF2B-medi-
ated exchange of GTP for GDP, thus decreasing general translation initiation.
A, under standard conditions, there is sufficient supply of the ternary com-
plex. This leads to optimal global translation. Under these conditions, the rate
of ATF4 mRNA translation is low, and subsequently, CREB-dependent tran-
scription is increased. This leads to optimal transcription of synaptic plastici-
ty-associated genes, and the threshold for L-LTP and LTM is low. B, under
conditions in which eIF2� is phosphorylated, the amount of ternary complex
is reduced. ATF4 mRNA is translated at a high rate, and thus, the threshold for
L-LTP and LTM is high.
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mTOR and eIF4F Complex in Synaptic Plasticity and
Memory

mTOR, a PI3K-like kinase that phosphorylates a variety of
proteins, integrates a large number of extracellular stimuli and
intracellular cues to effect anabolic outputs in all cells. In syn-
apses, mTOR is thought to be important for the activation of
translation in response to neuronal activity (reviewed in Ref. 2;
see Ref. 4). Rapamycin, which is a specific inhibitor ofmTORC1
(mTOR complex 1; see below), inhibits translation of a subset
of mRNAs, possibly at synapses (28, 29). mTORC1 contains
Raptor (regulatory-associated protein of mTOR), LST8 (also
known as G�L (G-protein �-subunit-like protein)), and
PRAS40 (proline-rich Akt substrate of 40 kDa). mTORC1 is
sensitive to the drug rapamycin and regulates translation rates
(30).
The best studied function of mTORC1 is regulation of trans-

lation (2, 31). mTORC1 controls translation by regulating the
formation of the eIF4F complex through 4E-BPs (eIF4E-bind-
ing proteins), which are small molecular weight repressor pro-
teins that compete with eIF4G for binding to eIF4E and cause
inhibition of cap-dependent translation (32). mTORC1 phos-
phorylates the 4E-BPs, which causes their dissociation from
eIF4E, thus stimulating the assembly of the eIF4F complex and
subsequently translation (Fig. 2). In contrast, the inhibition of
mTORC1 leads to dephosphorylation of 4E-BPs and inhibition
of eIF4F complex formation. An additional mechanism by
which mTORC1 is thought to regulate translation is through
phosphorylation of S6Ks (S6 protein kinase; at Thr389), which
stimulates the activity of eIF4B, a translation factor that coop-
erates with eIF4F to facilitate ribosome recruitment to the
mRNA (33).
Most of the evidence for mTORC1 signaling in long-lasting

synaptic plasticity and memory formation is based on the find-
ing that rapamycin suppresses changes in synaptic strength in
brain slices in vitro (34–37) and partially blocks LTM in vivo
(38, 39). However, it is noteworthy that rapamycin does not
block L-LTP in vivo in the dentate gyrus (40), and exceptionally
high doses of rapamycin are required to block contextual fear
memories inmice (41). In addition, mutantmice lacking down-
stream targets of mTORC1 exhibit altered synaptic plasticity
and memory. Surprisingly, S6K1�/� mice display impaired
protein synthesis-independent E-LTP but normal protein
synthesis-dependent L-LTP (42, 43), demonstrating that S6K
does not control the translation ofmRNAs that underlie L-LTP.
In contrast, in Aplysia neurons, S6K, but not 4E-BP, appears to
be the major effector of mTORC1 for long-term facilitation
(44). In mammals, S6K appears to be involved mainly in the
regulation of long-lasting decreases in synaptic strength
because metabotropic glutamate receptor-induced LTD is
enhanced in slices from S6K2�/� mice (but not in those from
S6K1�/� mice) (42). Lack of S6K1 leads to a variety of complex
behavioral phenotypes, which include hypoactive behavior,
impaired short-term fear memory, deficient conditioned taste
aversion and spatial memory and decreased contextual fear
memory 7 days (but not 1 day) after training, and reduced latent
inhibition of conditioned taste aversion and normal spatial
memory as determined by the Morris water maze (43).

Genetic deletion of 4E-BP2, the other major mTORC1 down-
stream target in the brain, also leads to alterations in synaptic plas-
ticity and behavioral learning. 4E-BP2�/� mice show enhanced
LTP when induced with a weak tetanic train, whereas L-LTP
inducedby four tetanic trains is impaired. Lackof 4E-BP2not only
alters LTPbut also changes LTDbecausemetabotropic glutamate
receptor LTD is facilitated in these mice (45–47). A number of
behavioral abnormalities in spatial memory, associative memory,
fear conditioning, and even working memory were observed in
mice deficient in 4E-BP2 (46, 47). Although these studies demon-
strate that4E-BP2 is important for synapticplasticityandmemory,
it is not clear whether 4E-BPs are the major mTORC1 down-
stream effectors in the brain.
Interestingly, 4E-BP2 is not phosphorylated in the adult

mammalian brain, likely due to deamidation, a spontaneous

FIGURE 2. mTOR signaling pathway. mTOR is a critical downstream target of
the PI3K signaling pathway. The insulin receptor substrate proteins (IRS)
“transmit” signals from the insulin and insulin-like growth factor-1 receptors
through PI3K and PDK1 (PI3K-dependent kinase 1), which phosphorylates
Akt. mTOR forms two distinct protein complexes. mTORC1, which regulates
translation, is sensitive to rapamycin and is defined by the scaffolding protein
Raptor. mTORC1 phosphorylates 4E-BPs, S6K1, S6K2, and PRAS40. Akt can
activate mTOR through phosphorylation and inhibition of TSC2 of the tuber-
ous sclerosis complex. Phosphorylation of TSC2 leads to Rheb (Ras homolog
enriched in brain) activation, which in turn activates mTOR. Cap-dependent
translation through formation of the eIF4F complex can be regulated by
mTORC1 inputs through 4E-BPs and S6Ks.
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post-translational modification that occurs 4 weeks postnatally
only in the brain (48). Thus, how eIF4F complex formation is
regulated in the brain in response to neuronal activity remains
to be determined.
Genetic deletions of the tuberous sclerosis complex (TSC)

proteins, which enhance mTORC1 activity, such as TSC2�/�

and TSC1�/�, as well as FKBP12�/� (immunosuppressant
drug FK506-binding protein 12), generate disparate pheno-
types with regard to plasticity and memory (Table 1). In
TSC2�/�mice, an E-LTP-inducing protocol generates a robust
L-LTP, but long-term contextual fear memory is impaired.
In contrast, in FKBP12�/� mice, which exhibit enhanced
mTORC1 activity, similar to TSC2�/� mice, E-LTP is normal,
and long-term contextual fearmemory is enhanced (41, 49, 50).
Thus, it remains unclear whether the effect of mTORC1
upstream regulators on plasticity and memory is through
mTORC1 or another downstream target.

CPEB in Synaptic Plasticity and Memory

CPEB plays an important role in synaptic plasticity and
memory formation. There are four related CPEBs in mam-
mals (51). CPEBs are localized mainly postsynaptically,
where they are thought to control local translation (52). Syn-
aptic activity triggers polyadenylation and translation of the
mRNA for the �-subunit of calcium/calmodulin-dependent
protein kinase II, which contains a cytoplasmic polyadeny-
lation element (CPE) in its 3�-UTR (53–55). Mice expressing
the calcium/calmodulin-dependent protein kinase II �-sub-
unit mRNA, which lacks the 3�-UTR, show impaired L-LTP
and LTM (56). E-LTP, but not L-LTP, is impaired in hip-
pocampal slices from mice lacking CPEB-1. Unexpectedly,
CPEB-1�/� mice exhibit normal LTM (57). However,
memory extinction, which is thought to be important for
the formation of new memories, is impaired in the mutant
mice (58).
CPEB-1 is thought to control synaptic plasticity through

c-Jun, whose expression is reduced in the hippocampus of
CPEB-1�/� mice (59), and transcriptionally regulates growth
hormone. Indeed, growth hormone induces a deficient L-LTP
in hippocampal slices from CPEB-1�/� mice compared with
WT controls.
CPEB is also found in Aplysia sensory neurons, and its

decrease by an antisense oligonucleotide led to impaired long-
term synaptic strength (60). In vitro and in vivo studies demon-
strated that, unlike its mammalian counterparts, AplysiaCPEB

exhibits prion-like properties (60, 61). In addition, the neuro-
transmitter serotonin, which enhances synaptic strength,
switches Aplysia CPEB from a monomeric to a multimeric
state, and a neutralizing antibody against the multimeric state
blocks long-term synaptic strength in Aplysia neurons (61). It
would be interesting to investigate whether the multimeric
state, but not themonomeric state in response to activity (sero-
tonin), promotes the translation of specific mRNAs locally at
synapses.
In summary, eIF2� and CPEB modulate synaptic plasticity

and memory through translational control of the transcription
factors ATF4 and c-Jun, respectively, suggesting that transla-
tional control of transcriptionmay be a commonmechanismby
which translation controls memory processes.

Future Questions

Since the first studies linking learning and memory to trans-
lation (62–64), our understanding of the relationship between
translational control and cognitive functions has significantly
advanced. The links betweenmemory and translational control
are summarized in Table 1. In the next decades, there is a pleth-
ora of research questions to be addressed. Some of the ques-
tions are as follows. What is the role of microRNAs in memory
processes? Given that 4E-BP2 cannot be phosphorylated in the
adult brain, how is eIF4F complex-mediated translational con-
trol accomplished? Perhaps, other unidentified eIF4E-binding
proteins are involved. Is mTORC1 involved in plasticity and
memory? Genetic deletions that enhance mTOR activity, such
as TSC1�/�, FKBP12 knock-out, or 4E-BP2 knock-out mice,
generate disparate phenotypes with regard to plasticity and
memory (Table 1). Thus, there is a need to obtain direct genetic
evidence supporting the role for mTORC1 in these processes.

Acknowledgments—We thank Arkady Khoutorsky and Rachel Jeffrey
for critical reading of the manuscript.

REFERENCES
1. Collingridge, G. L., Isaac, J. T., andWang, Y. T. (2004)Nat. Rev. Neurosci.

5, 952–962
2. Costa-Mattioli, M., Sossin, W. S., Klann, E., and Sonenberg, N. (2009)

Neuron 61, 10–26
3. Dudai, Y. (2004) Annu. Rev. Psychol. 55, 51–86
4. Richter, J. D., and Klann, E. (2009) Genes Dev. 23, 1–11
5. Zukin, R. S., Richter, J. D., and Bagni, C. (2009) Front. Neural Circuits 3, 14
6. Silva, A. J., Zhou, Y., Rogerson, T., Shobe, J., and Balaji, J. (2009) Science

326, 391–395
7. McGaugh, J. L. (2000) Science 287, 248–251
8. Bear, M. F., and Malenka, R. C. (1994) Curr. Opin. Neurobiol. 4, 389–399
9. Kandel, E. R. (2001) Science 294, 1030–1038
10. Sutton, M. A., and Schuman, E. M. (2006) Cell 127, 49–58
11. Mathews, M. B., Sonenberg, N., and Hershey, J. W. B. (2007) in Transla-

tional Control in Biology and Medicine (Mathews, M. B., Sonenberg, N.,
and Hershey, J. W. B., eds) pp. 1–40, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY

12. Pestova, T. V., Lorsch, J. R., and Hellen, C. U. T. (2007) in Translational
Control in Biology and Medicine (Mathews, M. B., Sonenberg, N., and
Hershey, J. W. B., eds) pp. 87–128, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY

13. Gingras, A. C., Raught, B., and Sonenberg, N. (1999) Annu. Rev. Biochem.
68, 913–963

TABLE 1
Long-lasting plasticity and memory phenotypes from mice with
mutations in proteins that regulate translation
Normal (A), enhanced (1), or impaired (2) long-lasting synaptic plasticity and/or
memory is compared with that of WT control mice. ND, no data; MWM, Morris
water maze; CFC, contextual fear conditioning; KO, knock-out.

MINIREVIEW: Translational Control in Plasticity and Memory

31916 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 42 • OCTOBER 15, 2010



14. Herbert, T. P., and Proud, C. G. (2007) in Translational Control in Biology
andMedicine (Mathews, M. B., Sonenberg, N., and Hershey, J. W. B., eds)
pp. 601–624, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY

15. Dever, T. E. (2002) Cell 108, 545–556
16. Hinnebusch, A. G., Dever, T. E., and Asano, K. (2007) in Translational

Control in Biology and Medicine (Mathews, M. B., Sonenberg, N., and
Hershey, J.W. B., eds) pp. 225–268, Cold SpringHarbor Laboratory Press,
Cold Spring Harbor, NY

17. Costa-Mattioli, M., Gobert, D., Stern, E., Gamache, K., Colina, R., Cuello,
C., Sossin, W., Kaufman, R., Pelletier, J., Rosenblum, K., Krnjević, K., La-
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H2S, the most recently discovered gasotransmitter, might in
fact be the evolutionary matriarch of this family, being both
ancient and highly reduced. Disruption of �-cystathionase in
mice leads to cardiovascular dysfunction andmarked hyperten-
sion, suggesting a key role for this enzyme in H2S production in
the vasculature. However, patients with inherited deficiency in
�-cystathionase apparently do not present vascular pathology.
A mitochondrial pathway disposes sulfide and couples it to oxi-
dative phosphorylation while also exposing cytochrome c oxi-
dase to this metabolic poison. This report focuses on the bio-
chemistry of H2S biogenesis and clearance, on the molecular
mechanisms of its action, and on its varied biological effects.

Sulfur cycles through several biologically relevant oxidation
states ranging from�2 as in hydrogen andmetal sulfides to�6
in sulfate. H2S, a colorless gas with the odor of rotten eggs, is
important in the biogeochemical sulfur cycle and is used as
an energy source by microbes such as the purple and green
sulfur bacteria. It is a weak acid with pKa1 and pKa2 of 6.9 and
�12 (1) and an aqueous solubility of�80mMat 37 °C.Hence, at
the physiological pH of 7.4, the ratio of HS�:H2S is 3:1. For
brevity,H2S is used to refer to the total free sulfide pool (i.e.H2S�
HS� � S2�) in this report unless noted otherwise. The ready
ionization of H2S at physiological pH suggests impeded perme-
ation through the lipid bilayer when compared with other
gases, viz. NO or CO. On the other hand, transport of the gas,
H2S, across the membrane does not appear to be facilitated (2).
The toxicity of H2S is thought to have influenced evolution.

The presence of a metastable H2S-enriched oceanic stratum
is postulated to have limited early metazoan colonization of
the continental shelf (3), and an increase in H2S has been
implicated in the Permian-Triassic extinction �250 million
years ago (4). However, the reputation of H2S as a toxic gas is
enjoying a facelift, with increasing numbers of reports that it
modulates a range of biological processes. Despite the rising
interest in H2S biochemistry, fundamental questions regarding
regulation of its production, its mechanism of action, and its
destruction remain. In addition, perhaps most critical to the
field is the issue of what constitutes biologically relevant levels
of H2S with reports varying over a 105-fold concentration
range. Using a gas chromatography-based chemiluminescent

sulfur detection method, free H2S (H2S � HS�) in blood was
estimated to be �100 pM, and in tissues, it was estimated to be
�15 nM (5). These values are considerably lower than the�30–
300 �M concentrations reported in a spate of recent studies
(reviewed in Ref. 6). The high values can be ascribed to techni-
cal artifacts introduced by long processing times and harsh
(either acidic or alkaline) conditions used to shift the equilib-
rium toward H2S or S2�, respectively. Under these conditions,
sulfide leaches from iron-sulfur cluster-containing proteins or
is eliminated via desulfuration, leading to overestimation.With
very few exceptions (5, 7), most studies on H2S measurements
in biological samples do not report on the sensitivity of the
assay method nor include controls for background rates of
cysteine (used as substrate at very high concentrations) desul-
furation, which can be substantial (5), and hence, this body of
data must be viewed with caution. Because most physiological
effects of H2S appear to be mediated in the tens to hundreds of
micromolar concentration range, it sets a reference point for
the magnitude of increase in local H2S concentrations that
must be realized to trigger biological signaling.

Biogenesis of H2S

H2S biogenesis in metazoans is the apparent byproduct
of promiscuity of three PLP2-dependent enzymes (Fig. 1a).
Thus, aspartate aminotransferase also deaminates cysteine to
givemercaptopyruvate, which in a subsequent step catalyzed by
MST liberates H2S and pyruvate. Similarly the PLP enzymes in
the transsulfuration pathway, CBS and CSE, generate H2S by a
multitude of reactions and substrate combinations. The ability
to biosynthesize H2S is found in all three kingdoms of life,
pointing to it being an ancient metabolic capability. H2S can
also be formed non-enzymatically from polysulfides found in
garlic (8).
MST belongs to the family of sulfurtransferases, which cata-

lyze the transfer of sulfane sulfur from persulfide or thiosulfate
(in the rhodanese subfamily) or MP (in the MST subfamily) to
an acceptor. MST catalyzes transsulfuration reactions (Reac-
tions 1 and 2) to various donors (9, 10).

Mercaptopyruvate � RSH 3 pyruvate � R-S-SH
REACTION 1

2 MP 3 pyruvate � mercaptopyruvate-S-SH
REACTION 2

MP-SSH � DTT 3 H2S � MP-S-S-DTT
REACTION 3

Mercaptopyruvate � DTT 3 pyruvate � DTT-S-SH
REACTION 4

DTT-S-SH � DTT 3 H2S � DTT-S-S-DTT
REACTION 5
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The enzymatic sulfur transfer reaction yields persulfide, not
H2S. The release of H2S frommercaptopyruvate catalyzed by
MST could be the product of a non-enzymatic reaction in the
presence of dithiothreitol (i.e.Reactions 2 and 3 or 4 and 5) used
in the reaction buffer (11) and needs to be investigated.
Trypanosomal variants ofMST have a C-terminal thioredoxin-
like domain (12), which suggests that a sulfur acceptor forMST
is thioredoxin. The activities of both MST and CAT have been
characterized at alkaline pH (�9.5). Hence, direct comparison
of the relative efficiency of theMST versus the transsulfuration
pathway enzymes in H2S generation is currently not possible.
The relaxed substrate specificity of CBS and CSE combined

with the catalytic versatility of CSE to act at both the �-carbons
and the �-carbons of substrates results in multiple H2S-gener-
ating reactions (Fig. 1a) (13, 14). Extensive kinetic characteriza-
tion of these reactions at a physiologically relevant pH have led

to the following conclusions. (i) H2S generation from cysteine
is primarily catalyzed by CSE (13). (ii) H2S production by CBS
preferentially occurs via condensation of cysteine and homo-
cysteine (14, 15). (iii) H2S production by CSE but not CBS is
responsive to the concentration of homocysteine and is in-
creased in homocystinuric patients (13). (iv) H2S production by
CBS is up-regulated by the allosteric activator, S-adenosylme-
thionine (14, 15). (v) Cystine, expected to be present at very low
concentrations in the reducing intracellular milieu, is not a
substrate for H2S production by human CSE (13). (vi) Novel
thioether products of unknown function, lanthionine and
homolanthionine, can be produced during H2S generation (13,
14). The substrate Km values for human CBS (6.8 mM for cys-
teine and 3.2 mM for homocysteine) and CSE (3.7 mM for cys-
teine and 2.7 mM for homocysteine), although high relative to
the intracellular concentrations of these amino acids (13, 14),
are substantially lower than for CAT (22 mM for cysteine) (16).
The relatively highKm forCAT is consistentwith the role of this
enzyme together with MST in the cysteine catabolic pathway
(discussed below).
MST is present in both the cytoplasmic and the mitochon-

drial compartments (17). CBS and CSE are cytoplasmic but
might also be in the nucleus under some conditions because
they are both substrates for sumoylation (18). Under oxidative
stress conditions, when the cysteine demand increases to sup-
port glutathione replenishment, MST is inactive, whereas flux
through the transsulfuration pathway is enhanced (19). Revers-
ible redox regulation of MST results from the oxidative lability
of a catalytic cysteine residue (20). Hence, different pathways
forH2S generationmight be operational under normoxic versus
oxidative stress conditions and in different cell types reflecting
the tissue distribution of the individual enzymes. Mechanisms
for transient up-regulation ofH2S production, as is expected for
a signaling molecule, remain to be elucidated. Neither nitric
oxide (21) nor calmodulin (22, 23), reported to modulate the
activities of CSE and CBS, appears to do so (13, 15).3 Peroxyni-
trite (24) and carbon monoxide (25) inhibit human CBS.

Catabolism of H2S

Early indications of the metabolic lability of H2S came from
labeling studies with [35S]sulfide, which demonstrated its
rapid oxidation by tissues with the efficiency being organ-
specific (26). Localization of sulfide oxidation activity to mito-
chondria was first reported more than two decades ago (27),
and more recently, sulfide became the first inorganic substrate
reported for human cells (28). H2S oxidation occurs in many, if
not all, tissues including colonicmucosa (where it is responsible
for detoxifying large quantities of H2S generated by colonic
bacteria), liver, lungs, kidney, and brain. A series of oxidation
steps converts H2S to persulfide, sulfite, thiosulfate (S2O3

2�),
and sulfate (SO4

2�) (Fig. 1b). Sulfate comprises 77–92% of total
urinary sulfur (29).
The first step in the sulfide oxidation pathway is catalyzed

by SQR, a mitochondrial membrane flavoprotein that oxidizes
H2S to protein-bound persulfide. The rat liver enzyme has a
relatively low Km for H2S (2.9 � 0.3 �M) (30), supporting effi-

3 D. Padovani and R. Banerjee, unpublished observations.

FIGURE 1. H2S biogenesis and catabolism. a, The enzymes in the transsul-
furation pathway, CBS and CSE, catalyze multiple H2S-producing reactions,
and the dominant reaction is shown in red. CAT and MST are components of
the cysteine catabolism pathway. The preferred sulfur acceptor of MST is not
known. b, components of the mitochondrial sulfide oxidation pathway that
couple to the electron transfer chain. Q is ubiquinone. This figure was
adapted from Ref. 30.
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cient catabolism of a toxic sulfur substrate. The electron accep-
tor in this reaction is ubiquinone, which transfers electrons to
complex III, thus linking H2S catabolism to the electron trans-
fer chain. The sequential actions of a sulfur dioxygenase and a
sulfur transferase (or rhodanese) are proposed to convert SQR-
bound persulfide into sulfite and thiosulfate, respectively.
Alternatively, low molecular weight thiols such as glutathione
or dihydrolipoate might be involved in transferring the persul-
fide group from SQR to the sulfur dioxygenase, and indeed, in
vitro, glutathione persulfide is a substrate for the dioxygenase
(31). If CAT andMST are primarily involved in cysteine catab-
olism, they are likely to feed into the mitochondrial sulfide oxi-
dation pathway described in Fig. 1b. Although the natural sul-
fide acceptor(s) for MST is not known, like rhodanese (32),
MST can transfer the sulfide group to thioredoxin (33).
Inherited mutations in sulfur dioxygenase, the product

of the ethe1 gene, result in ethylmalonic encephalopathy, an
autosomal recessive disorder (34). ETHE1 is a non-heme
iron-containing protein in the mitochondrial matrix. Ge-
netic disruption of ETHE1 in mice results in accumulation of
H2S above control levels and reduced levels and activity of
cytochrome c oxidase in some (luminal colonocytes, muscle,
brain) but not other (liver, kidney) tissues (31). The ethe1�/�

mice exhibit an �3-fold lower sulfide-dependent oxygen
consumption in liver extracts. Purified ETHE1 catalyzes glu-
tathione persulfide-dependent O2 consumption. ETHE1
physically interacts with rhodanese, which together with the
existence of fusions between these two genes in some bacte-
rial genomes (31) suggests that the two enzymes work in a
complex to convert the product of SQR, persulfide, to thio-
sulfate (Fig. 1b). Curiously, urinary thiosulfate was elevated,
whereas sulfite was undetectable in the ethe1�/� mice. Inhi-
bition of aerobic energy metabolism by sulfide accumulation
due to ETHE1 deficiency explains some of the clinical man-
ifestations of ethylmalonic encephalopathy (e.g. acrocyano-
sis and vascular damage and chronic diarrhea) (31).
The product of the sulfur dioxygenase reaction, sulfite,

can be directly oxidized to sulfate by sulfite oxidase. Alterna-
tively, sulfite can be converted by rhodanese to thiosulfate,
which is presumably metabolized to sulfate via the actions of
thiosulfate reductase (35) and sulfite oxidase (30). Sulfite oxi-
dase is a molybdopterin-containing hemeprotein, and its defi-
ciency, inherited as an autosomal recessive disorder, results in
severe neurological problems (36).

Physiological Roles of H2S

The list of physiological effects mediated by H2S has been
rapidly expanding and is the subject of several recent reviews
(51–54). Hence, only a few salient biological effects are dis-
cussed here. Three major loci of H2S action are the cardiovas-
cular and central nervous systems and energy metabolism. The
efficacy of H2S in attenuatingmyocardial ischemia-reperfusion
injury is mediated via protection of mitochondrial function
(37). CSE�/� mice exhibit reduced endothelium-dependent
vasorelaxation, are hypertensive, and have reduced H2S levels
in the serum and lower H2S production rates in aorta and heart
(23). H2S facilitates the induction of long term potentiation
in hippocampal neurons, which requires activation of the

N-methyl-D-aspartic acid receptor (38). Relaxation of smooth
muscle cells is apparently mediated via opening of ATP-sensi-
tive K� channels (21). Remarkably, H2S induces a state of sus-
pended animation by reversible inhibition of cytochrome c oxi-
dase with consequent lowering of metabolic rate and body
temperature (39).
In the relatively young field of H2S signaling, it is important

to pay particular attention to the following issues: (i) the con-
centration of H2S used to elicit biological responses, (ii) the
handling of this redox-active and air-sensitive compound, (iii)
the substrates used to assess H2S production given the prefer-
ential utilization of cysteine versus cysteine � homocysteine by
CSE and CBS, respectively (Fig. 1a), and (iv) the inhibitors
of biosynthetic enzymes used to modulate its production. For
instance, studies using iodoacetamide and hydroxylamine as
“specific” inhibitors of CSE and CBS must be viewed with cau-
tion because these reactive compounds are completely bereft of
specificity. Iodoacetamide is a cell-permeable thiol-alkylating
agent that derivatizes all accessible and reactive thiols on pro-
teins as well as small molecules e.g. glutathione, cysteine, and
indeed, H2S itself. Hydroxylamine is widely used to release the
cofactor fromPLP-containing enzymes and inhibits not only all
three PLP-dependentH2S-generating routes but also other PLP
enzymes.
It is important to compare the clinical pathologies associated

with deficiencies in enzymes involved in the three H2S-gener-
ating routes to the broad range of physiological effects attrib-
uted toH2S.Defects inCBS lead to a condition known as homo-
cystinuria and affects fourmajor organ systems: cardiovascular,
ocular, skeletal, and the central nervous system (40). Deficiency
of CSE gives rise to a relatively benign condition, cystathionin-
uria, which is not characteristically associated with a set of clin-
ical abnormalities (40). Secondary association of cystathionin-
uria with a range of diseases including diabetes insipidus, Down
syndrome, neuroblastoma, hepatoblastoma, and celiac disease
has been reported (41). Deficiency of MST leads to mercapto-
lactate-cysteine disulfiduria, which may or many not be associ-
ated with mental retardation. The metabolite that accumulates
in urine is formed by conversion of mercaptopyruvate to mer-
captolactate by lactate dehydrogenase followed by its oxidation
to form a mixed disulfide with cysteine (42).

Mechanisms of H2S Action

Despite the increasing number of reports on the biological
effects of H2S, insights into its mechanisms of action and its
molecular targets are largely lacking. Taking lessons from other
gas sensors and gas-based signaling pathways, it is reasonable
to expect that metalloproteins, particularly heme-containing
ones, might mediate H2S signaling. The reversible inhibition of
cytochrome c oxidase at moderately high H2S concentrations
(�80 ppm) is associated with induction of a suspended anima-
tion state (39). Although H2S is a potent inhibitor of purified
cytochrome c oxidase (Ki � 0.2 �M), the situation is more com-
plex in tissues where H2S is also a substrate for the respiratory
chain (Fig. 1b). At low concentrations, it stimulates oxygen con-
sumption (43). At higher tissue concentrations (�20 �M), the
mitochondrial respiratory chain is inhibited (43). Thus, at the
reported tissue concentrations of tens to hundreds ofmicromo-
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lar of free H2S, virtually complete inhibition of cytochrome c
oxidase would be expected. H2S also reduces cytochrome c
oxidase (44) and cytochrome c (45). The two-electron redox
potential of H2S (Reaction 6)

SH� 3 S0 � H� � 2e�

REACTION 6

is �0.17 V at pH 7.0 (45), which makes it a significantly weaker
reductant than the much more abundant intracellular thiols,
glutathione and cysteine (E0 ��0.25 V). The considerably
smaller size of H2S in comparison with other low molecular
weight thiols would afford it preferential access to metal cen-
ters. However, based on its low concentration relative to gluta-
thione and its high redox potential, a quantitatively significant
role for H2S in cellular antioxidant function would appear
unlikely.
The reactivity of H2S with globins is varied. Invertebrates

living in sulfide-rich habitats encounter H2S concentrations
of up to 1 mM and use hemoglobin to transport sulfide to
symbiotic bacteria (46). The sulfide is apparently “carried” by
zinc rather than the heme or protein thiols in the giant hydro-
thermal vent tubeworm, Riftia pachyptila (47). In contrast,
hemoglobin I from the clam Lucina pectinata that dwells in
sulfide-rich mangroves uses the ferric heme iron center to
deliver sulfide to bacteria, and in turn, to protect itself from
sulfide toxicity (46). The active site of hemoglobin I has evolved
for H2S selectivity in contrast to the other two hemoglobins in
this organism that do not bind H2S. It has been proposed that
the polarity of the distal heme pocket influences the fate of H2S
bound to ferric heme (48) (Fig. 2a). Active sites with a high

dielectric constant stabilize ferric H2S and promote reduction
by a second mole of H2S-generating ferrous heme and hydro-
gen persulfide (Reaction 7).

Heme-Fe�III	-SH � H2S 3 heme-Fe�II	 � HS-SH � H� � e�/�

REACTION 7

In contrast, in non-polar active sites, H2S dissociates from the
heme-Fe(III)-H2S complexwithout redox chemistry. The affin-
ity of sulfide for globins has been reported to range from 90 nM
for the sulfide-avid L. pectinata hemoglobin I to 20 �M for
sperm whale myoglobin (49).
In analogy with protein S-nitrosylation, protein S-sulfhydra-

tion has been proposed as a mechanism for H2S-mediated sig-
naling (50). For this posttranslation modification to occur, the
cysteine residuemust exist in an oxidized state, e.g. sulfenic acid
or a disulfide, which is subsequently attacked by the hydrosul-
fide anion to give a persulfide product (Fig. 2b). In oxidizing
compartments, e.g. the endoplasmic reticulum or the extracel-
lular milieu, oxidized cysteines on proteins are relatively com-
mon. In contrast, in the cytoplasmic compartment, which is
reducing, oxidized cysteines on proteins have to be stabilized
and sequestered. By the same token, cysteine persulfides, when
formed, also have to be stabilized against (i) disulfide exchange
and reduction by the abundant intracellular thiol, glutathione
and (ii) intramolecular displacement by a vicinal cysteine form-
ing a disulfide or by antioxidant enzymes like thioredoxin. In
all cases, H2S is eliminated (Fig. 2c). Because the cysteine
redox status of the protein substrate is a critical determinant of
its ability to be modified by H2S, attention to sample handling
conditions is essential for monitoring persulfide modifications.
For instance, during treatment of cell lysates with NaHS to
observe sulfhydration, cysteines are readily oxidized, thus arti-
factually enabling the modification chemistry shown in Fig. 2b.
To avoid this, preparation and incubation of cells lysates must
be conducted under strictly anaerobic conditions. Further-
more, treatment of cells with unphysiologically high concentra-
tions of cysteine, which preferentially supports H2S production
by CSE versus CBS (which requires homocysteine in addition
to cysteine) or CAT and MST (which requires �-ketoglutarate
in addition to cysteine or mercaptopyruvate) (Fig. 1a), biases
conclusions about the relative importance of one versus the
other pathways for H2S generation. It is presently unclear
whether cellular sulfane sulfur stores present under steady-
state conditions are mobilized or whether de novoH2S biogen-
esis is up-regulated in response to signals to trigger H2S-based
signaling.

Future Perspectives

Despite the controversies in the field surrounding the phys-
iologically relevant H2S concentrations and its biological
effects (e.g. whether it is pro- or anti-inflammatory), or per-
haps because of it, research on H2S biochemistry and cell
biology is in the midst of a lively expansion. The field would
benefit immensely from the development of chemical tools for
H2S delivery, quantitation, and imaging and the design of spe-
cific inhibitors of H2S-producing and -consuming enzymes.
Key biochemical questions that warrant elucidation include

FIGURE 2. Molecular mechanisms for H2S targeting. a, H2S can ligate to
ferric heme in globins, and depending on the stereoelectronic properties of
the distal heme site, can remain bound to, dissociate from, or reduce the iron
center. b, persulfidation of proteins requires attack of H2S to an oxidized side
chain, e.g. a sulfenic acid or disulfide. c, once formed, persulfides need to be
protected from small molecule thiols (e.g. glutathione) or thiol groups on
the same or different proteins. Conversely, the same chemical reactions can
be exploited to liberate H2S from the “stored sulfur” pool. GSH is glutathione.
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identification of the signals that turn on transient de novo pro-
duction ofH2S or its release from sulfane-sulfur stores and their
tissue specificity, of the molecular targets and mechanisms of
H2S action, and finally, of the pathway(s) for its rapid removal.
Insights into the biochemistry of H2S metabolism would then
allow the dots between the reception of an enabling (or dis-
abling) signal and the network of biological responses that is
elicited to be connected.
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Hepatitis C virus (HCV)2 is a member of the Hepacivirus
genus of the Flaviviridae family of viruses. HCV possesses a
positive-sense, single-stranded RNA genome of �9600 nucle-
otides contained within an enveloped virion �50 nm in diam-
eter (1). Chronic liver disease caused by HCV infection, includ-
ing cirrhosis and hepatocellular carcinoma, is a major global
problem. An estimated 120–180 million of the world’s popula-
tion are infected with HCV. Unlike HBV, there is not yet an
effective vaccine against HCV. Present therapy for HCV infec-
tion, a combination of pegylated interferon (IFN)-� and ribavi-
rin, shows response rates of 40–80%, depending upon HCV
genotype.
Much has been learned about how HCV multiplies as well

as the means of transmission of the virus (1, 2). The main
features of the hepatitis C multiplication cycle are summa-
rized by the schematic in Fig. 1. The virion envelope includes
two viral glycoproteins, E1 and E2. Following binding to cel-
lular receptors, virion entry into liver cells occurs by endo-
cytosis with the release of the nucleocapsid into the cyto-
plasm, where multiplication occurs. The uncoated genome
possesses RNA structure elements important for translation
and RNA replication. Translation initiation by an internal
ribosome entry site mechanism produces an �3000-amino
acid precursor polyprotein that is cleaved by viral and cellu-
lar proteases. Among the mature viral protein products gen-
erated are structural protein components of virions and sev-
eral non-structural (NS) proteins found in infected cells. The
NS3–NS5B protein coding region includes viral protease,
helicase, and polymerase activities and additional proteins
that, together with cellular factors, are required for viral
RNA replication. Assembly of progeny virions occurs on
intracellular membranes, and following their release to the
plasma, they may become associated with low density and
very low density lipoproteins.
Studies utilizingHCV replicon systems pioneered by Barten-

schlager and co-workers provided considerable understanding
of the mechanism of HCV RNA replication, and the structural
and biochemical insights gained were reviewed in The Journal

of Biological Chemistry in 2006 (3). Subsequent development of
a cell culture system that permitted complete replication of
HCV provided a framework to delineate in biochemical terms
the processes involved in initiation of infection, i.e. virion
attachment and entry, a topic reviewed by vonHahn andRice in
The Journal of Biological Chemistry in 2008 (4). Now, three
additional minireviews on HCV summarize important new
findings about the virus and its interaction with the host. The
firstminireview in this series concerns the structure of NS3 and
the functional roles of the novel multifunctional HCV protein
that possesses two enzymatic activities, protease activity and
helicase activity (5). The secondminireview summarizes recent
insights gained about the trafficking of HCV proteins and the
process of assembly of progeny virions and their subsequent
release from HCV-infected cells (6). The third minireview
focuses on the host’s innate immune response toHCV infection
and the multiple strategies utilized by HCV to evade innate
antiviral responses (7).
In the first minireview, Kevin D. Raney, Suresh D. Sharma,

Ibrahim M. Moustafa, and Craig E. Cameron at The Penn-
sylvania State University and University of Arkansas for
Medical Sciences, in their article entitled “Hepatitis C Virus
Non-structural Protein 3 (HCV NS3): A Multifunctional
Antiviral Target,” consider new developments in both the
biochemistry and structural biology of the bifunctional NS3
protein (5). NS3 possesses in the N-terminal region a serine
protease activity and in the C-terminal region an RNA heli-
case activity. The structure, substrate recognition, and
mechanism of the NS3 protease, which processes the NS
region of the HCV polyprotein, and the NS3 helicase that
unwinds RNA and DNA substrates are considered as well as
NS3 as a therapeutic target.
The second minireview of the series, by Daniel M. Jones and

John McLauchlan at the Medical Research Council Virology
Unit inGlasgow, UK, entitled “Hepatitis CVirus: Assembly and
Release of Virus Particles,” summarizes progress in under-
standing HCV protein trafficking and virion assembly and
release (6). The stages of assembly and egress of infectiousHCV
particles at specialized sites on the endoplasmic reticulum (ER)
membrane are considered in biochemical terms, beginning
with an initial phase of virion assembly with core-coated lipid
droplets on the cytosolic side of the ER membrane, maturation
in the ER lumen, and then release and the role that pathways
involved in the release of lipoproteins from hepatocytes play in
the process.
The third minireview, by Stanley M. Lemon at The Uni-

versity of North Carolina at Chapel Hill, entitled “Induction

* This work was supported in part by National Institutes of Health Research
Grants AI-12520 and AI-20611 from NIAID, United States Public Health Ser-
vice. This minireview will be reprinted in the 2010 Minireview Compen-
dium, which will be available in January, 2011.
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and Evasion of Innate Antiviral Responses to Hepatitis C
Virus,” summarizes progress in understanding the cellular
signaling pathways and antiviral responses antagonized by
HCV proteins (7). The cytoplasmic RIG-I sensor and the
endosomal TLR3 sensor detect viral RNA to trigger innate
antiviral responses that include IRF3 activation and IFN
synthesis. Both pathways are antagonized by HCV,
including by NS3-mediated cleavage of their respective
adaptor proteins. Also considered are examples of impair-
ment of IFN-induced signaling and of the activities of IFN-
induced gene products, including the PKR kinase. The bal-
ance between activation and antagonism of the innate
antiviral response influences subsequent adaptive responses

and hence is an important contributor to the outcome of the
HCV-host interaction.
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FIGURE 1. Schematic diagram of the HCV multiplication cycle. Enveloped HCV virion particles are depicted as spheres, and in the plasma, they can be
associated with cellular lipoproteins (low density (LDL) and very low density (VLDL) lipoproteins). Following virus entry, most probably by E2 binding and
receptor-mediated endocytosis, uncoating results in the release of the positive-sense, single-stranded RNA (ssRNA) genome. The 5�-untranslated region
includes an internal ribosome entry site (IRES) that directs 5�-cap-independent synthesis of a polyprotein of �3000 amino acids (aa) that undergoes
processing by viral and cellular proteases. Ten mature viral proteins are produced, some structural (capsid core C (C ca) and envelope glycoproteins E1
(E1 gp) and E2 (E2 gp)) and others non-structural (p7 membrane protein (p7 mp), NS2 protease (NS2 pr), NS3 protease and helicase (NS3 pr hc), NS4A
cofactor (4A cf) for NS3, NS4B membrane protein (4B mp), NS5A phosphoprotein (5A pp), and NS5B RNA-dependent RNA polymerase (5B pol)). In addition
to its role as mRNA, the positive-sense RNA genome also serves as the template for RNA replication catalyzed by the viral RNA-dependent RNA
polymerase (NS5B) that occurs in association with the ER membrane. Other components of the HCV replication complex include both viral proteins and
cellular factors. The complementary minus-sense RNA produced then serves as the template for synthesis of positive-sense RNA that fulfills three
functions, mRNA for translation, template for RNA replication, and progeny genome that undergoes encapsidation into new virions. This figure was
adapted from Ref. 2 with permission. SR-B, scavenger receptor class B; miR122, microRNA-122.
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Hepatitis C virus non-structural protein 3 contains a serine
protease and an RNA helicase. Protease cleaves the genome-
encoded polyprotein and inactivates cellular proteins required
for innate immunity. Protease has emerged as an important tar-
get for the development of antiviral therapeutics, but drug
resistance has turned out to be an obstacle in the clinic. Helicase
is required for both genome replication and virus assembly.
Mechanistic and structural studies of helicase have hurled this
enzyme into a prominent position in the field of helicase enzy-
mology. Nevertheless, studies of helicase as an antiviral target
remain in their infancy.

Hepatitis C virus (HCV)3 infection is a leading cause of
chronic liver disease and hepatocellular carcinoma. HCV is the
founding member of theHepacivirus genus of the family Flavi-
viridae (1). The HCV genome is a single-stranded RNA of pos-
itive polarity that is on the order of 9000 nucleotides (nt) in
length (Fig. 1a). The 5�-non-translated region (NTR) contains a
terminal stem-loop that is a required cis-acting replication ele-
ment and the internal ribosome entry site. The 3�-NTR con-
tains a cis-acting replication element that consists of an RNA
stem-loop of variable sequence, a polyuridine/polypyrimidine
tract of variable length, and a highly conserved “X-tail. ” The
variability observed in the 3�-NTRand elsewhere in the genome
is sufficient to permit classification of HCV into six distinct
genotypes.
The HCV genome encodes a single open reading frame, the

translation of which is directed by the internal ribosome entry
site. The HCV polyprotein is on the order of 3000 amino acids
long and can be divided into a structural region (C–p7 proteins)
and a non-structural (NS) region (NS2–NS5B proteins) (Fig.

1a). Cleavage of the HCV polyprotein occurs co- and post-
translationally by host (structural region) and viral (non-struc-
tural region) proteases. Only the NS3–NS5B region of the
polyprotein is required for genome replication in cell culture
(2). NS5B is the viral RNA-dependent RNA polymerase (3).
NS5A is a phosphoprotein (4) capable of specifically interacting
with the 3�-NTR of the HCV genome (5), other non-structural
proteins (6), and numerous cellular proteins (7, 8). NS5A also
functions in virus assembly (9, 10). NS4B is an integral mem-
brane protein that is required for assembly of the “membranous
web,” the organelle used for RNA replication (11, 12). NS4A is a
cofactor for NS3 that directs the localization of NS3 and mod-
ulates its enzymatic activities (13). TheN-terminal one-third of
NS3 contains the protease activity responsible for processing of
the non-structural region of the polyprotein (Fig. 1b) (14–16)
and some cellular proteins (17–19). The C-terminal two-thirds
of NS3 is an RNAhelicase of theDExH family (Fig. 1c) (20). The
biological function of the RNA helicase activity is not known
but may include 1) RNA folding/remodeling (21), 2) enhance-
ment of polymerase processivity (22), and/or 3) genome encap-
sidation (23).
The significance, if any, of having the major viral protease

tethered to the RNA helicase is not known. The protease
domain can function independently of the helicase domain and
vice versa. Evidence suggests that each domain modulates the
biochemical activity of the other (24, 25). Importantly, both the
protease domain andNS4Amodulate the RNAhelicase activity
of NS3 (26, 27). The ability to physically and functionally sepa-
rate the two activities of NS3 has fostered the development of
two diametrically opposed NS3 disciplines. Study of NS3 pro-
tease activity has been very practical, focusing on the pursuit of
inhibitors as specifically targeted antiviral therapy for hepatitis
C (STAT-C). Study of NS3 helicase activity has been much
more fundamental, focusing on the use of this helicase as a
model for the structure and mechanism of DExH proteins in
general. Here, we summarize our understanding of the struc-
ture, mechanism, and/or inhibition of both activities of NS3
and discuss the implications of the current state of the art on
future directions for studies of this very important yet incom-
pletely tapped antiviral target.

NS3 Protease

Structure, Substrate Recognition, and Catalytic Mechanism—
NS3 protease is a serine protease that belongs to the trypsin/
chymotrypsin protease superfamily (28, 29). The enzyme con-
sists of two �-barrel domains that are flanked by two short
�-helices (Fig. 1b). One of the �-strands of the N-terminal
�-barrel derives from the central hydrophobic region of NS4A.
The structure is stabilized by a Zn2� ion that is coordinated by
three cysteine residues and one water molecule (Fig. 1b). Zn2�

binding is essential for function (30). The substrate-binding
pocket can accommodate six amino acid residues (P4–P2�)
(Fig. 2a). However, cleavage efficiency is best when substrates
include 10 amino acid residues (P6–P4�) (31), suggesting that
interactions of the substrate with the surface of NS3 occur.

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM089001. This is the first article in the Thematic Minireview Series
on Hepatitis C Virus. This minireview will be reprinted in the 2010 Minire-
view Compendium, which will be available in January, 2011.
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Protease activity requires a catalytic triad (Ser-139, His-57, and
Asp-81) and an oxyanion hole (backbone amides of Gly-137
and Ser-139) (Fig. 1b). The NS4A cofactor contributes to the
proper positioning of the catalytic triad and the substrate (32),
thus explaining its role in catalytic efficiency and substrate
specificity.
Similar to other viral proteases, NS3 protease substrates are

defined by multiple amino acid residues, not just those at the
scissile bond (P1–P1�). The consensus cleavage site has cysteine
and serine at the scissile bond (Fig. 2a). Studies in vitro with
peptides have shown that cleavage at the NS5A/NS5B junction
is at least an order ofmagnitudemore efficient than observed at
other sites, including the NS4B/NS5A junction, which also has
cysteine and serine at the scissile bond (31). This observation is
consistent with the existence of multiple determinants of sub-
strate recognition. All of the studies that have evaluated the
substrate specificity of NS3 protease quantitatively have used
steady-state kinetics and parameters such as kcat, Km, and

kcat/Km to define this specificity.
The general assumption for serine
proteases is that kcat reports on for-
mation of the acyl-enzyme interme-
diatewith amides, i.e. release of both
product peptides is fast relative to
formation of this intermediate (33).
It is worth noting that seminal stud-
ies by De Francesco and co-workers
showed that some Pn-P1 product
peptides exhibit substantial inhibi-
tory activity that can be increased by
amino acid substitution (34). There-
fore, it is possible that the affinity of
theNS3 protease for theN-terminal
product peptide may alter the rate-
limiting step in the steady state.
Changes in rate-limiting steps such
as these have substantial contrain-
dications for the use of steady-state
kinetics alone to understand sub-
strate specificity of HCVNS3 prote-
ase. The addition of pre-steady-
state kinetic analysis to the study of
NS3 substrate specificity may be
warranted but has never been
reported.
The catalytic/chemical mecha-

nism of NS3 protease-catalyzed
cleavage of peptide bonds is likely
identical to that observed for other
serine proteases (33, 35) based on
the conservation of the catalytic
triad (Fig. 2b). His-57 is predicted to
serve as a general base to activate
the Ser-139 nucleophile. The pKa
value for His-57 is elevated to the
level required to deprotonate
Ser-139 by hydrogen bonding to
Asp-181, which likely also exhibits

an elevated pKa value. Once substrate binds, nucleophilic
attack of the carbonyl carbon of the scissile bond by Ser-139
leads to formation of a tetrahedral intermediate containing an
oxyanion (Fig. 2b) that is stabilized by the oxyanion hole of the
enzyme (Fig. 1b). Collapse of the tetrahedral intermediate pro-
duces an acyl-enzyme intermediate and the N-terminal prod-
uct peptide. Dissociation of this product peptide permits bind-
ing of water, hydrolysis of the acyl-enzyme intermediate, and
production of the C-terminal product peptide. Dissociation of
this product resets the system for another round of catalysis.
Antagonism of Innate Immunity—Pathogen-associated mo-

lecular patterns (PAMPs), such as pathogen-specific nucleic
acids, proteins, carbohydrates, and lipids, are recognized by
pathogen recognition receptors (PRRs). Toll-like receptors
(TLRs) are PRRs that are located on the cell surface and recog-
nize extracellular PAMPs, although some TLRs are capable of
detecting intracellular PAMPs. Most intracellular PAMPs are
detected by retinoic acid-inducible gene I (RIG-I)-like recep-

FIGURE 1. a, location of the NS3-coding sequence in the HCV genome. The cis-acting elements in the NTRs are
shown. The asterisk indicates the microRNA-122-binding site. Full-length NS3 protein is located from amino
acids 1027 to 1658 of the polyprotein of the genotype 1b consensus sequence (NCBI accession number
AJ238799) (2). IRES, internal ribosome entry site. b, structure of the NS3 protease domain in complex with the
NS4A cofactor and substrate peptide. The crystal structure (Protein Data Bank code 1A1R) of the N-terminal
protease domain (red) in complex with the NS4A peptide cofactor (purple) is rendered as a ribbon (28). The
polypeptide containing the NS3/NS4A junction, corresponding to positions P4 –P2�, was modeled into
the active site of the NS3 protease and shown as surface (gray); the sequence of the peptide is shown next to
the structure. The polypeptide model, starting with its primary sequence, was constructed in-house. The
expanded views highlight the catalytic triad, the oxyanion hole, and the zinc-binding site. The lower left
expanded view displays the interactions of the catalytic triad (His-57, Asp-81, and Ser-139), rendered as ball-
and-stick, with the modeled peptide; black dashed lines represent the hydrogen bonds. The lower right
expanded view shows the oxyanion loop (positions 135–139), whose backbone nitrogen atoms play a role in
stabilizing the developing negative charge on the O� of Ser-139 during the peptide cleavage; the side chains
are drawn as sticks, and the oxyanion hole is highlighted by the blue shadow. The top expanded view shows the
side chains of the key residues (Cys-97, Cys-99, Cys-145, and His-149), depicted as sticks, that interact with the
metal ion (purple sphere). c, structure of the NS3 helicase domain in complex with ssDNA and ADP�AlF4

�. Coor-
dinates are from Protein Data Bank code 3KQL (89). The conserved motifs of RNA helicases are colored and
indentified by established Roman numeral designations (62, 89). The expanded view shows the ATP transition
state analog in the NTP-binding/catalytic site of the enzyme.
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tors, including RIG-I and MDA5 (melanoma differentiation
antigen 5). Once engaged, PRRs activate the innate immune
response by inducing expression of interferon (IFN)-�. Release
of IFN-� then causes an auto- and paracrine response that
includes activation of IFN-stimulated genes, the products of
which are effectors of the innate immune response.
In the case of HCV infection, viral RNA is sensed by two

mechanisms. The first requires TLR3, which may detect viral
RNA during entry and uncoating of the virion. The second
requires RIG-I, which is thought to detect cytosolic HCV RNA
and its replication intermediates. PRRs recognize a variety of
features associated with HCV RNA, e.g. the 5�-triphosphate
(36), double-stranded RNA associated with the NTRs (37), and
perhaps even single-stranded stretches like the polypyrimidine
tract (38).
Activation of TLR3 or RIG-I leads to activation (phosphory-

lation and dimerization) of IRF3 (interferon regulatory factor
3). Activated IRF3 translocates into the nucleus and transacti-
vates the IFN-� promoter. The signaling pathway from PAMP-
activated TLR3 to activated IRF3 requires TRIF (Toll/interleu-
kin-1 receptor resistance domain-containing adaptor-inducing
IFNprotein) (39). The signaling pathway fromPAMP-activated
RIG-I to activated IRF3 requires MAVS (mitochondrial antivi-
ral signaling protein) (40). MAVS is also known as IFN-� stim-
ulator protein 1 (41), virus-induced signaling adaptor (42), and
Cardif (43).
HCV infection is capable of blocking IRF3 activation in re-

sponse to PAMP engagement by TLR3 and RIG-I (17, 19, 44,
45). This antagonism of the innate immune response is medi-

ated by the NS3 protease activity
(17–19, 44, 45). Both TRIF and
MAVS are substrates forNS3 prote-
ase (17–19, 44, 45). As shown in Fig.
2a, both proteins are cleaved after a
cysteine residue as observed for
most NS3 protease substrates. Sim-
ilarities beyond the P1 position are
also apparent (Fig. 2a).
Inhibition, Inhibitor Resistance,

and the Substrate Envelope Hypoth-
esis—The significant experience of
the pharmaceutical industry in devel-
oping clinically useful inhibitors of
human immunodeficiency virus pro-
tease (HIVPR) led very early on to the
development of antiviral programs
targeting NS3 protease activity.
These early investments have filled
the pipeline with numerous com-
pounds that are at various stages
of clinical development. Although
NS3 protease andHIV PR have sim-
ilar roles in the viral life cycle
(polyprotein processing), NS3 pro-
tease also antagonizes activation
of the innate immune response.
Therefore, inhibition of NS3 prote-
ase activity will not only decrease

the efficiency of viral replication but will also restore, at least
partially, the innate immune response in HCV-infected cells.
Most NS3 protease inhibitors are competitive with the sub-

strate and thus target the substrate-binding site (Fig. 3a). The
earliest inhibitors were based on product peptides (46). Efforts
to remove reactive groups and create molecules with enhanced
pharmacological properties led to the development of macro-
cyclic compounds (Fig. 3b), and it was this class of compounds
that were used in the first proof-of-concept clinical studies (47).
Although these initial macrocyclic compounds were never
approved, newmacrocyclic compounds are currently in clinical
trials (48, 49). A second class of compounds that are showing
promise in clinical trials are linear peptide-like molecules that
introduce an electrophilic �-ketoamide group at the scissile
bond with which the catalytic serine can react to form a cova-
lent bond that is reversible (Fig. 3b) (50, 51).
Themajor complication for the development of therapeutics

targeting activities encoded by RNA viruses is the development
of drug-resistant mutants. Given the high mutation rate and
large size of RNA virus populations, essentially every single
non-lethal amino acid substitution possible will be present at
the start of drug therapy. Mutants capable of replicating in the
presence of the drug will then be rapidly selected. As antici-
pated, this scenario has played out for inhibitors of NS3 prote-
ase activity (52). Numerous positions of NS3 protease have
been shown to contribute to resistance in cell culture and in the
clinic. Many of the positions confer resistance to both macro-
cyclic and linear inhibitors. Amino acid residues of NS3 prote-
ase linked to drug resistance are shown in Fig. 3c. Many of these

FIGURE 2. a, NS3 protease-dependent cleavage sites: P6 –P4� residues of cleavage sites present in the HCV
polyprotein and cellular proteins required for activation of the innate immune response. b, NS3 protease
catalytic/chemical mechanism. See text for details.
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residues are actually quite far (7–8 Å) from the substrate-bind-
ing pocket (Fig. 3c).
Studies of HIV PR have provided substantial insight into

mechanisms of resistance and strategies to increase the barrier
to resistance (53, 54). Schiffer and co-workers have put forward
a very thought-provoking hypothesis for the apparent low bar-
rier to resistance observed for HIV PR inhibitors. They refer to
this hypothesis as the “substrate envelope hypothesis.” The fun-
damental tenet is that the inhibitor envelope (van der Waals
surface of the inhibitor) exceeds the substrate envelope. There-
fore, residues of HIV PR that confer tight binding of the inhib-
itor need not contribute to substrate binding. Amino acid sub-
stitutions at positions that are not essential for substrate
binding would lead to drug-resistant proteases and viruses that
are not debilitated for function. Additional second-site substitu-
tions could then restore any fitness loss associated with the initial
substitution.Apredictionof thishypothesis is thatby constraining
the inhibitor envelope to that of the substrate, the barrier to resis-
tance should be increased because loss of interaction with the
inhibitor should now correspond, minimally, to interference with
substrate binding. Initial studies testing the substrate envelope
hypothesis have supported the hypothesis (55).
Nalam and Schiffer (56) and Romano and Schiffer (57) have

further shown that the low barrier to resistance observed for
HCV NS3 inhibitors likely relates to the fact that the inhibitor
envelope exceeds the substrate envelope.4 The substrate enve-

lope for an NS3/NS4A junction peptide is shown in Fig. 3c.
Again,many amino acid residues involved in drug resistance do
not interact directly with the substrate. When the positions of
inhibitors are evaluated relative to this substrate envelope, the
inhibitor envelope is not coincidentwith the substrate envelope
(Fig. 3d). It is also evident from this figure how sites remote
from the substrate-binding site could lead to inhibitor resist-
ance without affecting substrate binding and/or cleavage and
therefore viral fitness. Application of the substrate envelope
hypothesis to the design of HCVNS3 protease inhibitors could
yield inhibitors with a high barrier to resistance.
NS3 Protease andTools to StudyHCV—In addition to being a

target for antiviral therapy, NS3 protease activity is being
exploited for the development of new assays to study viral infec-
tion in primary cell cultures (58), to perform live cell imaging
and analysis of individual infected cells (59), and to identify
inhibitors (60, 61). These new capabilities link localization,
activity, or function of a reporter to processing byNS3 protease
activity introduced into cells by infection.

NS3 Helicase

Nucleic Acid Binding and Oligomerization in Vitro—Heli-
cases are classified into superfamiles (SFs) based on sequence
homology, with SF1 and SF2 being the largest (62). NS3 is a
member of SF2. A thorough review on NS3 helicase (63) and
several excellent reviews on helicasemechanisms (64–67) have
recently been published. NS3 binds to DNA and RNA with an
equilibrium dissociation constant in the low nM range, a bind-
ing site size of 7–8 nt, and little or no reported cooperativity
(68). Binding to RNA and DNA, as well as unwinding of both
substrates, is enhanced at pH �6.5 (69). It is not known
whether the pH dependence observed in vitro has biological
significance, but it may indicate a unique environment within
the membranous web where HCV replication occurs (11).
NS3 interacts with itself in vitro to form large aggregated

structures, but it is not known whether oligomerization is bio-
logically significant (70). The active form of NS3 has been stud-
ied by several laboratories with different conclusions regarding
the active species including monomer (71–73), dimer (74, 75),
and oligomer (70). Evidence indicates thatmonomeric NS3 can
rapidly unwind RNA, albeit with relatively low processivity (73,
76). The NS3 helicase domain (NS3h), unlike NS3 or NS3/
NS4A, does not readily interact with itself (70). However, NS3h
unwinding activity is increased when multiple molecules bind
to the same DNA substrate molecule. This phenomenon is
referred to as functional cooperativity, which results from all of
the bound enzymes translocating in the same direction on the
tracking strand of the substrate (77).
Kinetic and PhysicalMechanism for DNA and RNAUnwind-

ing—Unwinding of duplexes of varying length has led to several
descriptors of the kinetic and physical constants associated
with helicases (78). Unwinding experiments reveal a distinct lag
phase, which can be interpreted to determine the kinetic step
size for unwinding, which is the number of base pairs unwound
prior to a rate-limiting kinetic step. The physical step size refers
to the number of base pairs unwound in a single physical step. A
helicase can unwind 1 bp at a time (physical step of one) but
then proceed through a slow conformational change that4 C. A. Schiffer, personal communication.

FIGURE 3. a, amino acid residues of the substrate-binding pocket of NS3 pro-
tease. Residues capable of interacting with a peptide substrate are shown.
Catalytic residues are underlined. b, examples of NS3 protease inhibitors. The
macrocyclic TMC435 (Protein Data Bank code 3KEE) (99) and linear boceprevir
(code 2OC8) (51) and telaprevir analog (code 2P59) (100) are shown. c, NS3
substrate envelope. The van der Waals surface of the NS3/NS4A junction pep-
tide (gray) is shown relative to amino acids implicated in drug resistance (yel-
low). d, inhibitors extend beyond the substrate envelope (same as in c but
showing the positions of the inhibitors). Inhibitor locations are based on crys-
tal structures (51, 99, 100).
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occurs every 3 bp, resulting in a kinetic step size of 3 bp. NS3
exhibits a surprisingly large kinetic step size of 18 bp (79). Tack-
ett et al. (80) were able to fit DNA unwinding of a 30-bp sub-
strate to only two kinetic steps, implying a kinetic step size of at
least 15 bp. Levin et al. (77) reported a 9-bp kinetic step size for
NS3h. Dumont et al. (81) used high resolution optical tweezers
to measure RNA unwinding and reported that NS3 melts RNA
with an 11-bp kinetic step size.
An explanation for the large kinetic step sizes must involve a

periodic slow step in the kinetic mechanism. Slow dissociation
of the displaced strand was proposed to account for the large
kinetic step size (73). NS3 binds more tightly to DNA or RNA
comparedwithNS3h, so the protease domainmay interactwith
the nucleic acid, perhaps by binding to the displaced strand.
Identification of residues that interact with the displaced strand
is now needed to test this hypothesis.
NS3 contains a number of highly conserved helicase motifs

that line the cleft between domains 1 and 2 or face into the
binding site for single-stranded DNA (ssDNA) (Fig. 1c). Struc-
ture-function studies have led to a description of the role for
many of these motifs in ATP binding and hydrolysis or interac-
tion with nucleic acid (82, 83). The first structure of NS3h
bound to ssDNA led to a proposed inchworm model for
unwinding activity (84). Translocation of the helicase was sug-
gested to result from movement of domains 1 and 2 relative to
one another as a function of ATP binding and hydrolysis. The
inchwormmechanism for other helicases has received support
from structural (84–87) and biochemical (88) studies.
The proposed inchworm model for NS3h was further sup-

ported by recent structures of NS3h co-crystallized with ATP
analogs and ssDNA (Fig. 4, a and b) (89). The ATP analog

ADP�BeF3mimics the ground state of ATP, whereas ADP�AlF4�
mimics the transition state for ATP hydrolysis. Two amino
acids of particular importance to the mechanism are Trp-501
and Val-432, which form “bookends” for the tracking strand of
ssDNA bound in the active site of the enzyme. Trp-501 stacks
with a base at the 3�-end of the ssDNA, whereas Val-432 inserts
between bases on the 5�-end of the ssDNA (Fig. 4c). Five nt of
the tracking strand are bound to the enzyme between the book-
end residues in the absence of ATP.When bound to ADP�BeF3,
NS3h undergoes a conformational change, with domains 1 and
3 rotating in the 5�-direction and closing with domain 2 (Fig.
4b). Domain movement results in 1 nt sliding outside the bind-
ing site at the position of Trp-501, leaving only 4 nt between the
bookend residues. The structure of NS3h in the presence of the
ATP transition state analog ADP�AlF4� illustrates intradomain
movements that accompany the domain rotations. The net
effect of these molecular motions is to rearrange interactions
with nucleotides that ensure unidirectional movement along
the binding track (Fig. 4c). ATP hydrolysis is proposed to
release the closed conformation, allowing domain 2 to move in
the 5�-direction by 1 nt. The net result is movement of 1 nt per
ATP hydrolyzed (Fig. 4d). Key to this mechanism is that Val-
432 and additional contacts from domain 2 hold the 5�-end of
the ssDNA in place during movement of domains 1 and 3,
whereas stacking of Trp-501 and additional ssDNA contacts
hold the 3�-end of the ssDNA while domain 2 moves forward.
Changing Trp-501 or Val-432 to alanine greatly reduces DNA
unwinding activity, consistent with the inchworm mechanism
(83). Movement of the DNA through the active site has also
been proposed to be driven in part by electrostatic repulsion
between theDNAand a glutamate residue (Glu-493) thatmain-
tains an unusually high pKa value (90).

An alternative mechanism to the inchworm model is the
Brownian ratchet mechanism, in which NS3 diffuses along the
DNA as a result of ATP-dependent cycling between tight and
weak binding states (91). In the weak binding state, ATP binding
causes the enzyme to have reduced affinity for ssDNA. Brownian
motion allows the enzyme to slide forward or backward in the
weakly bound state.Movement in the 3�-to-5�-direction is favored
owing to the ratchet effect presumably due to Trp-501, which
reduces the probability of the enzyme sliding backward.
Another region ofNS3 that is critical for unwinding is a�-hair-

pin that extends fromdomain 2 (Fig. 1c). This has been referred to
as thePhe loopdue to twoconservedphenylalanine residues in the
turn of the hairpin (92). The role of the hairpin was inferred from
thestructureof thearchaealSF2helicaseHel308,whichwassolved
in the presence of a single-stranded/double-stranded DNA junc-
tion (93). Thepin appears to serve as awedge that splits theduplex
DNA. A recent report for the SF1 helicase RecD2 showed that
removal of the corresponding pin domain abolished double-
stranded DNA unwinding without affecting DNA-stimulated
ATPase activity (94). Hence, a likely role for the �-hairpin (Phe
loop) is to separate the incoming duplex.
Data from single-molecule fluorescence resonance energy

transfer experiments support a 3-bp step size in a “spring-
loaded” mechanism for NS3 (72). The 3-bp physical step size
was determined to include smaller 1-bp steps that are likely
associated with one ATP hydrolysis event. These data led to a

FIGURE 4. a, structure of NS3h in complex with ssDNA. Coordinates are from
Protein Data Bank code 3KQH. Domains 1, 2, and 3 are colored blue, green, and
yellow, respectively. b, movement of domain 2 during ATP hydrolysis. Coor-
dinates are from code 3KQL, the NS3h-ssDNA-ADP�AlF4

� complex. c, amino
acid residues required for translocation (ribbon diagram of the structure
shown in b highlighting the position of Val-432 and Trp-501 relative to nucleic
acid). d, model for translocation and unwinding by NS3 invoking a 1-bp phys-
ical step size (84, 89). Domain colors match those in A, and the base stacked
with Trp-501 is indicated in red. ATP binding leads to movement of domains 1
and 3 in the 3�-to-5�-direction along the tracking strand, leading to 1 nt
emerging from the ssDNA-binding site. ATP hydrolysis leads to movement of
domain 2, resulting in melting of 1 bp and returning the enzyme to its initial
state. This schematic does not depict all of the possible enzyme states that must
occur along the reaction pathway. For example, more subtle conformational
changes, transition states for ATP hydrolysis, and intermediate states with ADP
and Pi bound must occur but are not shown for clarity. A similar model invoking a
1-nt substep and a 3-bp unwinding step has been proposed (72).
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proposed variation of the inchworm mechanism whereby
domains 1 and 2move along theDNAstrandby 1nt for eachATP
hydrolyzed, whereas domain 3 remains anchored to the DNA
through its tight interaction via Trp-501. Domain 3 was proposed
to spring ahead after building up strain in the enzyme, resulting in
the unwinding of 3 bp andproviding an explanation for the single-
molecule fluorescence resonance energy transfer data.
Progress has been made in determining the specific step in the

kinetic mechanism that limits duplex unwinding. The rate of
phosphate release after ATP hydrolysis occurred at the same rate
as the rate of unwinding of a 9-bp RNA duplex, suggesting that
phosphate release may contribute to the rate-limiting step (95).
Recently, theATPasekinetic cycleof theDEADboxproteinDbpA
showed that one ATP hydrolysis event leads to unwinding of an
8-bp duplex (96). For this enzyme, the release of RNAoccurs after
ATP hydrolysis but prior to phosphate release.
Although RNA is the biological substrate for NS3 helicase,

the enzyme exhibits robust DNA binding and unwinding activ-
ities. NS3 has been found in the nuclei of liver cells in patients
infected withHCV (97). To date, no direct connection has been
made between the DNA unwinding activity of NS3 and the
pathobiology of HCV.
Inhibitors of NS3 Helicase Activity—No inhibitors of NS3

helicase activity have entered clinical trials. The helicase has
not been found to recognize anRNAsequence or structurewith
high specificity, which is in contrast to the active site of theNS3
protease. Therefore, it may be difficult to find molecules that
bind to the active site of NS3 and that do not exhibit cross-
reactivity with the myriad other cellular helicases whose active
sites are similar to that ofNS3.High throughput helicase assays,
such as those with hairpin-forming molecular beacons, may
enable discovery of specific inhibitors (98). Structure-based
approaches might also yield success based on new structures
that reveal different conformations of the protein (89). Finally,
disruption of protein-protein interactions between NS3 and
other HCV structural or non-structural proteins may impair
HCV replication.
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Hepatitis C virus is a blood-borne virus that typically estab-
lishes a chronic infection in the liver, which often results in cir-
rhosis andhepatocellular carcinoma. Progress in understanding
the complete virus life cycle has been greatly enhanced by the
recent availability of a tissue culture system that produces infec-
tious virus progeny. Thus, it is now possible to gain insight into
the roles played by viral components in assembly and egress and
the cellular pathways that contribute to virion formation. This
minireview describes the key determining viral and host factors
that are needed to produce infectious virus.

HCV3 possesses a positive-sense single-stranded RNA
genome of�9.6 kb in length flanked by 5�- and 3�-untranslated
regions that are involved in both replication and translation
(1–5). The genome contains a single open reading frame encod-
ing a polyprotein of �3000 amino acids (6), which is cleaved by
cellular and virus-encoded proteases to yield 10 mature viral
proteins that are arbitrarily divided into the structural and non-
structural proteins (Fig. 1). Prior to 2005, the structural and
non-structural proteins could be considered as two distinct
functional units; the structural proteins provided physical
virion components, whereas the non-structural proteins (with
the exception of NS2) were essential for HCV RNA replication
(7, 8). Determining the factors needed for viral RNA replication
was revolutionized by development of tissue culture systems
that supported de novo HCV genome synthesis. By contrast,
later stages of the virus life cycle, including virion assembly and
release, were not amenable to detailed study because efficient
production of infectious virus particles in cell culture was not
possible. However, the publication of reports in 2005 demon-
strating that genome-length RNA from a genotype 2a HCV
strain termed JFH1 could produce infectious virus in cell cul-
ture (9, 10) opened a new era for investigating the mechanisms
responsible for HCV particle assembly and release. Along with
JFH1, studies using chimeric derivatives encoding structural

proteins from other HCV genotypes (discussed below) estab-
lished roles for several non-structural proteins in the produc-
tion of infectious virus (11–17). Hence, HCV-encoded proteins
can no longer be strictly separated by roles in either assembly or
RNA replication because some proteins facilitate both pro-
cesses (Fig. 1). Perhapsmore importantly, isolation of JFH1per-
mitted analysis of the essential contribution of host cell factors
to virus production. Here, we summarize the current under-
standing of assembly and egress of infectious HCV particles.

Outline of HCV Assembly and Release

HCV RNA replication occurs at specialized sites on the ER
membrane termed the membranous web (18–20). Initiation of
virion assembly is thought to require release of replicated
genomes from such sites to allow contact with core protein,
which forms the virion capsid. Because core is located on the
cytosolic side of the ER membrane, assembly probably initiates
in the cytosol before further maturation, and release occurs by
transfer of nascent particles across the ERmembrane to enable
access to the secretory pathways in hepatocytes. Thus, produc-
tion of infectious HCV can be broadly considered as two inter-
connected processes: an initiation phase, which occurs on the
cytosolic side of the ERmembrane, followed bymaturation and
release on the lumenal side of the ER membrane. However,
placing the function of viral and/or host factors in either one of
these stages of virion formation is not absolute because visual-
ization of assembly intermediates remains problematic. Several
studies have identified cytosolic storage organelles, termed
LDs, and the VLDL assembly pathway that occurs in the ER
lumen asmajor contributors from the host cell to virion assem-
bly (Fig. 2). For presentation purposes, we have therefore sepa-
rated HCV virion production into three stages: (i) an initial
phase of assembly at LDs, (ii) the contribution made by viral
factors that probably takes place after assembly has begun, (iii)
and events on the lumenal side of the ER membrane where
there is engagement with the VLDL assembly pathway to facil-
itate virion maturation and egress.

Initial Phases of HCV Virion Assembly

Association of Core with LDs: A Scaffold for Virus Assembly?

Early stages of HCV assembly are thought to require inter-
action of the viral core protein with LDs, the intracellular
storage sites for triglycerides and cholesterol esters (21).
During translation of the HCV polyprotein, the mature form
of core is generated by sequential cleavage events at the ER
membrane by signal peptidase and signal peptide peptidase,
enabling trafficking of the protein to LDs (22–24). Mature
core can be divided into two domains (D1 and D2), and it is
the D2 domain that mediates the core-LD association (25).
D2 contains two amphipathic �-helices that are separated by
a hydrophobic loop (26). Hydrophobic residues within each
helix are likely to interact with the phospholipid layer sur-
rounding LDs because mutation of amino acids on the
hydrophobic face of these helices can abolish the association
between core and LDs (26).
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The above observations were deduced prior to availability of
a tissue culture system that produced infectious progeny. From
studies with strain JFH1, it is now clear that association of core
with LDs is essential for infectious HCV production because
mutations in D2 that disrupt the core-LD interaction also pre-
vent virus release (27, 28). Time course experiments indicate
that core progressively coats the surface of LDs, and this proc-
ess coincides with rises in virus titer (27). Interestingly, single
amino acid changes inD2 can also enhance production of infec-
tious virus, an effect that may be linked to the strength of bind-
ing of core to LDs (29). Impairing signal peptide peptidase
cleavage lowers infectious virus levels, thus providing further
evidence that the interaction of fully mature core with LDs is
critical for virus production (30, 31). Extensivemutational anal-
ysis across the length of core has identified numerous residues
that are important for generating infectious virions (32). Al-
though these mutants were not examined for their ability to
target LDs, this approach demonstrated that many residues
within core contribute to HCV assembly.
Visualization of HCV particles within cells has proven diffi-

cult, and the question regarding the extent of virion assembly
that occurs at LDs remains unanswered. HCV-LP budding has
been observed by expressing core, E1, and E2 with a Semliki
Forest virus replicon vector (33–35). HCV-LPs were found at
ER membranes located close to LDs, but few particles were
observed on LDs (36). Spherical virus-like particles, recognized
by core- and E2-specific antibodies and associated with ER
membranes, have been found in close proximity to LDs in cells
producing JFH1 virions (28), in agreement with the data
obtained usingHCV-LPs. Therefore, it is likely thatHCV virion

assembly is dependent on an interaction not only with LDs but
also with the ER membranes surrounding these organelles.

Convergence of HCV RNA Replication Sites with Sites of Virus
Assembly

If assembly of virus particles initiates at LDs, then it is logical
that viral RNA interacts with core protein, which forms the
virion capsid, at this stage. HCV RNA is synthesized by RCs,
contained within the membranous web that is derived from
altered ER membranes (18, 19). RCs contain the components
necessary for RNA replication, including non-structural pro-
teins, viral RNA, and a growing list of cellular factors (19,
37–41). Because RCs are embeddedwithin ERmembranes, this
raises the question as to how replicated RNA molecules are
transported from these sites to LDs to enable interaction with
core. Available data indicate that non-structural proteins are
recruited to the surface of LDs in cells producing infectious
virus (28). Thus, RCs may be transported to LDs, aiding the
transfer of RNA to core for packaging. Current evidence indi-
cates that NS5A is integral to this process.
NS5A is composed of three domains (DI–DIII), the first two

of which are essential for replication of HCV RNA, whereas
DIII is dispensable for this process (42, 43). However, both DI
andDIII contribute to particle production, although perhaps by
distinct mechanisms. Mutations in DI prevent interaction of
NS5A with LDs and, moreover, abolish association of other
non-structural proteins and viral RNA with these organelles
(28). Thus, DI of NS5Amay possess a LD-binding capacity that
is crucial for the trafficking of viral RCs and RNA to LDs for
virus production. By contrast, NS5A containing mutations in
DIII retains the ability to traffic to LDs but does not rely on the
presence of core protein on LDs for association with the
organelles (43). These data suggest that DI is essential for LD
association, whereas DIII could be responsible for interaction
between NS5A and core on LD surfaces. Supportive evidence
for such an interaction comes from studies on mutations in
NS5A at a cluster of serine residues in DIII; converting three
closely spaced serine residues to alanine or removing a segment
of DIII including these amino acids almost abolished interac-
tion with core (44). Phosphorylation of the serine residues,
which may be catalyzed by casein kinase II (45), appears to
contribute to the interaction of NS5Awith core (44). Critically,
release of infectious virus was either dramatically reduced or
abolished for these NS5A mutants (44, 45). Thus, recruitment
of NS5A to LDs to enable interaction with core appears to be
essential for virion assembly and may represent one of the ear-
liest events in the pathway.
From the above evidence, association of RCswith LDs occurs

in a core- and NS5A-dependent manner. However, it does not
explain the processes that allow sites of genome replication to
converge with LDs to enable core-NS5A interactions. One pro-
posed hypothesis derives from a clustering of LDs, which is
induced by core, at the periphery of the nucleus (46). The
change in LD distribution relies on an intact microtubule net-
work and coincides with displacement of adipocyte differenti-
ation-related protein by the HCV core. Adipocyte differentia-
tion-related protein is the major cellular protein found on
droplet surfaces (47), and its removal by core appears to pref-

FIGURE 1. Schematic representation of the HCV genome. The single open
reading frame encodes 10 viral proteins that are divided into the structural
(core, E1, and E2; shown in blue) and non-structural (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B; shown in green) regions. The small peptide p7 is currently
unassigned into either category (shown in yellow). The open reading frame is
flanked by untranslated regions (UTR) at the 5� and 3� termini that are
involved in both replication and translation. Following translation, the viral
polyprotein is processed by two cellular protease activities, signal peptidase
(SP; black arrow) and signal peptide peptidase (SPP; gray arrow), to yield core,
E1, E2, and p7. Two virus-encoded proteases, the NS2-NS3 autoprotease
(orange arrowhead) and the NS3 serine protease as a complex with NS4A
(purple arrowhead), generate mature proteins from the NS2–NS5B region.
Core, E1, and E2 provide physical components of the virion. p7 and NS2
appear to function exclusively in and are essential for virus assembly (red
stars). NS4A and NS5B (black circles) are critical for viral RNA replication, but
there are no reports suggesting that either protein is required for generation
of infectious progeny. NS3, NS4B, and NS5A have dual functions in viral RNA
replication and particle production (blue diamonds).
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erentially direct LDs toward the nucleus (46). This process may
concentrate core-coated LDs in proximity to RCs, thereby
enhancing the likelihood of assembly events. Another hypo-
thesis suggests that RCs are transported on the microtubule
network, which may be mediated by interaction of NS3 and
NS5A with tubulin and actin (48).

Post-initiation Phase: Participation of Other Viral
Proteins in Assembly

Events following Recruitment of Core and NS5A to LDs

As described above, core andNS5A apparently act in concert
to connect assembly sites with those of RNA synthesis, and

core-coated LDs may provide the
scaffold for early stages in the
assembly pathway. However, it is
now apparent that other HCV-en-
coded proteins, including p7 (11,
14–16), NS2 (12–15, 49, 50), NS3
(14, 51, 52), and NS4B (17), contrib-
ute to the production of infectious
virions. These studies have revealed
that HCV assembly is a complex
multistep process with the non-
structural proteins participating at
different stages in the assembly
pathway (summarized in Fig. 2).
The involvement of each of the
non-structural proteins is out-
lined below.
p7—p7 is a small hydrophobic

peptide that forms oligomers in
vitro and exhibits cation channel
activity in artificial membranes (53,
54). Although the protein has no
obvious function in HCV RNA rep-
lication (7), injection of viral RNAs
harboring p7 deletions into chim-
panzees does not establish produc-
tive infection (55), hinting at an
involvement in virus assembly or
release. Studies in tissue culture
cells have now formally demon-
strated that p7 is important for virus
production because viral RNA ge-
nomes containing mutations in the
gene or lacking its coding region do
not produce infectious particles (15,
16). Conversely, other p7 mutations
can enhance virus production (56),
and viral genomes harboring p7
sequences from different HCV geno-
types differ in their ability to gen-
erate virus (16). However, experi-
ments thus far have not identified
the stage in assembly that is depen-
dent on p7. Moreover, it is not yet
clear whether the cation channel
function of the protein is necessary

for producing infectious particles (55, 57). Thus, further analy-
ses are required to precisely define the stage at which p7 partic-
ipates in assembly and its mechanism of action.
More recently, it was suggested that p7 may be a physical

component of virions because culturing cells with infectious
supernatants in the presence of cation channel inhibitors par-
tially inhibited infection (58). However, the specific infectivity
of viruses harboring p7 mutations was unaffected in another
study (16). It therefore remains to be conclusively determined
whether p7 is a structural component of HCV particles.
NS2—Apart from functioning as an autoprotease, the role of

NS2 in the HCV life cycle was undefined because it is dispen-

FIGURE 2. Model for HCV virion assembly. Based on current evidence, assembly initiates on the cytosolic side
of the ER membrane (A), and complete maturation occurs in the ER lumen (B) prior to release from the cell. A, in
the early steps of assembly, core protein is targeted to LDs, where it coats the organelle surface. Viral RCs are
recruited to LD surfaces in a core- and NS5A-dependent manner to enable transfer of replicated RNA from RCs
for association with core to permit encapsidation of the genome. During this stage, NS3 is required for the
formation of fast-sedimenting core-containing particles, which are presumed to represent non-infectious
virions that will undergo further stages of maturation. B, late assembly steps involve the acquisition of a lipid
envelope and the incorporation of the E1 and E2 glycoproteins into virions. NS2 appears to confer infectivity to
virions, perhaps by mediating an interaction between glycoprotein complexes (E1 and E2) and immature
particles. During maturation, nascent virus particles combine with pre-VLDLs (produced by initial lipidation of
apoB by MTP), lipids in the form of lumenal LDs, and other lipoprotein components such as apoE to generate
LVPs. The stage at which p7 participates is unclear, and therefore, it has not been included in the model.
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sable for genome replication (7). Participation of NS2 in virus
assembly and release was first assumed through studies with
chimeric constructs as higher virus titers were produced by
positioning the site for joining chimeric genomes between the
first and second transmembrane domains of NS2 compared
with theNS2/NS3boundary (49). Further experiments utilizing
chimeric viruses lacking all or portions of NS2 have now for-
mally demonstrated that the protein is essential for virus pro-
duction (15). Although the NS2 protease domain is important,
its catalytic activity is seemingly dispensable for producing
infectious virions (15, 50). From studies with mutations intro-
duced at Ser-168, NS2 appears to act at a late stage of infectious
particle generation. Conversion of this residue to either alanine
or glycine (S168A/G) impairs detection of extracellular infec-
tious virus yet does not prevent generation of intracellular fast-
sedimenting core-containing particles reminiscent of those
produced by wild-type viruses (13). Furthermore, intracellular
core protein expressed from the S168A/G mutants accumu-
lates within cells (13), suggesting that NS2 is essential for a
post-assembly step that somehow confers infectivity to the
virion or allows the particle to proceed to late infectivity-induc-
ing stages, which can result in egress. A role for NS2 in a post-
assembly step is supported further by studies demonstrating
that (i) it does not have the same intracellular distribution as
core, (ii) it has limited association with NS5A, and (iii) it inter-
acts and colocalizes with the E2 envelope glycoprotein (13).
Thus, NS2 may play a role in bringing together glycoproteins
and nascent particles to form fully infectious HCV virions.
NS3—NS3 comprises a serine-type protease at the N termi-

nus and an RNA helicase/NTPase domain in the remaining
two-thirds of the protein. A connection between NS3 and
virion assembly was deduced using an intergenotypic chimera
encoding the NS3–NS5B region from JFH1 fused to the
core-NS2 segment from a genotype 1a strain, H77. This virus
(termedHJ3) gave robust RNA replication but yielded no infec-
tious virus (14, 52). However, infectious progeny was detected
following the appearance of a compensatory mutation (Q221L)
that lies close to theN terminus of the helicase/NTPase domain
(14, 52). HJ3 genomes containing and lacking the Q221Lmuta-
tionwere capable of recruiting core, NS5A, andNS3 to LDs, yet
intracellular infectious particles could be detected only in the
presence of the compensatory mutation (52). Moreover, the
absence of theQ221Lmutation prevented assembly of core into
high density fast-sedimenting particles (52). Hence, NS3 is
important for a stage in virus assembly after the interaction
between core andNS5A at LD surfaces but prior to assembly of
core-containing particles. It is likely that Q221L corrects an
incompatibility between the proteins of different HCV geno-
types at sites of critical protein-protein interactions required
for virus particle assembly. This incompatibility may exist
between NS3 and the C terminus of NS2 because (i) Q221L
enhances virus production from HJ3 when the entire NS2
region is derived from H77, but not from a similar chimera in
which theC-terminal portion ofNS2 originates from JFH1 (52),
and (ii) Q221L rescues particle generation from a virus with an
NS2-mediated assembly defect (12). Other mutations that
enhance production of infectious virus have been mapped

within the helicase domain of NS3 (51), providing further evi-
dence that this region provides a key role in particle assembly.

Genetic Interactions between HCV Proteins

As alluded to above, JFH1 and chimeric HCV genomes have
proven valuable for providing insight into genetic associations
that are necessary for virus production. Multiple passaging of
replicating viruses that produce lower or no infectious virus
usually leads to selection of compensatorymutations elsewhere
within the genome that rescue virus production. These com-
pensatory mutations offer clues regarding protein-protein
interactions that are important for particle generation. An
example is the possible interaction between the NS3 helicase
domain and NS2, as discussed above. Other interactions have
been proposed using this method. For example, virus produc-
tion was abolished or substantially reduced in cells replicating
chimeric viral RNA by mutating blocks of amino acids within
D1 of core (32). However, infectivity was rescued by compen-
satory mutations within p7 (F26L/S), NS2 (A67P), and NS3
(T179A) (32). Importantly, the p7mutations had little effect on
virion production when introduced into a virus that did not
contain the original core mutations, implying that mutation at
residue 26 in p7 restores an interaction between core and p7
that is critical for assembly. By contrast, the NS2 mutation
enhanced virus release even in the absence of the core muta-
tions (32). These data suggest that mutation at this position
may generally enhance infectivity.
Other studies indicate that NS2 may interact with several

other proteins involved in virus production. Compensatory
mutations within NS5A can rescue the detection of infectious
particles from viral genomes harboring deleterious NS2 muta-
tions (13). In a separate study, several NS2mutant viruses could
be rescued by other compensatory mutations, most notably
within NS3 and the E1 glycoprotein (12). Intriguingly, NS2
mutants that could be rescued by changes within NS3 could
not be restored by the E1 compensatory mutation, whereas the
opposite phenotypewas found for viruses containing otherNS2
mutations (12). Therefore, opposing epistatic interactions
seemingly occur between E1, NS2, andNS3. The significance of
these findings is not yet known. Finally, a single amino acid
change within NS4Bmodestly enhances virus production from
cells replicating JFH1 RNA (17). Importantly, the same muta-
tion decreases infectious virus titers from the chimeric virus
J6-JFH1 (containing the core-NS2 region from genotype 2a
HCV strain J6 and JFH1 NS3–NS5B coding sequence). Such
results suggest that NS4B, previously implicated only in viral
RNA synthesis, may interact with other viral factors to modu-
late assembly. Thus, it is becoming increasingly clear that a
complex set of viral protein-protein interactions is essential for
and contributes to generating infectious virus (summarized in
Fig. 3).

Packaging of the Viral Genome

No conclusive data are available for the events that direct
packaging of the viral genome within the capsid. Presumably,
one of the first stages is transfer of viral RNA from replication
sites to core on the surface of LDs. Transfer may involve NS5A
because structural analysis of DI of NS5A indicates the pres-
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ence of a groove formed by dimers of the domain that could
accommodate RNA (59). Although the D1 region of core con-
tains a high proportion of positively charged residues (25), the
lack of extensive structural data for the domain prevents devel-
opment of similarmodels for interaction sites between core and
RNA. Moreover, there is no available evidence for a specific
signal or motif in the genome that promotes packaging. From
studies with trans-encapsidation systems, the core-NS2 region
does not apparently contain any cis-acting packaging signals
because only RNA encoding the NS3–NS5B replicase unit is
encapsidated (60–63). Although the occurrence of specific
packaging elements in the viral genome cannot be excluded, it
is possible that encapsidation relies on protein-protein rather
than protein-RNA interactions (63).Moreover, there is consid-
erable plasticity in the length of RNA sequence that can be
packaged because expanding the genome size by incorporating
coding sequences for foreign genes does not abolish virion pro-
duction (64, 65).

HCV Maturation and Release

HCV and Lipoproteins: The Lipoviroparticle

Currently, it is believed that maturation and release of HCV
virions coincide with the pathway for producing VLDLs, which
export cholesterol and triglyceride from hepatocytes (Fig. 2)
(66). In infected individuals, circulating virus particles are com-
plexed with VLDLs and have been termed LVPs (67–69). LVPs
display low to very lowbuoyant densities ranging from�1.03 to
�1.25 g/ml (9, 10, 67, 68, 70). By contrast, intracellular infec-
tious particles, which are isolated from cells by multiple freeze/
thaw cycles, have higher densities (71). This difference in den-
sity between intracellular and extracellular viruses suggests that
association between virions and lipids may represent a matura-
tion event during egress. LVPs are triglyceride-rich and contain
viral RNA, core protein, and the VLDL structural components
apoB and apoE (67, 72). In addition to secreted virions, the ER
membrane-derived vesicles inside which HCV RNA synthesis
occurs also contain apoB and apoE as well as MTP (73, 74), a

factor required for VLDL assembly (see below). Hence, an
interaction between HCV and VLDL assembly components
may occur before or during initial phases in virus assembly. In
support of this notion, recent data reveal a specific interaction
between NS5A and apoE (75, 76). Indeed, it is possible that
NS5A interacts with apoE within RCs, thereby facilitating
transport of the lipoprotein to LDs coated with core for inclu-
sion in virion assembly. Such a mechanism may serve to direct
nascent particles containing the HCV core and RNA into the
VLDL assembly pathway for subsequent maturation before
egress.

HCV and the VLDL Assembly Pathway

Given the association between HCV and pathways that
release lipid from hepatocytes, recent studies have focused on
whether abrogating VLDL assembly would interfere with
release of infectious virus. VLDL assembly apparently occurs in
two distinct stages. In the first stage, MTP lipidates apoB, cre-
ating a lipid-poor pre-VLDL species (77). Subsequent stages in
VLDL assembly are obscure but are thought to involve fusion of
pre-VLDLs with triglyceride droplets derived from LDs that
most likely originate on the cytosolic side of the ERmembrane.
This process is thought to require apoE (78). Because of the
clear importance of apoB, apoE, and MTP in VLDL assembly
and secretion, the contribution of the lipoprotein pathway to
HCV egress has been tested by targeting these factors. How-
ever, experiments have yielded conflicting results. Data from
two studies reported reduced infectious virus titers from cells
treated with anMTP inhibitor without any effect on viral RNA
replication (73, 74). Intracellular infectivity levels were also
reduced, suggesting that MTP activity is required for HCV
assembly as well as secretion (73). In these studies, small inter-
fering RNA-mediated reduction of apoB levels inhibited secre-
tion of virus particles (73, 74) and was deemed to be a rate-
limiting factor for HCV assembly (73). Furthermore, secretion
of the E1 and E2 glycoproteins was reduced by treating cells
with an MTP inhibitor using an in vitro model (79). Collec-
tively, these results suggest that virus particle release is depen-
dent upon VLDL production and secretion. However, recent
data have indicated that apoE is crucial for virus assembly and
release, whereas apoB levels and MTP activity have little or no
influence (72, 75, 76). Here, small interfering RNAs targeting
apoE diminished both intracellular and extracellular infectious
titers, whereas those specific for apoBhadno appreciable effect.
Additionally, MTP inhibitors blocked apoB secretion without
preventing apoE/virus release, although higher inhibitor con-
centrations resulted in lowered virus titers that mirrored the
effects of repressed apoE secretion (76). It has been proposed
that toxicity and high inhibitor concentrations led to previous
results that identified the involvement of apoB and MTP with
HCVassembly and release. Thus, there is agreement thatVLDL
assembly is needed for release of infectious HCV, but the role
of specific factors in VLDL production remains a subject of
debate.

Other Cellular Pathways Implicated in HCV Release

Recent data have implicated processes governing endosome
formation as another cellular pathway involved in particle

FIGURE 3. Interactions between viral proteins that occur during virion
assembly. Black arrows indicate genetic interactions between viral compo-
nents that have been identified by passaging viral genomes, which are defec-
tive in one gene (e.g. core), until compensatory mutations arise within other
coding regions that restore the generation of infectious progeny (e.g. p7). Red
arrows show core-NS5A, core-E1, and E1-E2 interactions that have been
determined experimentally. The blue arrow indicates colocalization between
NS2 and E2, but there is no available evidence for physical association
between the proteins.
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egress (80). Endosome formation depends upon several multi-
protein complexes termed ESCRTs, which function by incor-
porating target proteins into amultivesicular body for degrada-
tion (81). Subsequently, ATP hydrolysis by an oligomeric
protein called Vps4 dissociates ESCRTs from the multivesicu-
lar bodymembrane, which are then recycled for further rounds
of vesicle formation (82). Disrupting Vps4 function leads to
dysfunctional ESCRTs and formation of aberrant endosomes
(83). Interestingly, expression of dominant-negative forms of
ESCRT components andVps4 reduces production ofHCVpar-
ticles (80). These results suggest that participation of ESCRT
functions in viral egress, although it is unclear how endosomal
complexes are involved.
Recently, it has been established that HCV can be transmit-

ted directly from infected donor cells to uninfected recipient
cells (84, 85). Such a process is facilitated by seeding monolay-
ers at high density, which enables direct contact between cells.
The characteristics of virus particles that promote cell-cell
transmission are not known, although it does require the full
complement of viral proteins, including the E1 and E2 envelope
glycoproteins (84, 85). Moreover, cell-to-cell infection is
dependent on claudin-1, a cell-surface receptor that is neces-
sary for entry by cell-released virus (84). By contrast, CD81,
which also is essential for infection by secreted virus, is dispen-
sable for transmission of virus between cells (84, 85). Therefore,
it is not clear whether HCV virions are generated by several
pathways to allow infection by alternative mechanisms.

Future Directions

With the ability to recapitulate the entire HCV life cycle in
cell culture, substantial progress has been made toward under-
standing HCV assembly and release. Nonetheless, the mecha-
nisms by which viral factors interact with each other and with
cellular components to construct virions are not fully under-
stood. Moreover, the existing cell-based model undoubtedly
has limitations. For example, the cells used to produce infec-
tious virus are derived from a hepatocellular carcinoma and do
not possess many characteristics typical of hepatocytes (e.g.
they do not release VLDL of authentic size). Alternative cell
lines that more readily reflect the properties of hepatocytes in
vivo would be invaluable; however, development of such sys-
tems has proven challenging (79, 86). Thus, untangling the
complexities of the interaction between HCV and the infected
cell that contribute to virion assembly and release will certainly
remain an active area of study for the foreseeable future.
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Persistent hepatitis C virus infection is associated with pro-
gressive hepatic fibrosis and liver cancer. Acute infection evokes
several distinct innate immune responses, but these are partially
or completely countered by the virus. Hepatitis C virus proteins
serve dual functions in replication and immune evasion, act-
ing to disrupt cellular signaling pathways leading to inter-
feron synthesis, subvert Jak-STAT signaling to limit expres-
sion of interferon-stimulated genes, and block antiviral
activities of interferon-stimulated genes. The net effect is a
multilayered evasion of innate immunity, which negatively
influences the subsequent development of antigen-specific
adaptive immunity, thereby contributing to virus persistence
and resistance to therapy.

Hepatitis C virus (HCV)2 is a small, hepatotropic, positive-
strand RNA virus classified within a unique genus of the Flavi-
viridae family (1). Its genome is �10 kb in length and encodes
only 10 different proteins (Fig. 1), yet HCV is able to survive the
immune response in most acutely infected persons and estab-
lish lifelong persistent infection. Such chronic infections are
associatedwith a significant risk of progressive liver fibrosis and
hepatocellular carcinoma.Worldwide,�130million people are
persistently infected with HCV, resulting in an estimated
366,000 deaths due to cirrhosis and cancer annually (2). HCV is
thus a significant public health threat. It is also difficult and
expensive to treat. Current standard-of-care therapies combine
pegylated interferon-� (Peg-IFN-�) and ribavirin but cure
�50% of patients with genotype 1 virus infection. Direct-acting
specific antiviral therapies are on the near horizon but will be
limited by rapid selection of resistant virus unless administered
as part of a multidrug mixture (3). Peg-IFN-� is thus likely to
remain a mainstay of therapy for years to come.

Antigen-specific adaptive T cell immunity is key to deter-
mining the outcome of acuteHCV infection, with virus-specific
CD4� T cell help essential for effective T cell control (reviewed
in Ref. 4). However, earlier innate immune responses are also
critical. They are induced upon host recognition of common
molecular patterns expressed by HCV and other viruses, and
they provide relatively immediate protection against infection.
IFNs play a central role in the innate immune response to
viruses and comprisemultiple classes of soluble cytokines, each
with a distinct receptor system. Those of known relevance to
HCV include type I IFNs (IFN-� and over a dozen distinct
IFN-� subtypes, encoded by genes clustering on human chro-
mosome 9), type II IFN (IFN-�, a single IFN type encoded by a
gene on chromosome 12), and type III IFN (IFN-�, three sub-
types known otherwise as interleukin (IL)-29, IL-28A, and
IL-28B) (5, 6). Overlapping signaling pathways induce the
expression of type I and III IFNs, and this occurs in many types
of cells infected with viruses. In turn, these IFNs induce similar
if not identical antiviral states in cells, albeit through different
receptors with distinct cell-type distributions. IFN-� is mark-
edly different. Its production is restricted to certain types of
immune cells, such as natural killer cells and cytotoxic T cells,
and its actions are primarily immunomodulatory.
Sequence polymorphisms in human genes encoding IFN-�3

(IL-28B) (7), IFN-� (8), and the natural killer cell receptor
KIR2DL3 and its human leukocyte antigen C group 1 ligand (9)
influence the outcome of HCV infection. The association
between outcome and IFN-�3 genotype is particularly strong
and also evident in the response to Peg-IFN-� therapy (10).
These genome-wide association studies provide clinical evi-
dence of the close linkage that exists between the innate and
adaptive immune responses. Type I IFN regulation of compo-
nents of the class I antigen processing pathway, including PA28
(proteasome activator 28) subunits and endoplasmic reticulum
aminopeptidases (11), is one example of such linkage. IFN-�3
regulation of regulatory T cells is another (12). There are
undoubtedly many others (13).

IFN Signaling in the Liver

IFN-stimulated genes (ISGs) are expressed at high levels in
the liver in many patients with chronic hepatitis C and indeed
are induced within 48 h of acute infection in chimpanzees (14–
16). However, other chronically infected patients show little or
no evidence of ISG expression in the liver (16), despite similar
levels and duration of virus infection. At present, there is no
good understanding of this or the activation status of the innate
immune signaling pathways and transcription factors control-
ling IFN synthesis within infected and uninfected cells in the
HCV-infected liver.
IRF3 (IFN regulatory factor 3), a highly regulated transcrip-

tion factor constitutively expressed in the cytoplasm in a latent
inactive form, plays a key role in regulating the synthesis of
IFN-� (17). Virus infections typically induce specific C-termi-
nal phosphorylation of IRF3, resulting in its dimerization and
transport to the nucleus. In coordination with NF-�B and
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ATF2/c-Jun, IRF3 forms an enhanceosome complex on the
IFN-� promoter, leading to transcriptional activation and syn-
thesis of IFN-� (18). Secreted IFN-� binds the type I IFN-�/�
receptor (IFNAR), resulting in autocrine/paracrine activation
of the Jak (Janus kinase)-STAT (signal transducer and activator
of transcription) signaling pathway, which leads in turn to the
expression of many dozens of ISGs controlled by promoters
containing IFN-stimulated response elements. IRF7 synthesis
is similarly induced and is capable of forming heterodimers
with IRF3; its role as an amplifier is critical to the induction of
most IFN-� genes (19). Activated IRF3 is also capable of
directly inducing the transcription of a subset of ISGs, some
of which (like ISG56) have direct antiviral activity against HCV
(20, 21). IRF3 also controls transcription of IFN-� (22).
IRF3 is activated by cell receptors that sense “pathogen-asso-

ciated molecular patterns” (PAMPs) residing in viral proteins
and RNAs. Defining HCV-specific PAMPs and the receptors
they bind in the liver has been a daunting task, as available
experimental systems are generally poor mimics of conditions
in vivo. Wild-type virus does not replicate well in cell culture,
and there are no good small animal models of hepatitis C.
Nonetheless, studies in cell culture indicate that two distinct
PAMP receptors, retinoic acid-inducible gene I (RIG-I) (23, 24)
and TLR3 (Toll-like receptor 3) (25), sense HCV infection,
induce IFN-� promoter activity, and partially restrict viral rep-
lication. Both of these PAMP receptors recognize viral RNAs.
TLR2 may also sense infection, inducing inflammatory signals
upon binding HCV proteins (26). A fourth potentially impor-
tant sensor is TLR7. Little is known specifically about its role in
the induction of IFN responses in theHCV-infected liver, but it
is a likely player. Although they act to some extent redundantly,
these receptors differ in terms of the PAMPs they sense, where
they are expressedwithin the cell, andwhether they are likely to
be expressed in hepatocytes infectedwithHCV.They also differ
in their utilization of signaling adaptor proteins, two of which
are targeted for degradation by HCV.

RIG-I Signaling in HCV Infection

RIG-I (DDX58) is a DExD box helicase expressed ubiqui-
tously within the cytoplasm of most cell types. It senses short
non-self double-stranded RNAs (dsRNAs) with free 5�-triphos-
phates (Fig. 2, left) (27, 28). Ligand recognition is dependent
upon an ATP-driven translocase activity (29) and results in the
recruitment of RIG-I to the mitochondrial surface, where it
interacts with MAVS (mitochondrial antiviral signaling pro-

tein; also known as IPS-1, VISA, and Cardif) resident on the
outer mitochondrial membrane (30–32). This occurs through
shared caspase recruitment domains (CARDs) in RIG-I and
MAVS. Tandem CARDs near the N terminus of RIG-I become
accessible upon RNA binding, inducing a conformational
change relieving the effect of a C-terminal regulatory domain
(33). This promotes RIG-I self-association as well as interac-
tionswith theMAVS adaptor, leading to assembly of a signaling
complex on the mitochondrial surface that activates down-
stream non-canonical kinases of the I�B kinase complex,
TBK-1 (TANK-binding kinase 1) and I�B kinase-�, that phos-
phorylate IRF3 (34).
A complete discussion of RIG-I signaling is well beyond the

scope of this minireview, but a considerable number of host
proteins are essential for optimal induction of IFN-� synthesis
via this pathway (Fig. 2, left). The RING finger domain-contain-
ing E3 ubiquitin ligase TRIM25 (tripartite motif-containing
protein 25) mediates ubiquitylation of RIG-I at Lys-63, and this
is essential for efficientMAVS binding and downstream induc-
tion of IFN synthesis (35). TRAF3 (tumor necrosis factor recep-
tor-associated factor 3) is also required for optimal IFN induc-
tion, interacting with MAVS and helping to link it to the
downstream kinases responsible for IRF3 phosphorylation (36,
37). TRAF6 is also recruited to the MAVS complex and, along
with MEKK1, a member of the MAP3K family, is required for
optimal activation of NF-�B, an essential component of the
IFN-� enhanceosome (18, 38). TRADD, a tumor necrosis factor
receptor adaptor protein, is also recruited to MAVS and has
been implicated in IRF3 andNF-�B activation (39). NF-�B acti-
vation involves an interaction with CARD9 (CARD family
member 9) andBcl-10 (B cell CLL/lymphoma10) protein that is
MAVS-dependent but not required for IRF3 activation (Fig. 2,
left) (40). On the other hand, NLRX1, a conserved nucleotide-
binding domain and leucine-rich repeat-containing family
member, is localized to the mitochondrial outer membrane,
where it interacts with MAVS and may negatively regulate sig-
naling (41).
Upstream of MAVS, RIG-I interacts with ASC (apoptosis-

associated speck-like protein containing CARD; PYCARD)
(Fig. 2, left), linking RIG-I sensing of viral RNA toMAVS-inde-
pendent activation of a caspase-1-dependent inflammasome
(40). Inflammasome-mediated production of mature IL-1� is
influenced by signaling through MAVS, as it is dependent
upon NF-�B-mediated stimulation of pro-IL-1� expression.
Although IL-1� expression occurs in the context of viral hepa-
titis, it is not known if hepatocytes (the cell type within which
HCV replicates) are capable of mounting an inflammasome
response.
RIG-I senses infection by many RNA virus types, including

those with positive- and negative-strand as well as double-
stranded genomes (42). Picornaviruses are an exception, as
their RNAs lack a free 5�-triphosphate and are sensed by a
related CARD-containing helicase, MDA5 (melanoma differ-
entiation-associated gene 5) (42). RIG-I is functionally ex-
pressed within hepatocytes and most hepatocyte-derived cell
lines (43, 44). It senses HCV infection in Huh-7 hepatoma cells,
leading to transient nuclear translocation of IRF3 and activa-
tion of the IFN-� promoter (23). Hydrodynamic transfection of

FIGURE 1. Organization of the positive-sense RNA genome of HCV.
Genomic RNA contains a single large open reading frame flanked by 5�- and
3�-untranslated RNA segments. The open reading frame encodes a polypro-
tein of �3000 amino acids that undergoes processing by cellular and viral
proteases to produce 10 mature proteins. The core (C) and envelope proteins
E1 and E2 are structural components of the infectious virus particle, whereas
the remaining proteins are nonstructural (NS) and required for RNA replica-
tion (NS3–NS5B) or particle assembly and egress from the cell (p7 and NS2).
Major viral protease activities include NS2, which cleaves in cis at the NS2-NS3
junction, and NS3/4A, a noncovalent complex of the N-terminal domain of
NS3 and an accessory peptide sequence from NS4A that directs cleavage at
the sites indicated by the red arrowheads and also targets the cellular signal-
ing proteins MAVS and TRIF for proteolysis.
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synthetic HCV RNAs has shown that a conserved poly(U/C)
sequence from the 3�-untranslated RNA segment of the HCV
genome stimulates ISG expression in mouse liver, where it is
recognized by RIG-I, presumably in conjunction with
5�-triphosphate, as an HCV PAMP (43).
Prior to the identification of RIG-I, the major protease

expressed by HCV, NS3/4A, was found to inhibit Sendai virus-
induced activation of the IFN-� promoter in cells containing
self-amplifying HCV replicon RNAs (45). This was shown sub-
sequently to be due to NS3/4A-mediated cleavage of the RIG-I
adaptor protein MAVS (32, 46). Scission occurs between Cys-
508 and His-509, close to the C terminus of MAVS, releasing
MAVS from the mitochondrial membrane and eliminating its
ability to function in signaling (Fig. 2, left). Oligomerization of
MAVS is essential to its ability to signal; this occurs through its
mitochondrial transmembrane domain and is blocked by
NS3/4A cleavage (47). Although RIG-I has been shown to rec-
ognize HCV infection in Huh-7 cells, signaling is shut down as
infection progresses, NS3/4A accumulates, and MAVS is
degraded (23). This can be reversed by ketoamide and macro-
cyclic peptidomimetic inhibitors of NS3/4A now being devel-
oped as potential therapies for hepatitis C but only at concen-
trations significantly greater than the antiviral EC50 (48). Why
higher drug concentrations are required for restoration of sig-

naling is unknown. It is possible that
HCV infection impacts signaling at
another step in the pathway (49).
The NS3 protein, a component of
NS3/4A, interacts directly with
TBK-1, and this may add to the dis-
ruption of IRF3 activation (50).
Overexpression studies suggest that
another HCV nonstructural pro-
tein, NS4B, may also interfere with
RIG-I signaling (51), but the reliabil-
ity of this experimental approach is
questionable.
There is little doubt that HCV

functionally disrupts RIG-I signal-
ing in vivo. Although infection is
limited to a minority of hepatocytes
(52), immunoblots show MAVS to
be cleaved in liver biopsies from
some patients with chronic hepati-
tis C (23). This suggests that the
intrahepatic IFN responses ob-
served in many patients (16) either
are induced through alternative sig-
naling pathways or possibly origi-
nate in newly infected cells that have
yet to accumulate sufficientNS3/4A
to ablate signaling. The cleavage of
MAVS by NS3/4A is likely to con-
tribute to HCV pathogenesis, but it
is not unique or a proximate cause
of virus persistence. The protease of
a closely related flavivirus, GB virus
B, also cleaves MAVS, yet this virus

typically causes self-limited infection in its natural hosts (53). In
addition, the 3ABCprotease precursor expressed by hepatitis A
virus, a picornavirus associated only with acute hepatitis in
humans, is targeted to the mitochondrial membrane, where it
also cleaves MAVS with similar effects on signal transduction
(54).

TLR3 Signaling in Hepatitis C

TLR3 senses dsRNA formed during the replication of posi-
tive-strand RNA viruses as well as some DNA viruses (55). A
membrane-bound protein, it is expressed predominantly in an
early endosomal compartment, where it senses extracellular
ligand (56). Structural models suggest that dsRNA complexes
�40–50 bp in length bind sites at opposite ends of a horseshoe-
shaped ectodomain containing leucine-rich repeats (57). This
drives dimerization of TLR3, which initiates signaling through
its cytosolic TIR (Toll/IL-1 receptor homology) domain. TLR3
dimerization results in recruitment of an adaptor protein, TRIF
(TIR domain-containing adaptor-inducing IFN-�; also known
asTICAM-1), that interactswithTLR3 throughhomotypicTIR
domains (Fig. 2, right) (58, 59). This interaction is transient,
after which TRIF relocates to distinct punctate cytoplasmic
bodies, possibly as an oligomer (56). At some point in this pro-
cess, TRAF6, TRAF3, and TBK-1 are recruited to TRIF, leading

FIGURE 2. RIG-I and TLR3 sensing of viral RNAs induces IFN-� synthesis. Two distinct signaling pathways,
one initiated by the recognition of 5�-triphosphate-containing cytosolic viral RNAs by the DExD box helicase
RIG-I (left) and the other by TLR3 recognition of viral dsRNA �40 –50 bp within the lumen of vesicles in an early
endosomal compartment (right), lead to phosphorylation of IRF3, activation of NF-�B, and induction of IFN-�
transcription. Both pathways are disrupted by expression of the viral NS3/4A protease, which cleaves the
adaptor proteins MAVS and TRIF, respectively. See text for details. In addition to those proteins shown, roles
have been suggested for MEKK1, FADD, and RIP in RIG-I signaling leading to IFN-� synthesis. TM, transmem-
brane domain; PI3K, phosphatidylinositol 3-kinase; IKK, I�B kinase; MITA, mediator of IRF3 activation.
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to phosphorylation of IRF3 (37, 58). Endosomal acidification is
required for recognition of dsRNA by TLR3 (60), and phosphor-
ylation of TLR3 by phosphatidylinositol 3-kinase is essential for
full activationof IRF3and inductionof IFN-� synthesis (61).TLR3
ligation of dsRNA also strongly induces NF-�B activity and pro-
inflammatory cytokine synthesis via interactions of TRIF with
RIP-1 (receptor-interacting protein 1) kinase (58, 62).
TLR3 is expressed in a variety of cell types in the liver, includ-

ing stellate cells, resident macrophages (Kupffer cells), myeloid
dendritic cells, and biliary epithelial cells (63). It is expressed at
low levels in normal hepatocytes but can be demonstrated
directly in uninfected human liver by two-photon microscopy
(25, 64). Primary cultures of human hepatocytes strongly up-
regulate expression of ISGs, including TLR3 itself, when stim-
ulated by extracellular poly(I:C), a dsRNA surrogate (25, 65).
The impact of HCV on TLR3 signaling has been difficult to
study because Huh-7 hepatoma cells that are commonly used
for propagation of HCV do not express TLR3 (44). This may be
because TLR3 expression is regulated by p53, which is mutated
in Huh-7 and many other hepatocellular carcinoma cell lines.
However, TLR3-mediated poly(I:C) stimulation of IRF3- and

NF-�B-responsive promoters is inhibited in HeLa cells con-
taining a replicating subgenomic HCV replicon RNA, as well as
in HCV-infected Huh-7.5 cells in which TLR3 expression was
reconstituted by retroviral gene transduction (Huh7.5-TLR3
cells) (25, 66). TLR3 signaling was also disrupted in osteosar-
coma cells conditionally expressing NS3/4A but could be par-
tially restored following treatment with a specific NS3/4A pro-
tease inhibitor (66). TRIF is cleaved in vitro by NS3/4A (Fig. 2,
right), and its expression is significantly reduced in HeLa cells
containing HCV replicons or in Huh-7.5 cells infected with
HCV (25, 66). Brief treatment of infected cells with an NS3/4A
inhibitor partially restores TRIF expression (25). In some cell
types, however, NS3/4A overexpression has been reported not
to reduce TRIF abundance (65, 67). This may reflect cell type-
specific differences in TRIF orNS3/4A localization or technical
difficulties assessing TRIF abundance, as it is normally
expressed at very low levels.
NS3/4A-mediated cleavage of TRIF occurs at a unique site in

the molecule bearing remarkable sequence homology to the
NS4B/5A cleavage site in the viral polyprotein (66, 68).
Whereas sites of NS3/4A scission in the polyprotein have an
acidic residue at the P6 position, the P6 position in TRIFmarks
the end of an extended polyproline tract that likely assumes a
left-handed polyproline II helical conformation (68). A peptide
substrate containing this polyproline sequence is nonetheless
processed efficiently by the protease (66, 68). NMR studies sug-
gest that the polyproline II helix in TRIF may associate with a
310 helix near the NS3 catalytic triad, anchoring the substrate
and promoting its cleavage (68).
TLR3 senses HCV infection and induces ISG expression in

Huh7.5-TLR3 cells that are deficient in RIG-I signaling (25).
This partially restricts HCV replication when cells are infected
at low multiplicity, but the protective effect is overwhelmed by
a high multiplicity of infection. Unlike RIG-I, TLR3 can poten-
tially sense viral dsRNA released by other cells into the extra-
cellular milieu. Because NS3/4A is expressed only within
infected cells, TLR3-mediated responses in uninfected hepato-

cytes and other cell types may contribute to IFN responses
observed in some patients.

HCV Infection and Other TLRs

TLR2 senses bacterial and fungal cell wall components or
viral structural proteins and induces expression of pro-inflam-
matory cytokines when bound by ligand (69). Expressed on the
plasmamembrane of monocytes and other cell types, including
hepatocytes (63), it acts cooperatively with TLR1 or TLR6 to
signal via a TRIF- and MAVS-independent pathway involving
sequential recruitment of the adaptor proteins TIRAP (TIR
domain-containing adaptor protein) and MyD88 (myeloid dif-
ferentiation factor 88). Downstream signaling involves IL-1
receptor-associated kinases (IRAKs) and TRAF6, resulting in
activation of NF-�B. TLR2 signaling is stimulated in primary
human monocytes and macrophages by recombinant HCV
core and NS3 protein, inducing synthesis of tumor necrosis
factor-� and IL-10 (26). Whether this occurs in vivo is
unknown, but TLR2 signaling could contribute to inflamma-
tory changes in the HCV-infected liver. TLR2 also signals from
an endosomal location in inflammatory monocytes (a discrete
population of Ly6C�CD11b�CD11c� cells in bone marrow
and spleen), inducing IRF3 activation and type I IFN synthesis
in response to viral ligands (70).Whether such cells exist within
the liver or would sense HCV infection is not known. Overex-
pression studies suggest that the viral NS5A protein may inter-
act with MyD88, preventing the recruitment of IRAK and
inhibiting TLR signaling (71), but the biological relevance of
this is uncertain, as evidence that HCV infects monocytes or
macrophages is lacking.
TLR7 is expressed by plasmacytoid dendritic cells (pDCs),

which can produce 200–1000-fold more type I IFN than any
other type of cell in the blood (72). TLR7 senses single-
stranded RNA within an endosomal compartment, signaling
via MyD88, TRAF6, and IRAK-4 to activate IRF7, which is
constitutively expressed at high abundance in pDCs.
BDCA3� pDCs are abundant within some HCV-infected liv-
ers (73), and it seems likely that TLR7 signaling in such cells
may be a source of IFN in patients with strong ISG responses.
Consistent with this, pDCs are triggered to produce type I
IFN through a TLR7-dependent pathway when co-cultured
with Huh-7 cells containing replicating HCV RNA (74). Data
concerning the influence of HCV infection on pDC function
in vivo are conflicting (75, 76).
TLR7 is also expressed at low level in hepatocytes (77). Con-

sistent with this, a potent TLR7 agonist induced an antiviral
response in Huh-7 cells containing replicating HCV RNA (77).
A G/U-rich single-stranded 20-nucleotide sequence from the
polyprotein-coding region of the HCV genome, as well as a
poly(U) sequence from the 3�-untranslated RNA, stimulated
production of IFN-� when transfected into pDCs and also
induced NF-�B activation in Huh-7 cells (78). These segments
of the HCV genome appear to function as PAMPs, but it is not
certain that the response observed in Huh-7 cells wasmediated
by TLR7. HCV infection did not induce NF-�B activation in
Huh-7 cells in this study (78), but Huh-7 cells typically display
high basal NF-�B activity. It is not knownwhether HCV specif-
ically disrupts TLR7 signaling.
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IFN-induced Intracellular Signaling

Type I IFN-� and IFN-� mediate gene transcription by sig-
naling in a paracrine and autocrine fashion after binding the
heterodimeric IFNAR on the plasma membrane (Fig. 3). Over-
expression of the HCV core protein interferes with IFN signal-
ing downstream of the IFNAR, most likely because of a direct
interaction with STAT1, leading to reduced phospho-STAT1
(Fig. 3) (79, 80). However, although HCV protein expression
impaired downstream IFN signaling in transgenic mice, tyro-
sine phosphorylation of STAT proteins by Jak was not affected
(81). PP2A (protein phosphatase 2A) was up-regulated in these
animals, perhaps as a result of endoplasmic reticulum stress
(82, 83). This was associated with reduced methylation of
STAT1, presumably due to direct inhibition of PRMT1 (protein
arginine methyltransferase 1) by PP2A (82, 84). Hypomethyla-
tion of STAT1 promotes its association with PIAS1 (protein
inhibitor of activated STAT1), a negative regulator of STAT1-
mediated gene transcription (Fig. 3). The finding of reduced
arginine methylation of STAT1 and increased STAT1-PIAS1
association in HCV-infected human liver tissues provides sup-
port for this mechanism in vivo (82, 84).

Clinical data indicate that enhanced expression of SOCS3
(suppressor of cytokine signaling 3) within the HCV-infected
liver is associated with poor treatment outcome and thus may
impede Jak-STAT signaling (80, 85). On the other hand, recent
studies implicate USP18 (ubiquitin-specific peptidase 18; or
UBP43) rather than SOCS1 or SOCS3 in long-term refractori-
ness to IFN in mice dosed repeatedly with IFN-� (86). This
situation may mimic that in many untreated hepatitis C
patients, in which there may be persistent stimulation of type I
IFN expression. In addition to its ISG15-deconjugating activity,
USP18 interacts with the IFNAR2 subunit of the IFNAR and
may thus act to suppress Jak-STAT signaling induced by type I
IFNs (87). RNA interference-mediated silencing of USP18
potentiates the antiviral activity of IFN-� against HCV in cell
culture (88). Importantly, USP18 gene expression is increased
in the livers of many HCV-infected patients and is associated
with poor response to Peg-IFN-� therapy (15, 16). In summary,
Jak-STAT signaling initiated by IFN-�/� appears likely to
be suppressed in HCV infection, possibly through multiple
mechanisms.
Type III IFNs bind a distinct heterodimeric membrane

receptor composed of IL-10R2 and IFNLR1 subunits but utilize
the same Jak-STAT signaling pathway downstream involving
Jak-1 and Tyk-2 to activate gene transcription (Fig. 3) (6). IFN-
�-induced signaling is thus subject to the same potential sup-
pression by PP2A and SOCS3 as IFN-�/� but would not be
affected by the interaction of USP18 with IFNAR2 (87).

Interference with IFN Effector Mechanisms

In addition to interfering with the induction of IFN synthesis
and IFN-induced intracellular signaling, HCV may specifically
target IFN-induced effector mechanisms. NS5A (and possibly
also the envelope protein E2) binds to and antagonizes the
dsRNA-activated kinase protein kinase R (PKR) (89–91). An
inducible ISG, PKR regulates cellular translation through
dsRNA-stimulated autophosphorylation and subsequent phos-
phorylation of the translation initiation factor eIF2�. Although
the viral internal ribosome entry site controlling translation of
the HCV polyprotein is relatively insensitive to phospho-PKR
and phospho-eIF2� (92), PKR nonetheless negatively regulates
HCV replication non-cytolytically in cultured cells (93, 94). The
activation of PKR by HCV impairs ISG protein expression in
cell culture, as it causes a general repression of translation, and
it has been suggested that this may paradoxically impede the
antiviral actions of IFN (95). It is not clear, however, that such a
mechanism would be operative in vivo or consistent with con-
tinued survival of infected hepatocytes.
NS5A also interacts with 2�,5�-oligoadenylate synthetase,

potentially interfering with its activity (96). Data indicating an
association between sequence polymorphisms in NS5A and
treatment outcome support a role for NS5A in IFN antagonism
in vivo (97). Transgenicmice expressingNS5A also showdefec-
tive PKR, IFN-�, and 2�,5�-oligoadenylate synthetase responses
to virus infection and are slow in clearing adenovirus from the
liver due to impaired IFN-� expression (98, 99). It is possible
that enhanced intrahepatic expression of USP18 (15, 16) could
also blunt IFN responses through its ISG15-deconjugating
activity (100).

FIGURE 3. Suppression of IFN-induced Jak-STAT signaling in hepatitis C.
Type I (IFN-�/�) and III (IFN-�) IFNs initiate signaling by binding to distinct
heterodimeric receptors on the plasma membrane but then signal
through a common pathway involving Tyk-2 and Jak-1 phosphorylation of
STAT1 and STAT2 and subsequent recruitment of IRF9 to form the tran-
scription factor ISGF3, which stimulates transcription of ISGs under the
control of IFN-stimulated response elements. The HCV core protein may
confound these responses by interacting directly with STAT1, whereas
endoplasmic reticulum stress within infected cells may induce PP2A activ-
ity that acts indirectly through PRMT1 and PIAS to suppress signaling.
Type I IFN signaling may also be impeded by induction of USP18 that
interacts directly with the IFNAR2 subunit of the IFNAR. See text for details.
ISRE, IFN-stimulated response element.
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Conclusions

HCV infection evokes a number of innate immune re-
sponses, many of which are partially or completely countered
by the virus. Reflecting successful adaptation to its human host,
HCV has evolved mechanisms that disrupt signaling pathways
involved in the induction of IFN synthesis, subvert Jak-STAT
signaling to limit the expression of ISGs, or directly block the
antiviral activities of some ISGs. The net effect is amultilayered
evasion of innate immune responses, which is likely to exert a
profound negative influence on the subsequent development of
adaptive immunity to HCV, contributing to virus persistence
and resistance to therapy.
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Serpins compose the largest superfamily of peptidase inhibi-
tors and are well known as regulators of hemostasis and throm-
bolysis. Studies using model organisms, from plants to verte-
brates, now show that serpins and their unique inhibitory
mechanism and conformational flexibility are exploited to con-
trol proteolysis in molecular pathways associated with cell sur-
vival, development, and host defense. In addition, an increasing
number of non-inhibitory serpins are emerging as important
elements within a diversity of biological systems by serving as
chaperones, hormone transporters, or anti-angiogenic factors.

The serpin superfamily constitutes the largest class of serine/
cysteine peptidase inhibitors, now having �3000 members
within Eukarya, Bacteria, Archaea, and certain viruses (1).
Inhibitory serpins adopt a metastable conformation compris-
ing three �-sheets, eight to nine �-helices, and a solvent-ex-
posed reactive center loop (RCL)3 (2). The conformational
transition that serpins undergo upon interaction with target
peptidases has been reviewed previously (3–5) and will not be
discussed here. However, novel structural aspects of serpin-
target recognition are described in the accompanying minire-
view (6). It is also important to note that the functional flexibil-

ity of the serpin fold has been exploited in non-inhibitory roles
such as chaperone (HSP47/SERPINH1), tumor suppressor
(maspin/SERPINB5), or transport (cortisol-binding globulin/
SERPINA6 and thyroxine-binding globulin/SERPINA7) func-
tions. Recent advances in our understanding of non-inhibitory
serpins are also discussed in the accompanying minireview.
Based on their broad distribution, the unique inhibitory

mechanismof serpinsmust provide an advantage over standard
mechanism inhibitors when regulating proteolytic circuits, yet
serpin function in vivo has been difficult to determine. Apart
from the nine human serpins associated with regulating blood
pressure, clotting, or thrombolytic or inflammatory pathways
(reviewed in Ref. 7), the roles of most of the 36 human serpins
are not fully understood. Fortunately, genome sequencing
has revealed serpin repertoires and orthologs in model organ-
isms with tractable genomes. Here, we discuss the novel
insights into serpin biology gained since this topic was last
reviewed inThe Journal of Biological Chemistry by highlighting
investigations using these organisms (8).

Tissue Homeostasis and Cell Survival Functions

Although the best studied serpins have extracellular roles, a
large proportion of serpins reside intracellularly. For example,
HSP47 is an endoplasmic reticulum chaperone involved in col-
lagen biosynthesis and hence tissue homeostasis; loss of this
serpin results in embryonic lethality (9). Many well character-
ized or “orphan” serpins lack signal peptides, implying cytoplas-
mic functions, as is the case for the 13 human serpins belonging
to clade B, whose most common characteristic is nucleocyto-
plasmic localization (10). The difficulty in assigning function to
clade B serpins is compounded by the lack of human mutants
and by an expanded clade B repertoire in the mouse, which
suggests that reverse genetic studies in mice might be difficult
to interpret. However, the geneticmanipulation of intracellular
serpins in simpler model systems, use of vertebrate cell culture
systems, and careful phenotyping of clade B null mice
(supplemental Table 1) are now providing insight into the roles
of intracellular serpins, which are consistent with proposals
that some are cytoprotective, shielding cells from ectopic
endolysosomal proteins (Fig. 1) (10, 11). For example, the gran-
zyme B inhibitor Serpinb9a protects cytotoxic or antigen-pre-
senting cells from misdirected granzyme B (12). Mice lacking
this serpin are immunocompromised due to granzyme B-me-
diated suicide of cytolytic T cells and fail to control viral infec-
tion (12).
Models such as Caenorhabditis elegans also demonstrate a

cytoprotective role for intracellular serpins (Fig. 1). All nine
C. elegans serpins are intracellular, although only six are func-
tional peptidase inhibitors (Table 1). srp-6 null mutants are
indistinguishable from wild-type animals unless exposed to
stresses such as hypotonic shock, heat shock, and hypoxia.
These animals undergo rapid destruction of their lysosomes,
extensive cytoplasmic proteolysis, and necrotic cell death (13).
RNA interference against a calpain and a lysosomal cysteine
peptidase, two in vitro targets of SRP-6, blocks necrotic cell
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death.Wild-type SRP-6, but not RCLmutants, rescues null ani-
mals from cell death, confirming that its protective role
depends on peptidase inhibition. Thus, SRP-6 controls cell sur-
vival both by blocking lysosomal injury and by protecting the
cytosol from the sequelae ofmassive lysosomal breakdown (13).

Host Defense Functions

The innate immune systems of animals and plants rely on
serpins for regulation. One of the best examples is found in
Drosophila melanogaster (Table 2). During an infection, the
sensing of fungi or Gram-positive bacteria by soluble pepti-
doglycan or glucan pattern recognition receptors (PRRs),
respectively, activates proteolytic cascades in the Drosophila
open circulatory cavity (Fig. 2A) (14, 15). Activation of a cas-
cade by bound PRRs culminates in processing of the cytokine
Spaetzle, which engages the Toll receptor on the fat body
(equivalent to themammalian liver) and results in expression of
antimicrobial peptides. At least three serine peptidases (SPs),
modular SP, Spaetzle-activating enzyme, and Spaetzle-process-
ing enzyme, are involved in the cascade controlling Spaetzle
cleavage downstream of PRRs (16). In the beetleTenebriomoli-
tor, orthologs of these SPs are regulated by serpins SPN40, -55,
and -48, respectively (17). Future studies are likely to identify
orthologous serpins in Drosophila. The Toll pathway in Dro-

sophila is triggered also by fungal and bacterial peptidase cleav-
age of the SP Persephone, which independently activates
Spaetzle-processing enzyme (18). The serpin SPN43Ac neu-
tralizes Persephone and negatively regulates the Toll pathway
(15). Unusually, SPN43Ac has a glutamine-rich N-terminal
extension that is cleaved upon microbial challenge (19). Flies
with Spn43Ac mutations accumulate cleaved Spaetzle, exhibit
black melanotic necrotic spots on the body, and undergo pre-
mature death. Lipophorin receptor 1 is the first identified Dro-
sophila receptor required for turnover of serpin-peptidase
complexes, and its scavenging of SPN43Ac is postulated to be
crucial in regulating the proteolytic cascade upstreamof Toll (20).
The second proteolytic cascade triggered by PRRs (and reg-

ulated by serpins) involves the sequential activation of two SPs,
MP2 andMP1, in themelanization pathway (Fig. 2A) (21). This
triggers conversion of circulating prophenoloxidase to phe-
noloxidase (PO) (22).WhetherMP1 possesses pro-PO-activat-
ing activity or cleaves a downstream zymogen is not clear. In
turn, PO catalyzes oxidation of phenols to quinones, which
polymerize into toxic melanin deposits. Loss-of-function
mutations in the serpin Spn27A lead to spontaneous melaniza-
tion and elevated PO activity in the blood. By restricting mela-
nization to the lesion, SPN27A plays a role in defense mecha-

FIGURE 1. Intracellular serpins as prosurvival factors. SERPINB6, -B9, and -B13 and C. elegans SRP-6 protect against peptidases released from lysosomes/
granules (red) that result in cell death. SRP-6 also inhibits calpains upstream of lysosomal rupture, which are activated by release of calcium (gray) from the
endoplasmic reticulum (green) and unidentified stressors.
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nisms (23, 24). Two other serpins restrict melanization in
different compartments of the fly. Spn28Dc is highly expressed
upon injury and regulates melanization of the external cuticle
by inhibiting an unknownSP (25). Like SPN27A, SPN77Ba con-
trols melanization by direct inhibition of the PO-activating
peptidase cascade but in the lumen of the trachea, serving there
as a first line of defense against invadingmicroorganisms. Inter-
estingly, peripheral loss of function of this serpin activates the
Toll pathway in fat body cells, leading to systemic activation of
the immune system (21).
SPN88Ea is a secreted inhibitory serpin thatmodifies toxicity

induced by CHMP2B, a protein involved in endosomal sorting
(26).One of the effects of CHMP2B expression is tomisregulate
the Toll pathway, which is enhanced by mutations in Spn88Ea
or Spn43Ac. Although the target of SPN88Ea is unknown, like
SPN43Ac, it may control a proteolytic cascade leading to Toll
activation. The relationships between cascades leading to Toll
activation and melanization are still unclear, but unusually
high activation of any of these peptidases in the circulatory
cavity is detrimental to the insect, resulting in conspicuous phe-
notypes such as the accumulation of melanotic masses. This
demonstrates that circulating (extracellular) SPs require strin-
gent regulation. It remains to be determinedwhether any of the
intracellular insect serpins (defined as those predicted to lack
signal sequences) protect the host against ectopic release of
these extracellular SPs, along the lines suggested for clade B
serpins in mammals.
Serpins are found throughout the plant kingdom and reach

high concentrations in vegetative and reproductive tissues (27).
However, close relatives of classical serpin targets, the SPs of
the chymotrypsin family, are poorly represented inmost plants.

This suggests that plant serpins neutralize endogenous pepti-
dases of a different family and/or peptidases of plant pathogens
or insect pests. A recent study revealed that one plant serpin,
Arabidopsis thaliana serpin1 (AtSerpin1), inhibits at least two
different families of endogenous cysteine peptidases, the meta-
caspase AtMC9 (28) and the papain-like peptidase RD-21 (29).
Furthermore, a biting-chewing caterpillar (Spodoptera littora-
lis) fed on a diet supplemented with AtSerpin1 exhibits defects
in larval and pupal development, and adults show reduced
survival. These insects, along with piercing-sucking aphids
(Acyrthosiphon pisum), also show reduced survival when fed
transgenic plants overexpressing AtSerpin1.4 These data sug-
gest that the serpin interferes with insect peptidases required
for development, digestion, or survival. Although AtSerpin1
inhibits trypsin-like SPs andmetacaspases in vitro, it is not cer-
tain if these are the enzymes targeted in the insects (28). Based
on this paradigm, it is not unrealistic to suggest that blood-
feeding insects likemosquitoes produce serpins that protect the
gut from host circulatory SPs.

Developmental Regulation and Cell Differentiation

Given that peptidases play critical roles in development (such
as processing of growth factors, morphogens, and receptors;
remodeling of tissues; and activation of cell death pathways), it
is not surprising that serpins modulate these processes. For
example, pigment epithelium-derived factor (Serpinf1) plays a
key role in vascular homeostasis, as null mice exhibit endothe-
lial cell hyperplasia in the eye (30). Pancpin (Serpini2) null mice
develop pancreatic insufficiency due to the loss of acinar cells

4 G. Smagghe and F. Van Breusegem, personal communication.

TABLE 1
C. elegans serpins

a WormBase web site, release WS 204 (July 29, 2009).
b S. C. Pak, C. J. Luke, and G. A. Silverman, unpublished data.
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through apoptosis (31). An effect on cell differentiation has
been noted in plasminogen activator inhibitor 1 (PAI-1/Ser-
pine2) null mice, where granular neuron precursor differentia-
tion is delayed (32). Several serpin null mutants also induce
embryonic lethality in mice (supplemental Table 1). However,
such studies have yet to differentiate between disruptions that
alter cell fate determination and those that initiate defects in
migration, proliferation, or overall viability.
By contrast, studies in D. melanogaster unequivocally impli-

cate serpins in cell fate determinations and embryogenesis (Fig.
2B). At fertilization, a ventral cue transmitted by the sulfotrans-
ferase Pipe determines the embryonic dorsoventral axis by acti-
vating a cascade of four SPs (Nudel, Gastrulation Defective,
Snake, and Easter) within the ventral perivitelline space (33). In
turn, Easter cleaves Spaetzle, leading to Toll activation and
nuclear translocation of Dorsal (NF-�B) along the ventral axis,
thereby inducing ventral structures. The sterility of Spn27A
mutant female flies illustrates that, outside its function in
immunity, this serpin has an additional role in early develop-

ment: restricting Easter activation to the ventral part of the
embryo (33).
The functional diversity of the serpin fold is again high-

lighted by the role of MENT (myeloid and erythroid nuclear
termination stage-specific serpin). MENT was identified in the
avian erythrocyte nucleus as a factor crucial for the final stages
of chromatin condensation (34). MENT inhibits papain-like
cysteine peptidases, and this inhibitory capacity, along with the
conformation of its RCL, is critical for its chromatin-condens-
ing activity (35). As cysteine peptidases also play important
roles in other nuclear functions such as processing transcrip-
tion factors and stabilizing histone methylation, the role of ser-
pins in the nucleus may extend beyond regulating chromatin
condensation (36).

Deducing Human Serpin Functions Using Mouse Models

Widespread application of gene targeting and transgenic
technology has markedly improved our understanding of ser-
pin function and has confirmed and extended data fromhuman

TABLE 2
D. melanogaster serpinsa

a Reproduced with permission (15).
b Accession number from Swiss-Prot/TrEMBL.
c Predicted P1/P1� cleavage site in the RCL. Inhibitory serpins are in boldface.
d Predicted signal peptide C-terminal/mature N-terminal sequence. Secreted serpins are in red.
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systems. Currently, mouse counterparts of 23 human serpins
have been targeted, twonaturalmousemutants have been iden-
tified (Serpinb10 and -i2), and a number of transgenic models
have been developed to assess the effect of serpin overexpres-
sion ormislocalization (supplemental Table 1).Where conven-
tional gene deletions result in multi-organ dysfunction or peri-
natal lethality, more sophisticated models involving somatic
gene inactivations are being used. For example, selective
removal of the angiotensinogen gene (Serpina8) from the sub-
fornical organ of the brain shows that this structure is required
for the central angiotensinergic pressor response (37). Other
instances in which this approach would be valuable are maspin
(Serpinb5), which is required for early embryonic development
but is strongly implicated as an epithelial tumor suppressor
(38); PAI-1 (Serpine1), which is associated with a wide range of
pathologies (39, 40); and Hsp47 (Serpinh1), which is also
required during embryogenesis but is likely to play an impor-
tant role in global tissue homeostasis (9).
There are two drawbacks in using gene targeting to under-

stand human serpins. First, there may not be strong concord-

ance in tissue distribution or function between orthologs,
thereby limiting inferences about function from the null ani-
mal. For example, protein C inhibitor (SERPINA5) is expressed
in the vasculature and seminal fluid in humans but is restricted
to reproductive tissue in rodents. Male Serpina5 knock-out
mice are infertile, but SERPINA5 deficiency has yet to be asso-
ciated with infertility in men (41). The second drawback is that
mice possessmultiple paralogs of SERPINA1, -A3, -B1, -B6, and
-B9 but have no orthologs of SERPINA2, -4, or -A11 (reviewed
in Ref. 42). In addition, human SERPINB3 and -B4 and mouse
Serpinb3a–b3d arose after divergence of the human and rodent
lineages (43). Thus, the function of one serpin in humans may
be carried out by several in mice or vice versa (for example,
mouse Serpinb3a inhibits targets of both SERPINB3 and -B4
(42)).
Interpretation of a knock-out phenotype therefore has the

potential to be misleading if the wrong gene is targeted or if a
paralog compensates for loss of the targeted gene. An example
of the latter situation occurred with the monocyte neutrophil
elastase inhibitor (Serpina1b) knock-out, which only partly

FIGURE 2. Serpin regulation of proteolytic cascades involved in Drosophila host defense and development. A, combinations of PRRs for fungi or
Gram-positive bacteria activate two different proteolytic cascades leading to the formation of melanin and antimicrobial peptides (AMPs) via the Toll pathway.
Microbes activate the Toll pathway independently of PRRs. B, serpin regulation of dorsoventral patterning in the Drosophila embryo (see text). Drosophila
serpins and T. molitor serpins (*) are in red; SPs are framed by black boxes. ModSP, modular SP; Psh, Persephone; SAE, Spaetzle-activating enzyme; SPE,
Spaetzle-processing enzyme; PPO, pro-PO.
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removes neutrophil elastase inhibitory activity in the circula-
tion, suggesting that Serpina1a also contributes to elastase con-
trol in themouse (44). Identifying functional orthologs requires
strong supporting biochemical and biological evidence from
both mouse and human systems. Orthologous serpins fre-
quently show conservation between their RCL sequences (e.g.
between human SERPINB6 and mouse Serpinb6a), inhibit the
same peptidases (e.g. SERPINB6 and Serpinb6a or SERPINB9
and Serpinb9a), or demonstrate similar tissue expression pat-
terns (45, 46).
It is reassuring to note, however, that most of the serpin

knock-out or transgenic mice have phenotypes consistent with
predictions (supplemental Table 1) and thus provide useful
models for further work. The knock-out approach also has
revealed unsuspected biological and disease associations such
as the demonstration that corticosteroid-binding globulin
(SERPINA6) dysfunction is associated with chronic fatigue (47)
and protease nexin-1 (SERPINE2) dysfunction is associated
with male infertility (48). Extrapolating from in vitro data, it
reasonable to expect that, when created, thyroxine-binding
globulin (Serpina7) null mice will exhibit hypothyroidism;
vaspin (Serpina12) null mice will resist obesity; centerin
(Serpina9) null mice will have a B cell homeostatic defect;
megsin (Serpinb7) null mice will resist nephropathy; and
hurpin (Serpinb13) null mice will display epidermal hyp-
oplasia. It is to be hoped that new knock-outs will shed light
on the presently obscure functions of SERPINA11, -B11, and
-B12 (49, 50).
The successes of the knock-out approach also include

SERPINB1, -B6, and -B9, which have multiple paralogs in the
mouse and no known human disease associations. The pheno-
types of the Serpinb1a and -b9a knock-out mice are consistent
with loss of control of neutrophil elastase and granzyme B,
respectively, and support suggestions that these serpins protect
leukocytes frompeptidase-mediated suicide (12, 51). Serpinb6a
null mice up-regulate Serpinb1a in tissues normally expressing
Serpinb6a, providing an example of compensation and suggest-
ing that SERPINB1 and -B6 have overlapping roles (52).
Transgenic mouse models are being used to examine the

consequences of excess, mislocalized, or misfolded serpins and
provide an alternative to knock-ins to assess the importance of
functional regions such as cofactor-binding sites. For example,
human PAI-1 (SERPINE1) deficiency is rare, whereas overex-
pression is commonly associated with disease (reviewed in
Refs. 53 and 54). Transgenic mice are used to elucidate the
biological sequelae of excess PAI-1, as well as the importance of
vitronectin binding (which increases stability) and inhibitory
activity. Overexpression of human PAI-1 variants engineered
to increase stability or abrogate inhibitory activity shows that
the influence of PAI-1 on bone remodeling is dependent on the
ability to bind vitronectin and not on its anti-proteolytic activ-
ity. Serpin overexpression can also be used to demonstrate the
contribution of proteolysis to pathological processes, as illus-
trated by the overexpression of the PAI neuroserpin (SERPINI1),
which protects against progressive motor neuropathy and
implicates tissue plasminogen activator in the disease (55).
Neuroserpin also illustrates the use of transgenic mice to study
the effects of a misfolded serpin: mice producing aggregating

human neuroserpin mutants display the symptoms of familial
encephalopathywith neuroserpin inclusion bodies (56) andwill
provide a useful system for studying and managing the demen-
tia associated with this condition.
Asmost transgenicmodels involve overexpression of human

serpins, there are concerns that aspects of the phenotype may
be artifactual due to off-target effects or that features of the
human condition may not be fully recapitulated due to differ-
ences in the underlying biology. For example, PiZmice produc-
ing an aggregating human �1-antitrypsin mutant show liver
abnormalities but no emphysema, perhaps because endoge-
nous Serpina1a and -a1b continue to control neutrophil elas-
tase (reviewed in Ref. 57). Nevertheless, PiZmice have provided
invaluable insights into the mechanisms of liver degeneration
and hepatocellular carcinogenesis in �1-antitrypsin deficiency.
Transgenic mice also offer an avenue of investigation when

mouse orthologs of human serpins do not exist (SERPINA2,
-A4, and -A11) or the tissue distribution of biochemical
homologs do not match (e.g. SERPINA5). The overexpression
of rat kallistatin (SERPINA4) in mice suggests a role in blood
pressure regulation (reviewed in Ref. 42). The study of protein
C inhibitor (SERPINA5) is complicated because rodents do not
express this serpin in the vasculature. Production of transgenic
mice expressing human SERPINA5 suggests that it also partic-
ipates in lung tissue remodeling and regeneration, vascular per-
meability, renal function, and tumor cell invasion (reviewed in
Ref. 58).

Perspectives

Studies in model organisms underscore the versatility of the
serpin platform in regulating a remarkably diverse set of biolog-
ical pathways. During evolution, peptidases diversify rapidly to
fill species-specific niches, and serpins evolve in lockstep, so a
key challenge is to identify the targets, cofactors, and roles of
thousands of orphan serpins identified via genome projects.
Even more challenging will be elucidating the partners and
roles of non-inhibitory serpins: genome surveys indicate that
up to one-third of a species’ serpin complement may have non-
inhibitory features (59).

Acknowledgments—We are indebted to colleagues in the serpin com-
munity for knowledge and data and whose collective insights under-
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Inhibitory serpins aremetastable proteins that undergo a sub-
stantial conformational rearrangement to covalently trap target
peptidases. The serpin reactive center loop contributes amajor-
ity of the interactions that serpins make during the initial bind-
ing to target peptidases. However, structural studies on serpin-
peptidase complexes reveal a broader set of contacts on the
scaffold of inhibitory serpins that have substantial influence on
guiding peptidase recognition. Structural and biophysical stud-
ies also reveal how aberrant serpin folding can lead to the for-
mation of domain-swapped serpin multimers rather than the
monomeric metastable state. Serpin domain swapping may
therefore underlie the polymerization events characteristic of
the serpinopathies. Finally, recent structural studies reveal how
the serpin fold has been adapted for non-inhibitory functions
such as hormone binding.

Although amino acid sequence similarity varies from 17 to
95%, key conserved residues facilitate the folding of inhibitory
serpins into a metastable conformation typically comprising
three �-sheets, eight to nine �-helices, and a solvent-exposed
reactive center loop (RCL)3 (Fig. 1A) (1). The conformational

“stressed-to-relaxed” transition that classical inhibitory serpins
undergo upon interaction with target peptidases (Figs. 1A and
2A) has been commented on in previous reviews andwill not be
discussed extensively here (2–5). Suffice it to say that structural
snapshots are available for native forms with the RCL fully
expelled or partially (e.g. P14)4 inserted into �-sheet A and for
inactive forms with the RCL partially (e.g. P12) or fully (e.g.
RCL-cleaved serpins, the final peptidase complex, and the
intact but latent conformer) inserted into �-sheet A (6).
Together, these data provide a comprehensive picture of the
range of conformational states that the serpin scaffold adopts,
aswell as the structural details of the conformational rearrange-
ment that occurs uponRCL cleavage by a target peptidase (Figs.
1A and 2A). Indeed, during peptidase inhibition, it is this latter
event that triggers RCL insertion, which stabilizes the acyl-en-
zyme complex by transposing the enzyme and deforming its
active site before deacylation occurs (4).
Serpins are broadly distributed throughout all major

branches of life; hence, their irreversible inhibitory mechanism
must provide a distinct advantage over standard mechanism
inhibitors when regulating proteolytic circuits. These concepts
are discussed in the accompanying minireview (7). The main
purpose of this minireview is to highlight new structural infor-
mation regarding serpin-peptidase complex formation, hor-
mone binding, and pathologic polymerization.

Serpin Exosite Interactions Enhance Target Peptidase
Recognition

In 2001, the crystal structure of the Michaelis complex
formed between the Manduca sexta P1 Lys serpin 1B with rat
S195A trypsinwas published (8). As expected, theRCL is bound
in a substrate-like fashion by the peptidase, poised for attack of
the P1–P1� bond. The core interactions involve residues from
P4 to P3�, with no contacts between the body of the serpin and
the peptidase (i.e. no exosite contacts). This structure is con-
sistent with the notion that the RCL is flexible and positioned
away from the body of the serpin as an isolated peptide loop.
Additional evidence suggesting that exosite contacts are not
extensively involved in serpin-peptidase recognition came from
changes in serpin specificity by mutations within the RCL
(principally P1) and an NMR study of the Michaelis complex
between �1-antitrypsin (�1AT) Pittsburgh and trypsin showing
that the each molecule rotated as if in isolation. After 2001,
however, several new crystal structures of serpin-peptidase
Michaelis complexes were solved: two non-physiological
pairings with trypsin, four pairings with thrombin, and one
pairing each with factors Xa (fXa) and IXa. These structures
show that extensive exosite interfaces are a common feature
involved in the recognition of serpins by target peptidases
and involve residues outside P4–P3� in addition to the RCL
(Fig. 1, B–D) (3).
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The RCL of most serpins extends from the P15 residue at the
top of strand (s) 5A to the P3� residue at the beginning of s1C.
There is a high degree of flexibility on the non-prime side, con-
sistent with the need for rapid incorporation in �-sheet A, but
the region extending from P1 to P3� is held close to the body of
the serpin. Thus, the peptidasemust approach close to the body
of the serpin to engage the P1 residue in the S1 pocket. This
requirement effectively limits the range of possible exosite con-
tacts for typical serpins. To overcome this limitation and to
allow interactions with multiple peptidases, certain serpins, in
particular antithrombin (SERPINC1) and protein C inhibitor
(PCI/SERPINA5), have 3–4-residue extensions on the P� side
(9, 10). Antithrombin recognizes thrombin by engaging exten-
sive exosites accessible only by stretching the P� side toward the
front of the serpin (10), whereas the fXa recognition site
requires stretching of the non-prime side (Fig. 1B) (11). Simi-
larly, PCI forms different complexes with thrombin and
activated protein C by the apparent twisting of the peptidase
relative to the serpin (9). By contrast, serpins with only one
physiological target such as heparin cofactor II (HCII/
SERPIND1) and �1AT have short P� sides (P2� and P3� of �1AT
are conformationally restrictive prolines) (12). The hallmark of

multispecific (not promiscuous) serpins thus appears to be the
extension of the P� region.
By calculating total interaction surface areas, with and with-

out the RCL, we can assess the relative importance of RCL and
exosite contacts in determining serpin specificity (Table 1). The
surface area buried in non-physiological complexes (e.g. the two
involving trypsin) is typically �1000 Å2, 90% of which involves
the RCL. By contrast, the physiologically relevant pairings all
bury �1000 Å2 and rely to varying degrees on exosite contacts.
Indeed, there appears to be a tradeoff between the quality of the
RCL sequence and the dependence on exosite contacts. This
analysis is most interesting with respect to thrombin recogni-
tion by various serpins. For example, the disfavored P1 Leu of
HCII and the P2 Gly of antithrombin necessitate large exosite
contacts of over 1000 and 500 Å2, respectively, whereas the
favorable P2Pro andP1Arg sequence of PCI requires an exosite
contact of only 150 Å2 for efficient recognition by thrombin.

A second important finding from these structural data is the
demonstration that exosites on the serpin scaffold play a crucial
role in facilitating initial serpin-peptidase interactions (Table
1). Interestingly, different peptidases appear to rest in different
ways on the top of the serpin scaffold (even where the serpin
component is the same). In several complexes, the peptidase
lies far over the “front” of the serpin scaffold and predominantly
forms contacts with a conserved single turn helix that precedes
s4C as well as surrounding residues (Fig. 1B) (10). Conversely,
in other complexes, the peptidases dock “on the back foot” (e.g.
the PCI-thrombin-heparin complex) by forming interactions
with residues on�-sheet B/s1C, theN-terminal end of s2C, and
the C-terminal portion of s3C (9).
Finally, it is interesting to note that three human serpins use

protein sequences outside the serpin scaffold as key exosites.
HCII utilizes an N-terminal extension to bind to exosite I of
thrombin (12), and similarly,�2-antiplasmin contains an exten-
sive C-terminal extension that functions to bind the Kringle
domains of plasmin (13). The x-ray crystal structure of �2-anti-
plasmin reveals that the C terminus is positioned appropri-
ately near the RCL to bind to the peptidase (Fig. 1C). Finally, the
crystal structure of the protein Z-dependent inhibitor (SER-
PINA10) of fXa reveals that the serpin recruits protein Z via a
binding site centered on sheet C (14). Whereas the full ternary
complex (SERPINA10-protein Z-fXa) remains to be determined,
modeling studies suggest that theepidermal growth factordomain
of protein Z is placed to assist in recruiting fXa (Fig. 1D).
Taken together, these results show that the RCL sequence

itself provides insufficient information for determining actual
peptidase target(s), as some targets poorly recognize certain
RCL sequences in the absence of regulatory cofactors. Thus, the
identification of specificity-determining exosites is of thera-
peutic interest because these sites represent potentially impor-
tant new targets for development of molecules that block or
enhance serpin-peptidase interactions.

Domain-swapped Model of Serpin Polymerization

The use of serpins to modulate diverse molecular pathways
predicts that serpin mutations will yield a wide range of disease
phenotypes. Indeed loss-of-functionmutations associated with
�1AT, antithrombin, and C1 esterase inhibitor (SERPING1)

FIGURE 1. Native serpin structures form docking (Michaelis) complexes
with peptidases using exosites and other factors. A, structure of native/
stressed (left) and cleaved/relaxed (right) �1AT. �-Sheet A is in red, and the RCL
is in magenta. In the cleaved or covalently complexed form of the serpin (see
Fig. 2A), the RCL forms an extra strand in sheet A. Native, but not cleaved,
serpins are available to form docking complexes. B, superposition of the
structure of the antithrombin-thrombin-heparin ternary complex (with ser-
pin in cyan, the RCL in orange, and thrombin in yellow) with antithrombin-fXa-
pentasaccharide (with serpin in green, the RCL in magenta, and fXa in blue).
The structures are superposed on the serpin. C, structure of �2-antiplasmin
(green with magenta RCL). The C-terminal region functions as an exosite for
plasmin; the portion visible in electron density is in cyan, and the approximate
position of a docking peptidase is shown in ghost white. D, structure of protein
Z-dependent inhibitor (green with magenta RCL) in complex with protein Z
(cyan). The approximate position of a docking peptidase is in ghost white.
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result in emphysema, thrombosis, and angioedema, respec-
tively. Historically, these loss-of-function mutations underpin
the clinical deficiencies that are classified as either type 1
(absent or decreased circulating levels below a critical threshold
of a functionally normal protein) or type 2 (normal circulating
levels of a dysfunctional protein). A spectrum of genetic muta-
tions (missense, nonsense, indels) leads to these classes of defi-
ciencies (15). However, several of the missense mutations also
induce toxic gain-of-function phenotypes by encoding full-
length molecules that are prone to misfolding and/or polymer
formation. For example, the Zmutation (E342K) of �1AT leads
to the accumulation of misfolded and polymerized protein
within the endoplasmic reticulum of hepatocytes (16). The
marked decrease in circulating levels of �1AT (the major anti-
peptidase in extracellular fluids) predisposes to emphysema, a
loss-of-function phenotype (17). In contrast, the accumulation
of misfolded or aggregated �1AT in hepatocytes probably leads
to overloading of protein quality control systems, resulting in
cellular injury and the development of cirrhosis, a toxic gain-
of-function phenotype. Collectively, toxic gain-of-function
phenotypes observed with destabilizing mutations have been
termed the serpinopathies (18). Because full-length serpins
associated with the serpinopathies retain some functional

inhibitory activity, a better understanding of the mechanism of
serpin polymer formation could lead to therapeutic strategies
designed to block serpin accumulation and to enhance secre-
tion and thereby treat both disease phenotypes.
The early observation that inhibitory serpins accept their

RCL as an additional strand in �-sheet A led to the suggestion
that RCL insertion in trans may represent the physiological
basis for serpin polymerization. Although alternative models
have been suggested, the “loop-sheet A” model of serpin poly-
merization has been generally accepted until recently (Fig. 2B).
Specifically, it was suggested that mutations might destabilize
�-sheet A of the native serpin and enhance the ability of this
region to accept another serpin RCL in trans. It was therefore
suggested that serpin metastability and the requirement to
undergo the stressed-to-relaxed conformational change as part
of function thus represented a key weakness of the serpin scaf-
fold. However, despite the appealing rationale of this proposal,
it has remained challenging to reconcile the loop-sheet A
polymerization model with the biophysical data, suggesting
that polymerogenic serpin mutations result in the stabilization
of a serpin folding intermediate that is polymerogenic (termed
M*) rather than subsequent polymerization of the native folded
state. Indeed, comparisons between a fully folded native poly-

FIGURE 2. Serpin mechanism, folding, and misfolding. A, active serpins fold into a metastable state. Following the initial interaction with a target peptidase
and RCL cleavage, the serpin undergoes a radical conformational change (RCL/s4A incorporation into �-sheet A) that culminates in peptidase inhibition via
distortion of the catalytic residues. B, loop-sheet model of serpin polymerization. The RCL of one molecule is inserted into open �-sheet A of another.
C, domain-swapped model of serpin polymerization. The model is based on the structure of a domain-swapped antithrombin dimer, where s5A and s4A (RCL)
of a donor molecule insert into �-sheet A of a recipient. D, normal serpins may fold through a polymerogenic intermediate that is stabilized by certain
mutations. The black dotted arrow indicates a gap in �-sheet A that accommodates s5A to form the s4A (RCL) exposed native form in A or the s5A and s4A
domain-swapped structure in C.
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merogenic serpin variant and the wild-type counterpart reveal
only modest differences in thermal stability or inhibitory activ-
ity (19). Finally, it has proven difficult to build physiochemically
reasonable loop-sheet A polymer models that contain both an
RCL linkage and completed �-sheet A hydrogen bonding. (In
the illustrative model shown in Fig. 2B, the top of �-sheet A is
open.)
Recently, the x-ray crystal structure of a domain-swapped

antithrombin dimer suggested a new model for serpin poly-
merization (20). Strikingly, this structure reveals that both s5A
and the RCL are incorporated into �-sheet A of another serpin
molecule (Fig. 2C). Although the crystal structure was that of a
self-terminating antithrombin dimer, and thus not able to
propagate further, it was easy to open this model to form long
chain polymers. Limited proteolysis data, together with disul-
fide trapping experiments, support the formation of such poly-
mers in vitro in response to chemical denaturants and heat.

The domain-swapped serpin dimer has a number of implica-
tions for themechanismof serpin polymerization. In particular,
this model suggests that polymerogenic serpin variants, which
generally cluster on and around s5A and s6A, interfere with the
final stages of �-sheet A assembly and permit the domain-
swapping event (Fig. 2, C and D). Thus, the polymerogenic M*
intermediatemay resemble a serpin with a substantially incom-
plete or disordered �-sheet A (Fig. 2D). A key question is
whether similar domain-swapped serpin polymers of polymeric
variants form in the endoplasmic reticulum in vivo.

Serpins from Thermophilic Organisms Provide New
Insights into Function and Dysfunction

Serpins are sporadically distributed in Bacteria and Archaea
(21, 22), suggesting an ancient origin for the serpin fold.

Although the role ofmost prokaryote serpins is not understood,
some of these molecules (serpins from Clostridium thermocel-
lum) localize to the cellulosome, a multiprotein extracellular
complex that digests material such as cellulose (23). These ser-
pins may protect the cellulosome against unwanted peptidase
activity.
Considering the conformational lability of most serpins in

eukaryotes, it was surprising to find a large number of inhibi-
tory serpins encoded in extremophilic organisms. In addition to
C. thermocellum serpin, exemplars include thermopin (from
Thermobifida fusca; 55 °C), tengpin (from Thermoanaer-
obacter tengcongensis; 75 °C), and aeropin (from Pyrobaculum
aerophilum; 100 °C). Biophysical studies reveal that both the
native and cleaved states of these lattermolecules have substan-
tially elevated stability and that these serpins still function as
metastable inhibitors in essentially the sameway as their meso-
philic counterparts. Interestingly, however, one of these mole-
cules, thermopin, employs a novel strategy to fold at elevated
temperatures. Structural studies reveal that thermopin pos-
sesses an extreme C-terminal sequence that folds across the
front of the molecule and interacts with the top of sheet A (Fig.
3A) (21, 24). Biophysical studies show that the C-terminal
sequence plays no detectable role in influencing the stability of
the native fold but instead appears to be important for stabiliz-
ing a folding intermediate. This concept is intriguing in light of
the recent discovery of hownative serpinsmay fold and domain
swap (20). As suggested above, the final stage of serpin folding is
most likely the assembly of s5A into �-sheet A (Fig. 2D). Thus,
the C-terminal sequence of thermopin could provide an extra
set of interactions that assist in efficient recruitment of s5A to
the folding serpin. An alternative explanation is that the C-ter-

TABLE 1
Structures of serpin-peptidase complexes
PDB, Protein Data Bank.

PDB code Complex Serpin exosite RCL
contacts

Buried surface area (Å2) at
interface (% contributed by

exosite)

2GD4 (3.3 Å) and 1SR5
(3.1 Å)

Antithrombin-S195A factor
Xa-pentasaccharide complex

Interactions between thrombin “140
loop” and helical turn 231–234
(preceding s4C), s4C, and s3C; also
minor interaction between thrombin
“30 loop” and C-terminal end of s1B.

P4–P6� 1257 (29.6% exosite) and 1031
(12.9% exosite)

1OPH (2.3 Å) �1-AT (Pittsburgh) in complex
with S195A trypsin

Few exosite interactions: one contact
between Asn97 (trypsin) and Asp280
(antitrypsin, on loop between helix H
and s2C).

P3–P2� 788 (10.3% exosite)

1JMO (2.2 Å) Crystal structure of heparin
cofactor II-S195A thrombin
complex

Interactions between thrombin 140 loop
and helical turn 285–289 (preceding
s4C), s4C, and s3C; also minor
interaction between thrombin 30 loop
and C-terminal end of s3B and minor
interaction between thrombin “60
loop” and s2C; also major interactions
between thrombin and flexible N-
terminal “tail” of HCII (this region is
sandwiched between the serpin and
the peptidase).

P4–P3� 1834 (59.3% exosite)

1K9O (2.75 Å) Insect serpin (Ala serpin) in
complex with trypsin
(non-physiological paring)

Interaction between trypsin 140 loop
and helical turn 189–193 (preceding
s4C).

P4–P4� 999 (12.9% exosite)

3B9F (1.6 Å) PCI-thrombin-heparin
complex

Thrombin 60 loop and N-terminal end
of s3C.

P4–P4� 1183 (12.9% exosite)

1TB6 (2.5 Å) (also 1SR5 at
lower resolution)

Antithrombin-thrombin-
heparin ternary complex

Multiple interactions with thrombin and
helical turn 231–234 (preceding s4C);
also interactions with s1C, s2C, s3C,
and s4C.

P4–P5� 1500 (32.7% exosite)
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minal sequence contributes to folding by making the interme-
diate less likely to undergo a domain-swapping event. Bioinfor-
matic studies on aeropin also reveal the presence of a
C-terminal extension; however, the role of this region remains
to be investigated (25).
Another interesting insight from the study of bacterial ser-

pins is the discovery that tengpin contains an N-terminal
sequence that makes extensive contacts with the first �-strand
of sheet A (s1A) and helix E (Fig. 3B) (26). Deletion of this
region results in a protein that initially folds to the native state
but rapidly undergoes conformational change to adopt the
latent conformation. The N-terminal region thus functions to
stabilize the native state. Interesting parallels can be drawn
between this situation and that of mammalian plasminogen
activator inhibitor 1 (PAI-1/SERPINE1), which, in the absence
of the cofactor vitronectin, rapidly switches from the native to
the latent conformation. The x-ray crystal structure of PAI-1 in
complex with vitronectin reveals that the cofactor similarly
interacts with s1A and helix E (Fig. 3C) (27). Although the folds
of theN terminus of tengpin and vitronectin are different, these
data nonetheless point toward a common means of stabilizing
the metastable serpin fold.

Structural Studies on Non-inhibitory Serpins:
Hormone-binding Serpins, Pigment Epithelium-derived
Factor, and Maspin

Of the 36 known human serpins, six have evolved to perform
homeostatic non-inhibitory functions: maspin (SERPINB5),
pigment epithelium-derived factor (PEDF/SERPINF1), HSP47
(SERPINH1), cortisol-binding globulin (CBG/SERPINA6), thy-
roxine-binding globulin (TBG/SERPINA7), and angiotensino-
gen. Structural studies on the hormone-binding serpins CBG
and TBG have provided seminal insights into how these mole-
cules interact with and transport the hormones cortisol and
thyroxine, respectively. For both serpins, the native conforma-
tion has a higher affinity (CBG, �10-fold; and TBG, �3-fold)
for ligand than the cleaved conformation. Until recently, the
precisemolecularmechanism of ligand binding and release was
obscure, although it was postulated that hormone release may
be mediated via RCL cleavage by promiscuous proteolytic

activity at the site of delivery. Recent structures of both serpins
reveal the unexpected finding that cortisol and thyroxine bind
into a pocket formed by helix H, s3B, s4B, s5B, and the loop
between s4B and s5B (Fig. 3D) (28, 29). The structures also
reveal howRCLcleavage results in substantialmobility in a loop
at the top of helix D, which forms extensive contacts with resi-
dues in�-sheet B that form the ligand-binding site. This finding
suggests that the enhanced flexibility of this region results in a
hormone-binding region less able to adopt the conformation
required for high affinity binding.
Unfortunately, determination of the structures of PEDF and

maspin has not provided insights into their mechanisms of
action, as their partners andmolecular functions remain some-
what enigmatic. Compelling evidence from cell and animal
models implicate PEDF (an extracellular glycoprotein) in the
maintenance of tissue homeostasis via cell-surface receptors
and interaction with extracellular matrix components (30). For
example, it inhibits angiogenesis by suppressing the migration
and proliferation of endothelial cells and by promoting apopto-
sis. Although maspin is also implicated in tissue development
and homeostasis, as evidenced by early developmental failure of
null mice and its loss in carcinomas (31, 32), it is a nucleocyto-
plasmic protein (33), whichmay bind transcription factors (34).
The only structure of the human non-inhibitory serpins that
remains to be determined is HSP47, and this is perhaps the
most tantalizing, as it may shed light on how this serpin per-
forms its critical intracellular chaperone function in collagen
biosynthesis (35).

Conclusion

Taken together, these studies underscore the versatility of
the large complex metastable serpin scaffold in regulating pep-
tidase and non-proteolytic functions. In addition to the speci-
ficity afforded by the primary amino acid sequence of the RCL,
inhibitory serpins achieve fine-tuning of specificity via the use
of specific exosites present both inside and outside the serpin
domain. Accordingly, a single serpin is able to effectively mod-
ulate the function of more than one target peptidase and, fur-
thermore, ensure tight physiological specificity evenwhen con-
fronted by a group of peptidases whose cleavage specificity is
similar. The cost of complexity is, however, that serpins are
unusually vulnerable to mutations that impact their folding
pathway. As a consequence, and in common with many other
proteins that cause conformational disease (36), serpins are
able to domain swap. These events most likely underlie the
physiological basis for serpin polymerization.
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Physiological bone remodeling is a highly coordinated process
responsible for bone resorption and formation and is necessary to
repair damaged bone and to maintain mineral homeostasis. In
addition to the traditional bone cells (osteoclasts, osteoblasts,
and osteocytes) that are necessary for bone remodeling, several
immunecells have alsobeen implicated inbonedisease.Thismini-
review discusses physiological bone remodeling, outlining the tra-
ditional bone biology dogma in light of emerging osteoimmunol-
ogy data. Specifically discussed in detail are the cellular and
molecular mechanisms of bone remodeling, including events that
orchestrate the five sequential phases of bone remodeling: activa-
tion, resorption, reversal, formation, and termination.

Bone is a dynamic tissue that undergoes continual adaption
during vertebrate life to attain and preserve skeletal size, shape,
and structural integrity and to regulate mineral homeostasis.
Two processes, remodeling and modeling, underpin develop-
ment andmaintenance of the skeletal system. Bonemodeling is
responsible for growth and mechanically induced adaption of
bone and requires that the processes of bone formation and
bone removal (resorption), although globally coordinated,
occur independently at distinct anatomical locations. Bone
remodeling is responsible for removal and repair of damaged
bone to maintain integrity of the adult skeleton and mineral
homeostasis. This tightly coordinated event requires the syn-
chronized activities of multiple cellular participants to ensure
that bone resorption and formation occur sequentially at the
same anatomical location to preserve bonemass. This workwill
review the cellular participants andmolecularmechanisms that
coordinate the five distinct phases of bone remodeling and
includes an appraisal of immune cells and their role in regulat-
ing normal bone physiology.

Cells Involved in Bone Remodeling

Osteoclasts—Osteoclasts are terminally differentiated mye-
loid cells that are uniquely adapted to removemineralized bone
matrix. These cells have distinctmorphological and phenotypic
characteristics that are routinely used to identify them, includ-

ing multinuclearity and expression of tartrate-resistant acid
phosphatase and the calcitonin receptor (1). CSF-1 (colony-
stimulating factor 1; also known as macrophage colony-stimu-
lating factor) and RANKL (receptor activator of NF-�B ligand)
are critical cytokines required for survival, expansion, and dif-
ferentiation of osteoclast precursor cells in vitro (2). In vivo, the
requirement of these cytokines for osteoclastic bone resorption
has been demonstrated inmousemodels that lacked functional
CSF-1 and RANKL. The op/op mouse has a spontaneous thy-
midine insertion and subsequent frameshift that creates a stop
codon in theCsf-1 gene and lacks functional CSF-1, resulting in
osteopetrosis (dense bones) (3). Tnfs11 is the gene for RANKL,
and its genetic ablation in mice also causes osteopetrosis (4).
The osteopetrotic phenotype in these mouse models was
caused by complete absence of osteoclasts (albeit a transient
absence in op/opmice) (3, 4). Osteoprotegerin (OPG)2 is a sol-
uble decoy receptor for RANKL and a physiological negative
regulator of osteoclastogenesis; loss of functional OPG in mice
results in animals with osteoporosis (brittle bones) due to
excessive osteoclastogenesis (5). The current paradigm dictates
that the RANKL/OPG expression ratio determines the degree
of osteoclast differentiation and function (6).
A cascade of transcription factors is required to ultimately

direct myeloid cells toward an osteoclast fate. Expression of the
ETS transcription factor PU.1 early during myeloid cell differ-
entiation is essential for development of osteoclasts and other
mature myeloid cells. Mice lacking PU.1 fail to develop oste-
oclasts andmacrophages, and in vitro osteoclast differentiation
correlates with increasing PU.1 expression (7). The AP-1 tran-
scription factor c-Fos is also essential for osteoclastogenesis.
Mice deficient in c-Fos are osteopetrotic and lack osteoclasts
but have increased macrophages (8). This implies that the
requirement for c-Fos is secondary to PU.1, and although
essential for osteoclastogenesis, c-Fos is not necessary for
macrophage differentiation. Loss of c-Fos shuttlesmyeloid pre-
cursors away from an osteoclast fate and redirects them toward
macrophage commitment. The transcription factors MITF
(microphthalmia-associated transcription factor) and NFATc1
(nuclear factor of activated T-cells, cytoplasmic 1) are also
required for osteoclast formation and expression of function-
ally relevant osteoclast genes, including tartrate-resistant acid
phosphatase (9), cathepsin K, and the calcitonin receptor (10,
11). Although PU.1, MITF, and c-Fos work in concert with
NFATc1 to orchestrate terminal osteoclast differentiation and
function, NFATc1 is a critical switch because its presence is
both necessary and sufficient for osteoclastogenesis to occur
(12).
Despite the current knowledge of transcription factors

involved in osteoclastogenesis, the definitive physiological in
vivo osteoclast precursor in mice and humans remains elusive.
Certainly, a defining characteristic of osteoclast precursors is
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expression of c-Fms and RANK (receptor activator of NF-�B)
(13), which are the cognate receptors for CSF-1 and RANKL,
respectively. However, in vitro, many murine myeloid cells at
various stages of lineage development can differentiate into
osteoclasts (14). Identification of the definitive population of in
vivo osteoclast precursors in both rodents and humans is con-
tinuing. Currently, in the murine system, a quiescent endosteal
myeloid population, referred to as cell cycle-arrested quiescent
osteoclast precursors, which are c-Fms- and RANK-positive
but F4/80-negative (a mature macrophage marker), is a likely
candidate during physiological osteoclastogenesis (15).
Osteoblasts—Osteoblasts are specialized bone-forming cells

that express parathyroid hormone (PTH) receptors and have
several important roles in bone remodeling: expression of oste-
oclastogenic factors, production of bone matrix proteins, and
bone mineralization (16). Osteoblastic cells comprise a diverse
population of cells that include immature osteoblast lineage
cells and differentiating and mature matrix-producing osteo-
blasts. In vitro, phenotypic osteoblast heterogeneity is associ-
ated with cell differentiation (17). The stage of osteoblast dif-
ferentiation also influences the functional contribution of these
cells to in vivo bone remodeling. Mice deficient in osteoblasts
are also deficient in osteoclasts (18); however, conditional
depletion of mature osteoblasts in vivo only ablates bone for-
mation, whereas osteoclastic bone resorption persists (19).
These data suggest that immature osteoblasts direct osteoclas-
togenesis, whereas mature osteoblasts perform the matrix pro-
duction and mineralization functions.
Osteoblasts develop from pluripotent mesenchymal stem

cells that have the potential to differentiate into adipocytes,
myocytes, chondrocytes, and osteoblasts under the direction of
a defined suite of regulatory transcription factors. Osteoblast
differentiation is controlled by the master transcription factor
RUNX2 (runt-related transcription factor 2; also known as
CBFA1 (core-binding factor A1)) (20). RUNX2 nullmice have a
cartilaginous skeleton and completely lack mineralized tissue
due to arrest of osteoblast maturation (18, 21).
Osteocytes—During bone formation, a subpopulation of

osteoblasts undergoes terminal differentiation and becomes
engulfed by unmineralized osteoid, at which time they are
referred to as osteoid-osteocytes (22). Followingmineralization
of the bone matrix, these entombed cells are called osteocytes
and form a network extending throughout mineralized bone.
Osteocytes are cocooned in fluid-filled cavities (lacunae) within
the mineralized bone and are highly abundant, accounting for
90–95% of all bone cells (23). Osteocytes have long dendrite-
like processes that extend throughout canaliculi (tunnels)
within the mineralized matrix. These dendrite-like processes
interact with other osteocytes withinmineralized bone and also
interact with osteoblasts on the bone surface (24). Osteocytes
respond to mechanical load, and this network is thought to be
integral in the detection of mechanical strain and associated
bone microdamage (microscopic cracks or fractures within the
mineralized bone) that accumulates as a result of normal skel-
etal loading and fatigue (25). Data have been obtained that sup-
port the idea that osteocytes initiate and direct the subsequent
remodeling process that repairs damaged bone.

Immune Cells Involved in Physiological Bone Remodeling—
Despite the close anatomical localization of bone with bone
marrow, the dynamic cross-talk between the skeletal and
immune systems has been underappreciated and underinvesti-
gated. Interest in immune cell regulation of bone dynamics ini-
tially focused on pathological diseases. For example, activated
T-cells have been implicated in pathological diseases that result
in bone destruction, including ovariectomy-induced bone loss
(26). Mast cells have been connected with the bone marrow
fibrosis that occurs in chronic hyperparathyroidism (27). How-
ever, it is becoming clear that immune cells also participate in
bone homeostasis during normal physiology.
T-cells and B-cells—T- and B-lymphocytes are central com-

ponents of the adaptive immune system that facilitate recogni-
tion and destruction of pathogens. Mice lacking either B- or
T-cells have osteoporotic bones, suggesting that these immune
cells participate in themaintenance of bonehomeostasis during
basal physiology (28). Mechanistically, mature B-cells produce
�50% of total bone marrow-derived OPG, which would con-
tribute significantly to restraining osteoclastogenesis during
normal physiology. However, the role of T-cells in regulating
bone remodeling during homeostasis is less clear. Based on data
that T-cell-deficient CD40 knock-out and CD40L knock-out
mice are osteoporotic (28), it has been proposed that T-cells
work cooperatively with B-cells and enhance OPG production
via CD40/CD40L co-stimulation. However, the relevance of
this mechanism to homeostatic bone remodeling remains
obscure given thatT-cell activation is required for expression of
CD40L and that there are very few activated T-cells in bone
marrow under basal conditions.
Megakaryocytes—Derived from hematopoietic stem cells,

megakaryocytes reside within bone marrow and produce
thrombocytes (known as platelets) that are essential for normal
blood clotting. Transgenic mice deficient in the transcription
factors GATA-1 and NF-E2 (nuclear factor, erythroid-derived
2; involved in megakaryocyte differentiation) have increased
megakaryocyte numbers and elevated bone volume (29). In
vitro, megakaryocytes enhance osteoblast proliferation and
differentiation, express RANKL and OPG, and secrete an
unknown soluble anti-osteoclastic factor (30). Overall, these
data suggest that megakaryocytes have the potential to direct
both the resorption and formation arms of bone remodeling.
However, expression of GATA-1 or NF-E2 is not restricted to
megakaryocytes, and more definitive in vivo studies are
required to confirm a role for these cells in physiological bone
remodeling.
Osteomacs—Osteomacs are resident tissue macrophages

that reside on or within three cells of endosteal and periosteal
surfaces. Resident tissue macrophages compose �10–15% of
most tissues and are important for tissue development, homeo-
stasis, and repair (31). In mice, osteomacs are identified using
the pan macrophage protein F4/80, which is not expressed by
osteoclasts, and their anatomical location in close proximity to
the bone surface. In human bone, osteomacs can be identified
by expression of the myeloid marker CD68, their distinctive
stellate morphology, and location in close proximity to bone
surfaces (32). In vitro, osteomacs are required for full functional
differentiation, includingmineralization, of osteoblasts. In vivo,
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osteomacs form a canopy overmaturematrix-producing osteo-
blasts at sites of bone modeling, an ideal anatomical location
from which to regulate this process. Depletion of macrophages
in vivo results in complete loss of endosteal osteomacs and their
associated osteoblasts, suggesting that osteomacs are needed to
maintain mature osteoblasts (32).

Bone Remodeling: The Process

Bone remodeling occurs over several weeks and is performed
by clusters of bone-resorbing osteoclasts and bone-forming
osteoblasts arranged within temporary anatomical structures
known as “basic multicellular units” (BMUs). Traversing and
encasing the BMU is a canopy of cells that creates a bone-re-
modeling compartment (33). The phenotype of the canopy cell
is still under debate. Evidence in humans suggests that it is a
bone-lining cell, whereas in the mouse, osteomacs traverse
BMUs during physiological bone remodeling (34). Function-
ally, it has been proposed that the canopy structure, and sub-
sequent bone-remodeling compartment, generates a unique
microenvironment to facilitate “coupled” osteoclast resorption
and osteoblast formation and ensures minimal net change in
bone volume during physiological bone remodeling (35).
An active BMU consists of a leading front of bone-resorbing

osteoclasts. Reversal cells, of unclear phenotype, follow the
osteoclasts, covering the newly exposed bone surface, and pre-
pare it for deposition of replacement bone. Osteoblasts occupy
the tail portion of the BMU and secrete and deposit unminer-
alized bone matrix known as osteoid and direct its formation
andmineralization intomature lamellar bone. This unique spa-
tial and temporal arrangement of cells within the BMU is crit-
ical to bone remodeling, ensuring coordination of the distinct
and sequential phases of this process: activation, resorption,
reversal, formation, and termination, which are discussed
below and illustrated schematically in Fig. 1.
Activation Phase—The first stage of bone remodeling in-

volves detection of an initiating remodeling signal. This signal
can take several forms, e.g. directmechanical strain on the bone
that results in structural damage or hormone (e.g. estrogen or
PTH) action on bone cells in response to more systemic
changes in homeostasis.
Daily activity places ongoing mechanical strain on the skele-

ton, and it is thought that osteocytes sense changes in these
physical forces and translate them into biological signals that
initiate bone remodeling (23). Damage to the bone matrix
(25) or limb immobilization (36) results in osteocyte apopto-
sis and increased osteoclastogenesis (36). Under basal con-
ditions, osteocytes secrete transforming growth factor �
(TGF-�), which inhibits osteoclastogenesis. Focal osteocyte
apoptosis lowers local TGF-� levels, removing the inhibitory
osteoclastogenesis signals and allowing osteoclast formation
to proceed (37).
The calciotropic hormone PTH is an endocrine remodeling

signal generated to maintain calcium homeostasis. PTH is
secreted by the parathyroid glands in response to reduced
serum calcium and acts peripherally on kidneys and bone and
indirectly on the intestine to maintain serum calcium homeo-
stasis. In the bone microenvironment, PTH activates a seven-
transmembrane G-protein-coupled receptor, the PTH recep-

tor, on the surface of osteoblastic cells (38). Binding of PTH to
its receptor activates protein kinase A, protein kinase C, and
calcium intracellular signaling pathways in these cells (39) and
induces a wave of transcriptional responses that produce/mod-
ulate secretion of molecules that recruit osteoclast precursors,
induce osteoclast differentiation and activation, and establish
bone resorption.
Resorption Phase—Osteoblasts respond to signals generated

by osteocytes or direct endocrine activation signals discussed
above and recruit osteoclast precursors to the remodeling site.
In response to PTH-induced bone remodeling, osteoblasts pro-
duce the chemokine MCP-1 (monocyte chemoattractant pro-
tein-1) in vivo, which is a chemoattractant for osteoclast pre-
cursors and enhances RANKL-induced osteoclastogenesis in
vitro (40). In addition to recruitment of osteoclast precursors,
osteoblast expression of the master osteoclastogenesis cyto-
kines, CSF-1, RANKL, and OPG, is also modulated in response
to PTH. OPG expression is reduced, and CSF-1 and RANKL
production is increased to promote osteoclast formation and
subsequent activity (41). CSF-1 and RANKL work in concert;
CSF-1 promotes proliferation and survival of osteoclast precur-

FIGURE 1. Schematic representation of a BMU and the associated bone-
remodeling process. Prior to activation, the resting bone surface is covered
with bone-lining cells, including preosteoblasts intercalated with osteomacs.
B-cells are present in the bone marrow and secrete OPG, which suppresses
osteoclastogenesis. Activation, the endocrine bone-remodeling signal PTH
binds to the PTH receptor on preosteoblasts. Damage to the mineralized
bone matrix results in localized osteocyte apoptosis, reducing the local TGF-�
concentration and its inhibition of osteoclastogenesis. Resorption, in re-
sponse to PTH signaling, MCP-1 is released from osteoblasts and recruits
preosteoclasts to the bone surface. Additionally, osteoblast expression of
OPG is decreased, and production of CSF-1 and RANKL is increased to pro-
mote proliferation of osteoclast precursors and differentiation of mature
osteoclasts. Mature osteoclasts anchor to RGD-binding sites, creating a local-
ized microenvironment (sealed zone) that facilitates degradation of the min-
eralized bone matrix. Reversal, reversal cells engulf and remove demineral-
ized undigested collagen from the bone surface. Transition signals are
generated that halt bone resorption and stimulate the bone formation pro-
cess. Formation, formation signals and molecules arise from the degraded
bone matrix, mature osteoclasts, and potentially reversal cells. PTH and
mechanical activation of osteocytes reduce sclerostin expression, allowing
for Wnt-directed bone formation to occur. Termination, sclerostin expression
likely returns, and bone formation ceases. The newly deposited osteoid is
mineralized, the bone surfaces return to a resting state with bone-lining cells
intercalated with osteomacs, and the remodeling cycle concludes.
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sors and directs spreading, motility, and cytoskeletal organiza-
tion inmature cells (42). RANKL also promotes proliferation of
osteoclast precursors and additionally coordinates the differen-
tiation of osteoclast precursors to multinucleated osteoclasts,
promotes resorption activity, and prolongs the life of the
mature cells (43). Matrix metalloproteinases (MMPs), includ-
ing MMP-13, are also secreted from osteoblasts in response to
mechanical (44) and endocrine (45) remodeling signals. MMPs
degrade the unmineralized osteoid that lines the bone surface
and expose RGD adhesion sites within mineralized bone that
are necessary to facilitate osteoclast attachment. Osteoclasts
anchor to these RGD-binding sites via �v�3 integrin molecules
(46) and create an isolated microenvironment beneath the cell
known as the “sealed zone.”Hydrogen ions are pumped into the
sealed zone, and dissolution of mineralized matrix occurs in
this acidic space, producing Howship’s resorption lacunae (47).
The remaining organic bone matrix is then degraded by a col-
lection of collagenolytic enzymes with a low pH optimum (in
particular, cathepsin K) (48).
Reversal Phase—Following osteoclast-mediated resorption,

the Howship lacunae remain covered with undigested demi-
neralized collagen matrix (49). A mononuclear cell of undeter-
mined lineage removes these collagen remnants and prepares
the bone surface for subsequent osteoblast-mediated bone for-
mation. Initially, this “reversal” cell was proposed to be amono-
cytic phagocyte based onmorphological assessment (50). How-
ever, more recently, it was reported that the reversal cell is from
the osteoblast lineage, based on cell morphology, positive
expression for alkaline phosphatase, and the absence of the
monocytemacrophagemarkerMOMA-2 (monocyte�macro-
phage antibody-2) on these cells (49). In light of the recent
characterization of F4/80� osteomacs and their association
with BMUs (34), a more detailed assessment of the reversal cell
phenotype needs to be undertaken because macrophages can
express alkaline phosphatase (51), and MOMA-2 and F4/80
detect different macrophage populations (52). From a func-
tional perspective, the likely explanation is that both osteomacs
and mesenchymal bone-lining cells work together to facilitate
events during the reversal phase. Osteomacs are likely respon-
sible for removal of matrix debris during the reversal phase.
Indeed, macrophages can produce MMPs (53), the enzymes
required for matrix degradation, and are professional phago-
cytic cells. Macrophages can also produce osteopontin (54),
which is incorporated into mineralized tissue. However, the
mesenchymal bone-lining cells are more ideally equipped to
deposit the collagenous matrix that forms along osteopontin-
rich cement lines withinHowship lacunae (49). The final role of
the reversal cells may be to receive or produce coupling signals
that allow transition from bone resorption to bone formation
within the BMU.
Formation Phase—The nature of the coupling signal that

coordinates this transition anddirects bone formation precisely
to sites of bone resorption remains controversial. Initially, it
was proposed that the coupling molecule(s) were stored in the
bone matrix and liberated during bone resorption. Insulin-like
growth factors I and II and TGF-� are all such factors, and
regulation of activeTGF-� appears to be a key signal for recruit-
ment of mesenchymal stem cells to sites of bone resorption

(55). However, in mice and humans that have functionally
defective osteoclasts, unable to resorb bone, osteoblast bone
formation is preserved even in the absence of released matrix-
bound growth factors. These observations have led to the
hypothesis that osteoclasts produce the coupling factor(s) (56).
Several candidate coupling mechanisms have been proposed,
including the soluble molecule sphingosine 1-phosphate and
the cell-anchored EphB4�ephrin-B2 bidirectional signaling com-
plex. Sphingosine 1-phosphate is secreted by osteoclasts, induces
osteoblast precursor recruitment, and promotes mature osteo-
blast survival (57). EphB4 receptors are expressed on osteoblasts,
whereas osteoclasts express the ligand ephrin-B2. Forward
signaling through EphB4 into osteoblasts enhances osteogenic
differentiation, and reverse signaling through ephrin-B2 into
osteoclast precursors suppresses osteoclast differentiation by
inhibiting the osteoclastogenic c-Fos/NFATc1 cascade (58).
This EphB4�ephrin-B2 signaling complex provides a unique
opportunity to activate bone formation and inhibit bone
resorption simultaneously at this critical transition point of the
remodeling process. However, the anatomical constraints
within the BMU mean that direct cell contact between oste-
oclasts and osteoblasts is not always possible, and indeed,
osteoblast recruitment and matrix deposition continue long
after osteoclasts have vacated a resorption site. Therefore, sev-
eral mechanisms, including both direct contact and soluble sig-
nals, may be required to achieve coupling.
Mechanical stimulation and the endocrine signal PTH can

exert bone formation signals via osteocytes. Under resting con-
ditions, osteocytes express sclerostin (59), a soluble molecule
that binds to LRP5/6 (low density lipoprotein receptor-related
protein-5/6) and directly prevents Wnt signaling (60), an in-
ducer of bone formation. Mechanical strain on bone and PTH
signaling, via PTH receptors on osteocytes (61), inhibit osteo-
cyte expression of sclerostin (62), removing inhibition of Wnt
signaling and allowing Wnt-directed bone formation to occur
via its receptor and coreceptor, LRP5/6. This anabolicWnt sig-
naling pathway is critical in establishing basal bone mineral
density; however, the specifics of how mechanical strain and
PTH signaling exert opposing effects in the early and late stages
of physiological bone remodeling remain to be determined.
Oncemesenchymal stemcells or early osteoblast progenitors

have returned to the resorption lacunae, they differentiate and
secrete molecules that ultimately form replacement bone. Col-
lagen type I is the primary organic component of bone. Non-
collagenous proteins, including proteoglycans, glycosylated
proteins such as tissue nonspecific alkaline phosphatase, small
integrin-binding ligand (SIBLING) proteins, Gla-containing
proteins (matrix Gla protein and osteocalcin), and lipids com-
pose the remaining organic material (63). For bone to assume
its final form, hydroxylapatite is incorporated into this newly
deposited osteoid. The precise mechanism of mineralization
remains to be fully elucidated; however, tissue nonspecific alka-
line phosphatase (64), nucleotide pyrophosphatase phosphodi-
esterase, and ANK (progressive ankylosis) are involved in gen-
erating the optimal extracellular concentration of inorganic
phosphate that allows mineralization to proceed (65).
Termination Phase—When an equal quantity of resorbed

bone has been replaced, the remodeling cycle concludes. The
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termination signal(s) that inform the remodeling machinery to
cease work are largely unknown, although a role for osteocytes
is emerging. The loss of sclerostin expression, which occurred
to initiate osteoblastic bone formation, likely returns toward
the end of the remodeling cycle. Following mineralization,
mature osteoblasts undergo apoptosis, revert back to a bone-
lining phenotype or become embedded in the mineralized
matrix, and differentiate into osteocytes. The resting bone sur-
face environment is reestablished andmaintained until the next
wave of remodeling is initiated.

Conclusion

The current physiological bone-remodeling paradigm is
incomplete, and deficiencies in understanding themechanisms
that couple bone resorption and formation are a barrier to suc-
cessfully treating the numerous pathological bone diseases that
result in bone loss. Many diseases of bone have an associated
immune component. Complete confirmation and understand-
ing of the role that immune cells, such as the osteomacs, have in
bone remodeling are essential to facilitate the ongoing search
for improved therapeutics for bone disease.
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Leukotrienes (LTs), derived from arachidonic acid (AA)
released from themembrane by the action of phospholipase A2,
are potent lipid mediators of the inflammatory response. In
1983, Dahlén et al. demonstrated that LTC4, LTD4, and LTE4
mediate antigen-induced constriction of bronchi in tissue
obtained from subjects with asthma (Dahlén, S. E., Hansson, G.,
Hedqvist, P., Björck, T., Granström, E., and Dahlén, B. (1983)
Proc. Natl. Acad. Sci. U.S.A. 80, 1712–1716). Over the last 25�

years, substantial progress has beenmade in understanding how
LTs exert their effects, and a broader appreciation for the
numerous biological processes they mediate has emerged. LT
biosynthesis is initiated by the action of 5-lipoxygenase
(5-LOX), which catalyzes the transformation of AA to LTA4 in a
two-step reaction. Ca2� targets 5-LOX to the nuclear mem-
brane, where it co-localizes with the 5-LOX-activating protein
FLAP and, when present, the downstream enzyme LTC4 syn-
thase, both transmembrane proteins. Crystal structures of the
AA-metabolizing LOXs, LTC4 synthase, and FLAP combined
with biochemical data provide a framework for understanding
how subcellular organizations optimize the biosynthesis of
these labile hydrophobic signaling compounds,whichmust nav-
igate pathways that include both membrane and soluble
enzymes. The insights these structures afford and the questions
they engender are discussed in this minireview.

The polyunsaturated fatty acid arachidonic acid (AA)2 serves
as a precursor to prostaglandins, leukotrienes (LTs), and other
eicosanoids derived from the 20-carbon substrate. The proteins
that constitute the LT biosynthetic pathway are located in sev-
eral cellular compartments and include extra- and intracellular
as well as membrane and soluble proteins. Products of the
intracellular pathway are exported by specific pumps for fur-
ther elaboration in extra- or transcellular biosynthesis or for
access to the extracellular receptors they target. The complex
compartmentalized biosynthetic pathway for LTs offers
numerous opportunities for control of pathway flux through
dynamic control of the locations of key proteins. We focus in

thisminireview on the early events in the LT biosynthetic path-
way, specifically a major branch point in LT biosynthesis that
determines whether cysteinyl-LTs that result from the pathway
that requires conjugation with glutathione are produced or
whether the non-cysteinyl-LT LTB4 is synthesized.

The Reaction Pathway

The biosynthesis of LTs is initiated by the action of 5-li-
poxygenase (5-LOX), which promotes the transformation of
AA to LTA4. The action of 5-LOX is triggered by calcium-de-
pendent membrane binding, which targets it to the nuclear
membrane. There it acquires its substrate, liberated frommem-
brane phospholipids by the action of Ca2�-stimulated cytosolic
phospholipase A2, from the transmembrane protein FLAP
(five-lipoxygenase-activating protein). Like all LOXs, 5-LOX
catalyzes the regio- and stereospecific peroxidation of a poly-
unsaturated fatty acid (1, 2). The enzyme transforms the sub-
strate AA to the 5S-isomer of hydroperoxyeicosatetraenoic
acid (5S-HPETE). However, in contrast to other members of
this superfamily, 5-LOX can further metabolize the hydroper-
oxy product to an allylic epoxide, specifically LTA4. Studies
have shown that both in vitro (3) and in vivo (4), the efficiency of
LTA4 production is improved with membrane binding, i.e.
5-LOX successfully carries the two-step reaction to comple-
tion, and the ratio of LTA4 to intermediate (5S-HPETE) pro-
duced is increased. (An alternative fate for 5S-HPETE is reduc-
tion to the corresponding hydroxyeicosatetraenoic acid.)
Subsequently, LTA4 is transformed to either LTB4 by the action
of LT hydrolase or LTC4 by the action of LTC4 synthase. The
former is a soluble enzyme that traffics between the nucleus and
cytoplasm, and the latter is a membrane-embedded enzyme
that is localized to the outer, but not inner, nuclear membrane
(Fig. 1).

Protein Structures

5-LOX—Although there is no structure available for 5-LOX,
structures for several plant (5–8) and animal (9–11) enzymes
(Fig. 2) have been determined. The LOX framework defined
by these structures contains two distinct domains. The first
of these is the smaller (�120 amino acids) PLAT (polycystin-
1/lipoxygenase/alpha-toxin) domain originally termed “C2-
like” because of its resemblance to the Ca2�-dependent C2
domains described in phospholipases and other Ca2�-depen-
dent membrane-binding proteins such as synaptotagmin (12–
15). The structures of two PLAT domains that share Ca2�-
binding amino acidswith 5-LOX (gangrene�-toxin (16, 17) and
8R-LOX from Plexaura homomalla (10)) revealed three Ca2�

ions positioned by the conserved amino acids. These structures
and a body of biochemical data suggest that 5-LOX similarly
harbors three Ca2�-binding sites in the N-terminal PLAT
domain. Mutation of the putative Ca2�-binding amino acids
abrogates membrane binding by 5-LOX (18–21).
The remainder of the protein forms the catalytic domain

(�550 amino acids in animal enzymes and 750 in plant
enzymes); it is primarily �-helical and houses the catalytic iron.

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.
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2 The abbreviations used are: AA, arachidonic acid; LT, leukotriene; 5-LOX,
5-lipoxygenase; 5S-HPETE, 5S-hydroperoxyeicosatetraenoic acid.
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The iron is positioned by both side and main chain contacts:
conserved histidines fill the coordination sphere as well as the
main chain carboxylate of the C terminus. Another structurally
distinct conserved feature in this domain, previously described
in detail by Minor et al. (6) for soybean LOX L-1, is an arched
helix that shields access to the catalytic iron. The curvature
of the helix is a consequence of a reverse-turn insertion that
contains an invariant glycine. Just prior to the reverse turn is
an invariant Leu that has been proposed to control access of O2
to the substrate (22, 23) and to position the substrate penta-
diene for attack (11). The PLAT and catalytic domains appear
to constitute independently folded domains, and there are
reports of LOX truncations (lacking the N-terminal domain)
that are catalytically active (24, 25). However, the structure of a
truncated form of 12S-LOX (Protein Data Bank code 3D3L)
suggests that the PLAT domain may critically influence the
three-dimensional structure of the catalytic domain. The 12S-

LOX fragment lacks the PLAT
domain and the first helix (�1) and
loop of the catalytic domain, and in
this structure, �2 is not positioned
as it is in any intact LOX structure.
Furthermore, �2 crosses over the
site where the arched helix is found;
as a consequence, the arched helix is
also not properly positioned. (In
fact, the authors were unable to
model it in the electron density
map.) Because �1 makes no con-
tacts with �2 in the full-length LOX
structures, the structure of the trun-
cated LOX may indicate that �2 is
constrained by the N-terminal
domain. In the absence of the phys-
ical restraint imposed by the PLAT

domain, neither �2 nor the arched helix is orientated correctly
in the 12S-LOX fragment.
As the substrate for animal LOXs is AA, the individual LOX

isoformsmust discriminate among three chemically equivalent
methylene carbons to generate a single regio- and stereospe-
cific product. Structures are available for rabbit reticulocyte
15-LOX (9, 26) and P. homomalla 8R-LOX (10, 11), enzymes
that have�40% sequence identity to human 5-LOX.As one can
infer from the names, the former produces 15-HPETE (the
S-isomer) and the latter 8R-HPETE. These structures have led
to models for product specificity in the 15S- and 8R-enzymes,
but the product of 5-LOX represents a significant challenge to
extrapolation of these models. Experimental results are consis-
tent with a mechanism that requires abstraction of hydrogen at
the central carbon of a pentadiene, followed by the antarafacial
peroxidation of the free radical intermediate, i.e. hydrogen
abstraction and oxygenation must occur on opposite sides of
the pentadiene (for review, see Ref. 28). The site of peroxidation
is either C�2 or C�2 relative to the position of hydrogen
abstraction. For the models inferred from the rabbit and coral
structures that explain the products of these enzymes, the ste-
reochemistry of the product is consistent with the carboxylate
of the AA tethered by surface amino acids (carboxylate out).
However, the stereochemistry of the 5-LOX product and the
fact that peroxidation occurs on the opposite side of the sub-
strate to hydrogen abstraction necessitate an inverse orienta-
tion of substrate (carboxylate in). Furthermore, the consecutive
reactions catalyzed by 5-LOX require hydrogen abstraction
from two of the three pentadienes in the substrate (attack at C7
and C10). The 8R- and 15-LOXs perform abstraction at C10
and C13, respectively. Thus, despite compelling experimental
data testing amodel for 5-LOX product specificity (e.g.Ref. 29),
in the absence of a structure of 5-LOX or other LOX with
“inverse entry,” it is difficult to predict with certainty the struc-
tural basis for 5-LOX specificity.
FLAP and LTC4 Synthase—Targeted to the membrane by

the binding of Ca2�, 5-LOX is localized to the nuclear mem-
brane, where both its “helper” protein FLAP (Fig. 3) and LTC4
synthase, an enzyme that metabolizes the 5-LOX product, can
be found. The two proteins, which span the bilayer, are mem-

FIGURE 1. Initial events in LT biosynthesis. Ca2� promotes membrane binding of both cytosolic phospho-
lipase A2 (cPLA2; gray) and 5-LOX (salmon). The AA (see box) generated by phospholipase A2 is the substrate for
5-LOX. The 5-LOX product (LTA4) is converted to either LTC4 or LTB4 depending on the location of 5-LOX. *, OH
for the corresponding hydroxyeicosatetraenoic acid (5S-HETE), produced by reduction of 5S-HPETE. LTA4H,
LTA4 hydrolase; LTC4S, LTC4 synthase.

FIGURE 2. 8R-LOX. The schematic shows 8R-LOX from P. homomalla (Protein
Data Bank code 2FNQ). The membrane-targeting PLAT domain is in purple,
and the catalytic domain is in white. Blue spheres mark the Ca2� ions posi-
tioned by amino acids conserved in 5-LOX, which are included in stick render-
ing. White, carbon; red, oxygen; blue, nitrogen. Trp residues in the PLAT
domain found in the putative membrane insertion loops common to 8R- and
5-LOXs are show as gold spheres. The catalytic iron is shown as an orange
sphere, and the position of the terminal amino acid is in red. The arched helix,
which shelters the active site, is in green.
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bers of the MAPEG (membrane-associated proteins in eico-
sanoid and glutathionemetabolism) superfamily (30, 31). Crys-
tal structures have been obtained for both (32–34), with that of
LTC4 synthase at significantly higher resolution (2.15 Å (33)
versus 4.0 Å (34) resolution). The proteins are trimers of four-
helix bundles with active sites located at monomer interfaces.
FLAP appears to represent a distinct subclass in the family, as
unlike the other MAPEG family members, it does not have a
catalytic activity or a binding site for GSH. All other MAPEG
proteins either conjugate GSH with their substrate or metabo-
lize GSH in the catalytic cycle. Furthermore, a structure-based
sequence lineup of MAPEG proteins supports the premise that
FLAP represents a unique subclass (35), and FLAP homologs
fromDanio rerio toHomo sapiens show specific hallmarks: dis-
tinct loop sequences that connect helices �1 and �2 and helices
�3 and �4. These are the loops at the surface of the membrane,
i.e. the regions of the proteinmost likely to interact with 5-LOX
should a specific protein-protein interaction occur. A role in a
specific interactionwith a protein partner is consistent with the
fact that the sequences of the surface loops of FLAP are highly
conserved. In Fig. 3, the structure of a monomer of LTC4 syn-
thase with the GSH co-substrate is superimposed on that of
FLAP. In this orientation, it is clear that the N-terminal portion
of FLAPhelix�4 is “unwound” comparedwith theGSH-depen-
dent MAPEG structures. The resulting extended loop region
blocks access to theGSH-binding site region of the glutathione-
dependent MAPEG proteins. Moreover, FLAP also lacks the
conserved side chains that interact with GSH.
The structure of LTC4 synthase, which catalyzes the conju-

gation of GSH to LTA4, includes GSH, and the FLAP structure
includes the competitive inhibitor ofAAbindingMK-591. Both
ligands are located in a groove formed by helices �1 and �4
from neighboring protomers. Furthermore, both proteins have
all three sites in the trimers occupied. The GSH subsite of the
synthase is in a deeper portion of the groove, and LTA4 is
thought to occupy the region of the site that contains a co-
crystallized detergent molecule. This arrangement makes the

LTA4 subsite more superficial with respect to the protein than
the GSH subsite. However, the LT subsite extends along the
surface of protein and penetrates deep into the membrane
bilayer. The arrangement of the LTA4 and GSH subsites, with
theGSH buried deeper in the protein, led to the suggestion that
GSHbinds first and induces a conformation that is amenable to
LTA4 binding (33). However, previous kinetic data for this and
other MAPEG proteins are consistent with a random binding
order (36). In contrast, FLAP has a single binding cavity in the
groove between monomers. In the x-ray structure of FLAP, the
competitive inhibitor of AA is found in the region of the protein
buried in the bilayer. Thus, the locations of the AA- and LTA4-
binding sites in FLAP and LTC4 synthase deep in the bilayer are
consistent with a model in which the proteins obtain their
ligand/substrate directly from the bilayer by lateral diffusion.
LTA4 Hydrolase—The product of the 5-LOX reaction is also

the substrate for LTA4 hydrolase. This soluble enzyme converts
LTA4 into LTB4 and thus provides an alternative fate for the
product of the 5-LOX reaction. The crystal structure of LTA4
hydrolase confirmed the prediction from sequence alignments
that it is a member of the M1 amino peptidase superfamily (37,
38). These are zinc-containing amino peptidases typified by
thermolysin. However, LTA4 hydrolase is roughly double the
size of thermolysin, as it contains two additional domains: an
all-�-domain at the N terminus and an �-helical domain at the
C terminus (Fig. 4). These two domains extend from the ther-
molysin-like core to close over what would be the exposed pep-
tide-binding site in an M1 peptidase. The triangular arrange-
ment of the three domains allows access to the catalytic zinc via
a central channel. In addition to the hydrolase activity, the
enzyme also has peptidase activity, but a biological role for the
peptidase activity remains to be identified. It is interesting to
note that the LTA4 hydrolase-“modified” M1 peptidase struc-
ture is not unique to an enzyme of the LT biosynthetic pathway.
A similar structure has been described for a cold-active amino
peptidase from Colwellia psychrerythraea (39).

Compartmentalization

What Determines the Fate of the 5-LOX Product?—Cluster-
ing of sequential catalytic activities is thought to provide a
mechanism to enhance biosynthetic efficiency, and reversible
clustering of six enzymes in the de novo biosynthetic pathway
for purines has been shown to occur in the cytoplasm in
response to changes in purine levels (40). The proteins of the LT

FIGURE 3. FLAP and LTC4 synthase. a, schematic of a FLAP trimer (Protein
Data Bank code 2Q7M). Monomers are in purple, blue, and pink. The inhibitor
MK-591 is depicted in stick rendering. Yellow, carbon; red, oxygen; blue, nitro-
gen. b, superposition of a LTC4 synthase monomer (beige; code 2UUH) onto
FLAP. GSH is in sphere rendering. Magenta, carbon; orange, sulfur. The stick
rendering corresponds to a detergent molecule and is presumed to indicate
the binding site for LTA4.

FIGURE 4. LTA4 hydrolase. a, thermolysin-like (M1 peptidase) core of LTA4
hydrolase. Zn2� is a gray sphere. b, LTA4 hydrolase (Protein Data Bank code
1HS6). Purple, N-terminal domain; green, C-terminal domain. The arrow marks
the approximate position of the active-site access channel.

MINIREVIEW: Compartmentalization in Leukotriene Biosynthesis

AUGUST 13, 2010 • VOLUME 285 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 25111



biosynthetic pathway are found in the nucleus, cytoplasm,
inner and outer nuclear membranes, and extracellular space
and, as a result, are not free to reversibly cluster. In addition,
some steps in the pathway that furthermodify the LTs are tran-
scellular (e.g.Ref. 41). Consequently, regulation of pathway flux
can be executed by the subcellular targeting of key enzymes. For
example, as described below, targeting of 5-LOX to the outer
nuclear membrane is thought to promote the formation of the
cysteinyl-LTs, whereas 5-LOX targeting to the inner nuclear
membrane results in the production of LTB4 (37, 38).
The LTC4 synthase and LTA4 hydrolase activities repre-

sent a bifurcation of the LT biosynthetic pathway: the former
directs the 5-LOX product into the production of cysteinyl-
LTs such as LTC4 and LTD4 and the latter to LTB4. These
LTs are distinct in the biological responses they trigger; thus, an
intriguing aspect of the regulation of LT biosynthesis is how the
relative rates of cysteinyl-LT and LTB4 production are con-
trolled. Compartmentalization of enzyme activities has been
proposed to play a significant role in the regulation of LT pro-
duction. Prior to activation, 5-LOX can reside in the cytoplasm
or the nucleus (due to the presence of multiple nuclear location
sequences (42, 43)); furthermore, its cellular location is
dynamic and can vary with cell type. Onemechanism of control
of 5-LOX location is phosphorylation. For instance, phosphor-
ylation of Ser-271 interferes with the export of 5-LOX from the
nucleus (44). Thus, cell stimulation results in the Ca2�-depen-
dent targeting of 5-LOX to the inner and/or outer nuclear
membrane(s), depending upon the compartment(s) in which
the unstimulated enzyme resides.
Recall that 5-LOX is presented its substrate by its helper pro-

tein FLAP, located in the nuclearmembrane. Although FLAP is
not required for 5-LOXactivity or its translocation to themem-
brane, in vivo, the cellular capacity for LT synthesis correlates
with FLAP expression (45–47). Furthermore, inhibitors of
FLAP are effective inhibitors of LT production (48). MK-591,
the drug with which FLAP was crystallized, inhibits LT biosyn-
thesis through binding to FLAP. Recall also that LTC4 synthase
is a structurally similar membrane protein. However, in con-
trast to FLAP, which is distributed on both the inner and outer
nuclear membranes, LTC4 synthase is restricted to the outer
nuclear membrane (49). Studies by Mandal et al. (50) revealed
two populations of FLAP in the nuclear membrane: FLAP that
is unassociated and FLAP that is associated with LTC4 syn-
thase. Because FLAP is more abundant than LTC4 synthase,
there is no LTC4 synthase that is not in complex with FLAP.
The authors proposed the existence of two pools of FLAP,
one to channel LTA4 to the synthase and the other to allow
access to the LT by LTA4 hydrolase. In subsequent work, the
authors demonstrated activation-dependent assembly of a
complex of 5-LOX and FLAP (51). In their model, the outer
nuclear membrane complex is composed of 5-LOX, FLAP, and
LTC4 synthase, whereas on the inner membrane, which is
devoid of the synthase, the complex consists of 5-LOX and
FLAP. Interaction of FLAP with both LTC4 synthase and
5-LOX has been suggested by others (52).
Implications for Substrate Transfer—The proposed AA-

binding site in FLAP is deep within the hydrophobic region
of the bilayer. This placement appears to preclude a direct

interaction between the donor- and acceptor-binding sites
and suggests that accessibility to FLAP-bound AA by 5-LOX
is limited, even when the enzyme is membrane-bound. The
only part of 5-LOX demonstrated to penetrate the bilayer is
the putative membrane insertion loop that contains Trp-75 in
the PLAT domain. This amino acid has been proposed to insert
�9 Å deep into the bilayer (53). Thus, 5-LOX is tethered to the
membrane with calcium activation, but its substrate is bound
deep within the hydrophobic bilayer to the helper protein
FLAP. How theAA travels from its position in the bilayer to the
catalytic domain of LOX, which does not localize to the mem-
brane in the absence a functional PLAT domain, is unknown.
Note from Fig. 2 that the overall structure of LOX is an elon-
gated ellipsoid. The membrane-tethering PLAT domain
encompasses the first third of the ellipsoid, and the catalytic
domain encompasses the remaining two-thirds. The entrance
to the active site is roughly in the middle of the catalytic
domain, �30 Å removed from the PLAT-catalytic domain
interface. Thus, direct passage of substrate from the bilayer to
the active site of the soluble enzyme (as occurs in some mono-
typic membrane-associated enzymes (54)) can occur only if the
catalytic domain abuts themembrane. A green fluorescent pro-
tein-labeled catalytic domain-only construct does not translo-
cate to the nuclear membrane under conditions that mobilize
the similarly tagged PLAT domain (18). However, this observa-
tion does not rule out an association of the catalytic domain
with the membrane once it is tethered by the PLAT domain.
Another aspect of substrate transfer to consider is the orienta-
tion of AA in FLAP. The structures of both FLAP and LTC4
synthase suggest that AA and LTA4 bind with the hydrophobic
tails innermost in the membrane and the carboxylate groups at
the membrane surface. This may require that the initial inter-
action of 5-LOX with FLAP-bound AA is via the substrate car-
boxylate. Such a transfer mechanism might utilize a positively
charged amino acid at the entrance to the active site.
LTA4 hydrolase, the alternative enzyme that metabolizes

LTA4, is a soluble enzyme found in the nucleus and cytoplasm
(55). Its distribution between these compartments is dynamic
(56). Luo et al. (57) have shown that the cellular capacity for the
synthesis of LTB4 correlates with the capacity for import of
5-LOX into the nucleus. Thus, the exclusion of LTC4 synthase
from the inner nuclear membrane and the presence of the
hydrolase in the nucleus result in a pool of LTA4 that does not
have access to the cysteinyl-LT biosynthetic branch of the
bifurcation but is available to the hydrolase. If LTC4 were not
excluded from the inner nuclear membrane in cells expressing
both LTC4 synthase and LTA4 hydrolase, the transmembrane
synthase would have preferential access to substrate due to its
proximity to FLAP and consequently 5-LOX. The clustering of
FLAP, 5-LOX, and LTC4 synthase is likely to maximize the
partitioning of the hydrophobic LTA4 in the membrane phase.
The half-life of LTA4 is �10 s in aqueous milieu but is signifi-
cantly extended in the presence of phospholipids (58). As a
consequence, even the chemical nature of the phospholipid
bilayer favors the LTC4 synthase reaction over that of the
hydrolase, as the substrate need not enter an aqueous environ-
ment, where it is susceptible to non-enzymatic hydrolysis.
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The bifurcation of the LTbiosynthetic pathway after the pro-
duction of LTA4 contributes to the production of LTs of diverse
structures and functions. However, data suggest that down-
stream events in one pathway branch can have an effect on the
flux through the alternative branch. LTC4 is exported from the
cell by the membrane pump known as MRP1 (multidrug resis-
tance protein-1); in mice lacking the multidrug export pump,
LTB4 synthesis is increased. The interpretation of this result is
that LTC4 accumulation inhibits LTC4 synthase activity, and
thus, more LTA4 is available for metabolism by the hydrolase
(59).
Concluding Remarks—The initial step in LT synthesis is cat-

alyzed by the Ca2�-dependent membrane-binding enzyme
5-LOX. 5-LOX is translocated to the nuclear membrane, and
whether it is located on the inner or outer nuclear membrane
appears to determine the fate of its product, LTA4. Thus, at an
early step in LT biosynthesis, compartmentalization is an
important determinant in pathway flux within the branches of
this intricate biosynthetic pathway for lipidmediators. Further-
more, compartmentalization can be regulated by post-transla-
tional modifications such as phosphorylation. Downstream
enzymes and proteins in the pathway reside inmultiple cellular
compartments; thus, it is likely that a regulatory mechanism
that requires mobility of a key enzyme is repeated farther down
the line. An issue that was only briefly alluded to here but is
likely to impact LT production is the lability of pathway inter-
mediates. For example, LTA4 is subject to non-enzymatic
hydrolysis, but the half-life in the cell can be extended by either
its association with phospholipid membrane (58) or fatty acid-
binding proteins (27, 60). Thus, on top of spatial restraints
imposed by themultiple compartments occupied by LTbiosyn-
thetic enzymes are temporal constraints that further impact
pathway flux. The abundance of structural and functional data
on early events in LTbiosynthesis helps simplify our perception
of the complex pathway for LT biosynthesis.
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and Hammarström, S. (2009) Biochem. Biophys. Res. Commun. 381,
518–522

53. Pande, A. H., Qin, S., and Tatulian, S. A. (2005) Biophys. J. 88, 4084–4094

54. Forneris, F., and Mattevi, A. (2008) Science 321, 213–216
55. Brock, T. G.,Maydanski, E., McNish, R.W., and Peters-Golden,M. (2001)

J. Biol. Chem. 276, 35071–35077
56. Brock, T. G., Lee, Y. J., Maydanski, E., Marburger, T. L., Luo, M., Paine, R.,

3rd, and Peters-Golden, M. (2005) Am. J. Physiol. Lung Cell. Mol. Physiol.
289, L224–L232

57. Luo, M., Jones, S. M., Peters-Golden, M., and Brock, T. G. (2003) Proc.
Natl. Acad. Sci. U.S.A. 100, 12165–12170

58. Fiore, S., and Serhan, C. N. (1989) Biochem. Biophys. Res. Commun. 159,
477–481

59. Schultz, M. J., Wijnholds, J., Peppelenbosch, M. P., Vervoordeldonk, M. J.,
Speelman, P., van Deventer, S. J., Borst, and van der Poll, T. (2001) J. Im-
munol. 166, 4059–4064

60. Dickinson Zimmer, J. S., Voelker, D. R., Bernlohr, D. A., andMurphy, R. C.
(2004) J. Biol. Chem. 279, 7420–7426

MINIREVIEW: Compartmentalization in Leukotriene Biosynthesis

25114 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 33 • AUGUST 13, 2010



Thematic Minireview Series: Metals in Biology 2010*
Published, JBC Papers in Press, June 3, 2010, DOI 10.1074/jbc.R110.150870

F. Peter Guengerich1

From the Department of Biochemistry and the Center in Molecular Toxicology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232-0146

Metals are present in nearly one-half of protein structures
analyzed to date and play important roles in many of these
enzymes. This prologue introduces the third of the Thematic
MinireviewSeries onMetals inBiology, which is focused on iron
homeostasis. The four minireviews in the current series deal
with redox cycling in iron metabolism, the biogenesis and
assembly of iron-sulfur centers (two articles), and the assembly
of iron into heme.

Metals are very important in biochemistry, even though they
are not considered as a table of contents heading, etc., in the
sense of carbohydrates, lipids, RNA, etc. Recent surveys of
three-dimensional structures of enzymes indicate that 47%
requiremetals and 41% containmetals in their catalytic centers
(1, 2). Metals, as superacids, can increase the electrophilicity or
nucleophilicity of reacting species, increase the acidity of a
reacting species, and promote heterolysis (1). They also func-
tion as redox centers, carry oxygen, and use their abilities to
bind ligands to act as molecular “switches” in signal transduc-
tion. Two previous Thematic Minireview Series on Metals in
Biology dealt with biochemical aspects of a variety of metals,
including iron, copper, selenium, nickel, vanadium, and arsenic
(3, 4). In this third series, the focus is on research in the area
of iron homeostasis, which is important because of the
prominence of this transition metal in so many processes in
biochemistry.
The first minireview, by Daniel J. Kosman, deals with redox

cycling in iron uptake, efflux, and trafficking. The balance
between ferric and ferrous iron is delicate and, if not tightly
controlled, can lead to undesirable consequences in terms of
oxidative stress to cells. Ferrireductases (Fe3� reductases) and
ferroxidases (Fe2� oxidases) are involved. Some of the pro-
cesses also involve another transition metal, copper, and are
understood to be involved in serious genetic disorders in
humans. Studies with microorganisms also have revealed gen-
eral roles for these processes in aerobic organisms.

The next twominireviews deal with aspects of the formation
of iron-sulfur clusters in mitochondria and cytosol. Timothy L.
Stemmler and co-workers discuss the role of themitochondrial
protein frataxin. The scaffold protein Isu is utilized in the pro-
cess and interactswith free (ferrous) iron, a cysteine desulfurase
that provides sulfide, and the protein frataxin, which is pro-
duced in the ribosomes and targeted to mitochondria. The
inherited neurodegenerative disease Friedreich ataxia is the
result of frataxin deficiency. Whether frataxin functions as a
chaperone or a regulator element is still unclear. Anil K. Sharma
and co-workers review cytosolic iron-sulfur cluster assembly,
which is also important and complex. The cytosolic iron cluster
assembly system involves scaffolds, chaperones, electron trans-
fer, sulfide generation, and proteins involved in iron-sulfur pro-
tein transport and export. This process is involved in overall
iron regulation and in the synthesis of numerous important
iron-sulfur proteins.
The fourth minireview in this series, by Iman J. Schultz and

co-workers, deals with iron and porphyrin trafficking in heme
biogenesis. Free iron is regulated and made available for incor-
poration into heme. In turn, heme transport also is highly reg-
ulated, and several proteins may be involved. In addition, there
are dietary sources of heme and systems that can utilize this in
terms of transport. Finally, heme and free iron generated from
heme destruction can be recirculated in the body.
Overall, the processes described in this thematic minireview

series show the complexity of dealing with a single metal, iron.
This series should convey much of the current state of the field
and its relevance to human disease as well as basic biology. I
thank Dr. Kosman for suggestions in this area. Again, this is the
third of theseThematicMinireview Series onMetals in Biology,
and additional minireviews in this area will deal with other
interesting aspects of more metals.
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Aerobic organisms are faced with a dilemma. Environmental
iron is found primarily in the relatively inert Fe(III) form,
whereas the more metabolically active ferrous form is a strong
pro-oxidant. This conundrum is solved by the redox cycling of
iron between Fe(III) and Fe(II) at every step in the iron meta-
bolic pathway. As a transition metal ion, iron can be “metabo-
lized” only by this redox cycling, which is catalyzed in aerobes by
the coupled activities of ferric iron reductases (ferrireductases)
and ferrous iron oxidases (ferroxidases).

Following the first crystallization of a protein, jack bean ure-
ase, reported by Sumner in 1926 (1), the evolution of protein
chemistry remained a slow process, hampered by limitations in
techniques for protein resolution and analysis. Not surpris-
ingly, many proteins obtained in relatively pure form were
those with prosthetic metal ion groups that imparted a visible
absorbance to guide the purification. Some were copper pro-
teins whose Cu(II) spectral properties gave their protein host a
greenish blue to bright blue hue. Two of these were frommam-
malian whole blood: hemocuprein (cupric species from eryth-
rocytes, superoxide dismutase) and ceruloplasmin (cerulean
blue species from plasma). Superoxide dismutase was first iso-
lated in 1938 by Mann and Keilin (5); Cp2 was first isolated in
1948 by Holmberg and Laurell (6). Both proteins play essential
roles in aerobic homeostasis. In the case of ceruloplasmin and
the other copper proteins that share its substrate specificity,
this role is to manage the redox state of iron in the metabolism
of this essential yet potentially cytotoxic transition metal ion.
These proteins, all of which are members of the MCO family
(7–9), and the mechanism by which they provide this function
are a focus of this minireview.

Background

Ataxia (Fig. 1) has long been seen as enzootic (endemic) in
animal husbandry, e.g. in sheep; “swayback” was used to char-
acterize the side-to-side (swaying) motion of the hindquarters
in the gait of animals presenting with this disorder. The first

report of this phenotype was in 1917 when Gaiger (10)
described what in Peru was known as “renguera” or limp.
Thought possibly linked to heavy metal poisoning (lead), sys-
tematic chemical analysis and nutritional studies by Bennetts
and Chapman (11) in 1937 demonstrated that this pathology
was due to a copper deficiency in the soils ofWesternAustralia;
the condition was easily correctable by copper supplementa-
tion of the salt licks. Numerous studies from around the world
on other domesticated animals confirmed these findings (12).
In a series of reports beginning in 1952,MaxwellWintrobe3 and
co-workers demonstrated that copper deficiency in swine
caused a systemic iron deficiency and a deficit in a variety of
hematologic parameters. For example, cytochrome c oxidase
activity was seen to be lower in these copper-deficient animals,
as was the oxidase activity in the plasma toward p-phenylenedi-
amine, an activity that was associated with the level of copper-
replete active ceruloplasmin (13–15). Similar results were
obtained in studies on rats and humans, although human sway-
back has only recently been recognized clinically as a copper
deficiency myelopathy (16, 17).
A principal finding was that iron absorption across the intes-

tinal epithelia was strongly reduced in copper-deficient ani-
mals; this observation allowed the Wintrobe group to propose
that copper was involved in the mobilization of iron from tis-
sues and not in the biosynthesis of, for example, heme or the
formation of red blood cells (18). In other words, copper was
required for normal ironmetabolism. How copper, ceruloplas-
min, and iron trafficking in mammals were connected was not
clarified by these experiments. In 1966, however, Osaki, John-
son, and Frieden connected the dots (19); they concluded their
Journal of Biological Chemistry article, “The Possible Signifi-
cance of the FerrousOxidase Activity of Ceruloplasmin inNor-
mal Human Serum,” with the following.

While the name ceruloplasmin, coined by its discoverers, Holmberg
and Laurell, will always retain its historical importance, we antici-
pate that the name ferroxidase may bemore useful than designating
this enzyme as a sky-blue substance from plasma.

Illustrating the truth of this prediction is an objective of this
minireview as well.

Kinetic Argument for Ceruloplasmin as a Physiologic
Ferroxidase

In 1961, Curzon (20) had noted an apparent “stimulation” of
hCp reactivity toward p-phenylenediamine by Fe(II); however,
he explicitly discounted any reactivity of hCp with Fe(II). Earl
Frieden and colleagues (19) subsequently demonstrated that
hCp in fact catalyzedwhat they then called the ferroxidase reac-
tion (Equation 1), in which hCp coupled the 4-electron reduc-
tion of O2 to 2H2O to the oxidation of 4Fe(II).

4Fe(II) � O2 � 4H �3 4Fe(III) � 2H2O (Eq. 1)
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Quantifying low �M Km values for O2 and Fe(II) (21) in the
hCp reaction,Osaki et al. (19) showed that only by hCp catalysis
could Tfmaintain the iron saturation observed in plasma. They
demonstrated that this level of holo-Tf could not be achieved if
it depended on the simple autoxidation of Fe(II) by dissolved
O2. They calculated that this latter non-enzymatic “delivery” of
Fe(III) to apo-Tf would amount to�100�mol/24 h, well below
the estimated daily turnover of Tf iron of �600 �mol. This
shortfall is due entirely to the kinetic difference between
uncatalyzed autoxidation of Fe(II) and hCp-catalyzed ferroxi-
dation. With Fe(II)free and [O2]dissolved in the 10–30 �M range
in plasma, as a second-order reaction, autoxidation would be
far too slow to support the flux of ferric iron formation needed
to maintain the level of holo-Tf found in plasma. In contrast,
with low�MKm values for both substrates, hCp turnover would
be operating at a significant fraction of Vmax, which is 550
min�1; this is equivalent to �1000 �mol of Fe(III) delivered to
apo-Tf, well above that required for normal iron handling in a
day. Furthermore, in vitro ferroxidase catalysis of iron release
from the liver was demonstrated, as was the formation of
holo-Tf from a mixture of Fe(II) and apo-Tf (22–24). Recent
experiments show that this ferroxidase-dependent release of
iron from cells is associated with Fpn iron transport catalyzed
by Cp or Hp (25). Hp is the paralog of Cp found in mammals
that, as a type I membrane protein, localizes its ferroxidase-
active catalytic MCO domain on the extracellular surface of an
Hp-expressing cell (26–29).
These kinetic primarily in vitro based arguments were not,

however, proof that the ferroxidase activity of Cp (or Hp) actu-
ally functioned to maintain normal Tf saturation; a negative
control was needed to show this directly. These biologic con-
trols would be the knock-outs that became available routinely
in lower eukaryotes such as Saccharomyces cerevisiae and sub-
sequently in mice. However, there were numerous naturally
occurring genetic traits that less or more directly provided this
minus Cp or Hp “control” for how ferroxidases supported iron

trafficking in mammals. These included Wilson and Menkes
diseases; aceruloplasminemia; and, although this was not clear
at the time, the sla mouse, which carries a mutation in the Hp
gene.

Genetic Arguments for Ferroxidases as a Key to Iron
Homeostasis

Menkes and Wilson diseases are defects in copper metabo-
lism in that each disordermaps to a gene that encodes a specific
Cu-ATPase, a copper transporter fueled by the hydrolysis of
ATP. The Menkes protein is encoded by ATP7A, whereas the
Wilson protein is encoded by ATP7B. ATP7A is on the X chro-
mosome (Menkes disease is therefore X-linked) (30–32),
whereas theWilson gene is on chromosome 13 (33–35). These
paralogs are eight-transmembrane domain proteins localized
to the vesicular trafficking pathway. Each protein has a cyto-
plasmic loop containing the ATP-binding domain and a cyto-
plasmic N-terminal domain decorated by a series of Cys-rich
motifs demonstrated to be essential to the proteins’ copper
transport activity (36–40). They differ in their tissue-specific
expression patterns, and these differences relate directly to the
differing etiologies of the two disorders.
Irrespective of the tissue of expression, however, both pro-

teins function in the transport of cytoplasmic copper into a
vesicular compartment. They share also the substrate for this
trafficking; it is not “free” copper, but Cu(I) bound to the copper
chaperone HAH1 (human ATX1 homolog 1) (41). The gene
encoding this activity was first cloned in S. cerevisiae and des-
ignated ATX1 (42). The connection between mutations in
either of these two gene classes and a pattern of deficits in iron
handlingwas real but obscure. As summarized below, the broad
outlines of the connection between copper and iron trafficking
in eukaryotes were revealed eventually by studies in S. cerevi-
siae (8, 42–47). In the case of Atx1/Hah1 and the ATP7 Cu-
ATPases, this connection was the role these latter proteins
played in supplying the copper ion prosthetic group to the
eukaryotic ferroxidases required for normal iron handling.
These are Cp and Hp in mammals, the Fet3 homologs in fungi,
and the FOX1 proteins in algae.
ATP7A, the Menkes ATPase (MNK), is expressed primarily

in epithelial cells: in the intestine, the placenta, the eye, and
blood capillaries in the brain that, together with astrocytes,
form the blood-brain barrier. In contrast, ATP7B, the Wilson
protein (WND), is expressed primarily in the liver and other
endothelial cell-rich organs. The function each protein serves is
strongly dictated by the function of the expressing cell type. The
liver is the primary source of circulating Cp and is the headwa-
ters of the bile; therefore, the WND protein is responsible for
ensuring a supply of copper to hCp that is in the plasma and for
excretion of copper from the body via the bile. The intestinal
epithelia are primarily responsible for producing membrane-
bound Hp, and the MNK protein supplies copper to this fer-
roxidase. As noted, Hp is required for iron release from the
intestinal epithelia into the circulation via the ferrous iron per-
mease Fpn (25). Wilson disease patients typically exhibit a def-
icit in circulating hCp activity and increased hepatic iron
accumulation. In contrast, Menkes disease patients exhibit a
systemic copper deficiency that can now be linked to a block in

FIGURE 1. Enzootic swayback ataxia in sheep. Copper deficiency in animal
husbandry, particularly in sheep, was identified in 1937 as the physiologic
basis for the “swaying-back” gait phenotypic of this ataxia. The molecular link
between the hypocupremia and motor dysfunction was confirmed 20 years
later to be a systemic iron deficiency due in part to a decline in activity of the
multicopper ferroxidase Cp. This image is from LandLearn NSW.
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release of copper from the intestinal epithelia at their basolat-
eral surface into the circulation. With respect to brain metabo-
lism of iron, MNK patients exhibit a decline in CNS iron,
whereasWNDpatients exhibit pathophysiology due to a failure
to properly manage iron that is already in the CNS.
Aceruloplasminemia (48) and the genetic defect in the sla

mouse (49) result in deficiencies in the amount or localization/
function of hCp and mouse Hp, respectively, and thus more
directly link these enzymes to iron homeostasis. Over 30 differ-
ent mutant hCp alleles have been identified (50); some lead to a
reduction of hCp protein that is otherwise wild-type, and some
lead to a wild-type level of protein that is inactive or nearly so
(50–52). In those probands that exhibit strongly reduced hCp
activity, the common pathology is retinal degeneration, exten-
sive iron deposition in theCNS, decreased glial cell counts, and,
in older patients, a marked ataxia and dystonia (51).
There are no known genetic disorders in humans linked to

Heph, the gene encoding Hp. The sla mouse, however, repre-
sents a sex-linked anemia thatmaps to aHeph allele carrying an
in-frame mutation leading to expression of a protein missing
194 internal residues (26). This protein does exhibit ferroxidase
activity but does not traffic to the basolateral membrane of
enterocytes in support of iron efflux from the gut into the cir-
culation (53, 54). sla mice are anemic as a result even though
they hyperaccumulate iron in their intestinal epithelia. To sum-
marize, there are gene-linked defects in the trafficking of cop-
per to multicopper ferroxidases; in the expression, activation,
or stability of a ferroxidase; or in its localization, defects that
consistently link to a mismanagement of iron handling in the
genetic carrier. These data strongly support the conclusion that
MCO ferroxidases are required for iron homeostasis in
mammals.

Structure and Function in MCO Ferroxidases

Ferroxidases are essential to iron homeostasis in lower
eukaryotes also, and studies in these “model” organisms have
primarily provided the structural insights needed to answer the
question, “What makes a ferroxidase?” The most significant of
these studies have been those in S. cerevisiae and on the ferroxi-
dases expressed by this and other fungi.
In companion papers published in 1994, the Kaplan and

Klausner groups reported the cloning of two genes, unique at
that time, encoding proteins that physiologically linked copper
and iron metabolism. These were FET3 and CTR1 in S. cerevi-
siae, encoding an MCO that was phenotypically linked to iron
uptake (43) and a PM copper transporter whose activity was
required for the copper dependent iron uptake supported by
Fet3 (44), respectively. Fet3 was shown subsequently to be a
ferroxidase (45) whose role in iron uptakewas to provide Fe(III)
to the iron permease Ftr1 (47). This Fet3-Ftr1 high affinity iron
uptake system is encoded in all archived fungal genomes. Phys-
iologically epistatic to this ferroxidase-permease complex is a
ferrireductase (Fre1) whose function is to supply Fe(II) sub-
strate to Fet3 (Fig. 2C) (55, 56). Thus, iron uptake at the fungal
membrane is a paradigm for the cycle of reduction and oxida-
tion characteristic of aerobic iron metabolism (57).
Like Hp, Fet3 is a type I membrane protein with its catalytic

ferroxidase active site projected into the exocytoplasmic space

(58–60). Cp lacks the C-terminal transmembrane domains
that tether Fet3 proteins and Hp to their respective PMs but,
like both proteins, contains the canonical three types of copper
sites unique toMCOproteins: the type 1 “blue” copper, the type
2 “normal” copper, and the type 3 binuclear copper cluster. The
latter three copper atoms are assembled into a triangular array
called the trinuclear cluster. In all of these proteins, residues at
theT1Cu(II) sites recruit Fe(II) as an e� donor; fully reduced by
4Fe(II), theMCO “delivers” these 4e� to theO2, which is bound
at the trinuclear cluster, generating 2H2O (9). Important to cell
viability in the presence of dissolved O2, this 4e� reduction
bypasses the 1e� dioxygen reduction intermediates that are
collectively designated as ROS; as a group, ROS are demonstra-
bly cytotoxic.
Whereas the ferroxidase reaction (Equation 1) supported by

Hp (andCp) serves tomobilize Fe(II) being transported out of a
cell via Fpn to bind toTf as Fe(III) (Fig. 2A), the Fe(III) produced
by Fet3 is a ligand for transport into the cell via Ftr1 (Fig. 2C). A
variety of data indicate that Fet3 and Ftr1 form a complex in the
PM of the fungal cell (47, 60). Kinetic data support a model of
Fe(III) channeling from Fet3 to Ftr1 in fungal iron uptake, i.e.
the ferric iron product of Fet3 ferroxidation traffics directly to
Ftr1 without entering bulk solvent (63). A similar associative
iron-trafficking mechanism with regard to the Hp-catalyzed
release of Fpn-bound iron from the intestinal epithelium has
not been demonstrated (Fig. 2A) (25). Although Hp and Fpn
co-localize to the basolateral surface of the enterocyte (25, 61,

FIGURE 2. Iron redox cycling in aerobic iron metabolism. A, iron uptake and
efflux from the intestinal enterocyte. Fe(II) is the substrate for transport,
whereas the substrate for input and output from this metabolic pathway is
Fe(III). B, Fe(II) is both the input and output substrate from Ft redox cycling;
Fe(III) is the metabolic intermediate in this pathway. C, iron uptake at the
fungal PM inverts the Ft cycle in that Fe(III) is the input and output substrate
with Fe(II) as the intermediate. D, iron cycling in the yeast vacuole (Vac) is a
combination of Ft and fungal PM iron cycling. The Fe(II) is the input substrate,
and Fe(III) is the output substrate with a Ft-like intravacuolar cycling between
Fe(II) and Fe(III). All reductions are 1e�. Reductions associated with trans-
membrane iron trafficking involve NADPH-dependent reductases mediated
by cytochrome heme centers; the reducing equivalents associated with Ft
iron mobilization have not been characterized. All oxidations are catalyzed by
a ferroxidase center and consume dioxygen. The question marks indicate that
ionic iron speciation in the cytoplasm is largely uncharacterized.
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62), no data have demonstrated as yet the protein interaction
that would serve as the physical basis for this mechanism.
In some tissues, particularly in the glia, alternative splicing of

the Cp pre-mRNA produces a protein product that is substrate
for C-terminal modification by GPI (64). GPI provides a mem-
brane anchor for the Cp so that, when “secreted” from the glial
cell, the Cp remains tethered to the exocytoplasmic surface in
an orientation equivalent to that of Hp in the enterocyte or Fet3
in the yeast PM. The precise role of GPI-Cp in the CNS is not
fully understood, although it is linked to its role in iron efflux
from astrocytes (65); what is clear, however, is that its absence
correlates to a variety of neuropathologies, including neuronal
death (66, 67).

Ferrireductases and Ferroxidases Are the Iron Metabolic
Pathway

As Frieden and Osaki presciently noted (57), whereas fer-
roxidases handle the oxidation, metalloreductases are respon-
sible for the reduction. Fig. 2 illustrates these patterns of iron
cycling in the intestinal enterocyte (panel A), in fungal iron
uptake (panel C), and in the yeast vacuole (panel D). Fe(III) is
the dominant form of iron in the food we eat and is mobilized
for transport by reduction via Dcytb, which, like all metall-
oreductases, is a b-type cytochrome and likely NADPH-
dependent (68–71). The Fe(II) product is substrate for the
transporter DMT1 (divalent metal transporter 1) (72). The
cytoplasmic Fe(II) can efflux from the enterocyte at the baso-
lateral surface via the Fe(II) permease Fpn. As noted above,
this efflux is dependent on the ferroxidation due to Hp (27,
29, 54, 61, 73, 74); in plasma, the product of this coupled
permeation-oxidation is likely ferric Tf. The redox cycling in
Ft (Fig. 2B) involves a similar cycle of ferroxidation and 1e�

reduction. Ft has endogenous ferroxidase sites that line the
entry channels into the core where iron is stored as Fe(III)
(75, 76). Mobilization of iron from Ft is stimulated by e�

donors, although their identity in vivo has not been deter-
mined; there is no evidence that an NAD(P)H-dependent
metalloreductase is involved, however. Not shown here is
the essential role that the mammalian Steap3 reductase plays
in providing Fe(II) for export out of the endosome in which
Fe(III) was released from Tf (77, 78). Positionally cloned as a
spontaneous mouse allele that correlated with a severe hypo-
chromic microcytic anemia, Steap3 is now known as one of
four Steap reductases (79). Steap2–4 have both cupri- and
ferrireductase activities (80) comparable with the corre-
sponding Fre family of reductases in S. cerevisiae (81).
The iron cycling into and out of the yeast vacuole is a

paradigm for aerobic iron metabolism (Fig. 2D). Cytoplas-
mic free iron, whose speciation is uncharacterized, is likely
to be Fe(II), given the approximately �250 mV potential of
the eukaryotic cytoplasm (E0 (pH 7.0) for Fe(III)/Fe(II) �
�400 mV) (82). This assumption is consistent with the fact
that the vacuolar iron importer Ccc1 is specific for divalent
metals (83). However, as in Ft, iron is likely stored in the
vacuole as a hydrated Fe(III) phosphate species (84, 85), and
as in Ft, its mobilization for efflux when environmental iron
is growth-limiting requires 1e� reduction. Fre6 is the metall-

oreductase catalyzing this reaction (86).4 What follows reca-
pitulates the Fe(II) ferroxidation/Fe(III) permeation path-
way that iron followed in its uptake (Fig. 2, compare D with
C); not surprisingly, the proteins handling this vacuolar iron
trafficking and efflux are close paralogs of those found in the
fungal PM that catalyze iron uptake (87). The reader can
recognize also the close parallel between transmembrane
iron trafficking in fungi (Fig. 2, C and D) and the iron efflux
from the basolateral face of the enterocyte (Fig. 2A).

What these schematics do not reflect is the mechanism of
this iron trafficking, particularly between the ferroxidase-per-
mease pairs. The contextual basis for the mechanism is illus-
trated by the fluorescence images in Fig. 3. Most compelling is
the FRET image shown in the left panel derived from the Fet3-
cyan fluorescent protein � Ftr1-yellow fluorescent protein
complex in the yeast PM; quantification of the FRET signal
indicates that it comes from a protein complex (60). The yeast
ferroxidase-permease pair Fet5-Fth1 (Fig. 2D) can be co-immu-
noprecipitated, indicating their association in the vacuolar
membrane (87). The images in the right panels in Fig. 3 dem-
onstrate the co-localization of the mammalian version of the
fungal Fet3-Ftr1 complex, the Fpn-Hp complex at the basolat-
eral surface of polarized Caco-2 cells (29). Evidence for the

4 The metabolic specificity of metallo-redox cycling is indicated by the fact
that copper efflux from the vacuole requires a Cu(II)3 Cu(I) conversion
catalyzed by another vacuolar reductase, Fre7 (86); these two close paral-
ogs do not complement each other in their respective metallo-mobilizing
functions (86, 100).

FIGURE 3. Ferroxidase-iron permease proteins in the eukaryotic PM. Left
panel, FRET between yeast Fet3-cyan fluorescent protein (yFet3:CFP) and
yeast Ftr1-yellow fluorescent protein (yFtr1:YFP) in the yeast PM. The comput-
er-generated image scores the efficiency of donor quenching by the acceptor
from white (�15%) to magenta (�50%) (N. Kaur and D. J. Kosman, unpub-
lished data). Right panels, Fpn-green fluorescent protein (Fpn-GFP; upper
panel), indirect immunofluorescence of Hp (middle panel), and overlay of
images from polarized Caco-2 cells at their basolateral surface (lower panel).
This figure was modified from Ref. 29 with permission.
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physical contiguity or interaction of Fpn and Hp has not been
reported, however.
Kinetic analysis of 55Fe uptake through the Fet3-Ftr1 com-

plex has supported a model of iron trafficking in which the
Fet3-generated Fe(III) is channeled to the permease, Ftr1, with-
out dissociation into bulk solvent (60, 63). This same kinetic
feature appears true in the FOX1-FTR1 iron uptake system in
the green alga Chlamydomonas reinhardtii.5 Although C. rein-
hardtii FTR1 is a homolog of yeast Ftr1, C. reinhardtii FOX1 is
a homolog of Cp (88–90); in other words, the iron uptake sys-
tem in C. reinhardtii is assembled from a mammalian ferroxi-
dase and fungal permease while exhibiting a iron-trafficking
mechanism characteristic of the lower eukaryote.

The Why of Redox Cycling

As R. J. Williams (91, 92) and Robert Crichton (93, 94) have
emphasized, the common era “metallome” is, in essence, the art
of the possible, and for redox-active metal ions like iron and
copper, it is the art of what is possible in a tidal pool containing
260 �M dissolved O2. Starting �2.4 gigayears before the com-
mon era (95, 96), the redox potential of the geosphere began its
slow oxidation from negative (�400 mV as a lower limit) to
positive (�400mV as an upper limit), and the dominant redox-
active first-row transition metal dissolved in the oceans went
from Fe(II) to Cu(II). Thus, organisms that had evolved to use
Fe(II) as nutrient and cofactor (FeS clusters, mono- and diiron
active sites, heme) in support of intermediary metabolic con-
versions and in terminal electron transfer (to nitrogen and sul-
fur oxides coming from thermal vents)were facedwith a declin-
ing ready supply of the trace element upon which they had
come to rely. The adaptive response was the reduction-oxida-
tion cycles that now define aerobic iron metabolism. These
cycles are supported by heme-dependent metalloreductases
and the metallo-oxidases, both linked to ferri- and ferro-han-
dling proteins, transporters, and carriers. At the center of this
new iron metabolism were the oxidases that relied on the now
readily available Cu(II) as a prosthetic group, the MCO family
of proteins. Ferroxidases are now as essential to aerobic iron
metabolism as cytochrome c oxidase (another adaptation to the
“appearance” of soluble copper and O2) is to the production of
ATP driven by a respiration-dependent proton gradient.
Like the heme/copper terminal oxidases,MCOs possess four

1e� redox centers that provide these two enzyme families the
unique ability to reduce dioxygen by 4 electrons to 2H2O, thus
bypassingROS.They share also the kinetic property of a low�M

or smaller Km for O2; thus, even at, for example, 1 �M dissolved
O2, they function at a reasonable fraction of their Vmax values.
Put into the geo-evolutionary context, these enzymes would
have been efficient at a partial pressure of atmospheric O2 that
was as little as 0.5% of what it is at present. Clearly, they were an
early addition to the proteome of organisms adapting to thrive
in the presence of this toxin and, perhaps, even in those organ-
isms responsible for generating it. These latter were the photo-
synthetic cyanobacteria, whose presence can be dated approx-
imately coincident with the initial atmospheric oxygenesis (95,
96). The importance of ferroxidases to micro-aerobic homeo-

stasis is illustrated also by the up-regulation of copper delivery
to them in ischemia (97) and the increased reliance on them in
cellular iron export under the same conditions (98).
The interplay between ferrireductase and ferroxidase in

managing the recalcitrant aqueous and redox chemistry of iron
is exemplified clearly in S. cerevisiae. Growing aerobically, fungi
are presented with Fe(III) in some tightly bound form (“rust,”
siderophore, Tf, heme). One strategy is to internalize the iron
complex by a receptor-mediated process or by simple fluid-
phase endocytosis and then tomobilize the iron by chelate deg-
radation and/ormetalloreduction (94). The other is tomobilize
the iron from the chelate by exocytoplasmic ferrireduction and
then to use the Fe(II) as a substrate for iron permeation. This is
the strategy employed at the apical surface of our enterocytes
involving Dcytb and DMT1.
Fungi couple this ferrireduction to ferroxidation, however,

and then the ferroxidation to ferripermeation. How does this
curious redox cycling solve the “iron conundrum?” First, what
are the components of that conundrum? They are as follows. 1)
Fe(III) is what is available, but it is exchange-inert; for example,
its solubility at pH 7.0 is 10�18 mol/liter. 2) Fe(II) is soluble and
exchanges its ligands readily, but it is a strong pro-oxidant, gen-
erating hydroxyl radicals via what is known as the Fenton reac-
tion (93). Yeast, as do we, solve the first problem by ferrireduc-
tion, which mobilizes Fe(II) for subsequent metabolism.
However, this reaction brings the second problem into play,
one solved by the ferroxidation step in the yeast iron uptake
pathway. That this ferroxidation protects the yeast cell from
oxidative stress is demonstrated by sensitivity toward metal-
and oxygen-dependent toxicity exhibited by yeast cells that
produce the ferrireductase but lack the ferroxidase (99).
What this result implies is that Fe(II) generation must be

tightly coupled to subsequent Fe(II) metabolism, whether that
be permeation into the�250mV redox potential of the eukary-
otic cytoplasm (via DMT1) or “immediate” ferroxidation, as at
the yeast PM. Yes, but how does the fungal pathway solve the
first problem all over again? Why doesn’t the ferroxidase-gen-
erated Fe(III) simply hydrolyze and precipitate out of solution?
The data indicate that the ferroxidase-permease pair avoids
that futile cycle by providing a “channel” for the Fe(III), a trans-
fer mechanism that kinetically competes with dissociation of
the Fe(III) into bulk solvent, where it would react withH2O and
precipitate as iron (hydr)oxide (63). The fungal system certainly
represents a “how to” handle iron in an aerobic environment;
time will tell the extent to which it represents iron handling in
higher eukaryotes as well.
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Friedreich ataxia is an inherited neurodegenerative disease
caused by frataxin deficiency. Frataxin is a conserved mito-
chondrial protein that plays a role in FeS cluster assembly in
mitochondria. FeS clusters are modular cofactors that per-
form essential functions throughout the cell. They are syn-
thesized by a multistep and multisubunit mitochondrial
machinery that includes the scaffold protein Isu for assem-
bling a protein-bound FeS cluster intermediate. Frataxin
interacts with Isu, iron, and the cysteine desulfurase Nfs1,
which supplies sulfide, thus placing it at the center of mito-
chondrial FeS cluster biosynthesis.

Friedreich ataxia is an inherited disease that is characterized
by progressive symptoms of ataxia and sensory loss, often lead-
ing to gait impairment and the need for a wheelchair. A pro-
gressive and sometimes lethal cardiomyopathy is another fea-
ture, and in some cases, diabetes mellitus is associated. At the
pathological level, degenerative changes affect certain large
sensory neurons, heart cells, and islet cells, thus involving a
unique target tissue distribution (1). The gene was identified by
genome mapping of affected kindreds, and the encoded pro-
tein, frataxin, is decreased in affected individuals most often
due to expansion of a GAA repeat in the first intron of the gene
(2). The protein is found primarily inmitochondria (3). Human
frataxin is synthesized on cytoplasmic ribosomes with a mito-
chondrial targeting sequence that mediates organelle targeting
and is subsequently removed by proteolytic processing steps in
the mitochondrial matrix (4–7). Deficiencies of aconitase and
othermitochondrial FeS proteins occur as first noted in cardiac
biopsies of affected individuals (8). FeS clusters are modular
cofactors consisting of iron and sulfur, most often anchored by

bonds joining cysteine sulfur atoms in the polypeptide chain of
a protein and iron atoms of the cluster. They perform essential
and diverse biochemical functions (electron transfer in cellular
respiration, substrate interaction, and biological signal trans-
duction among other functions), and their biogenesis is cata-
lyzed by amultisubunit machinery (9). Frataxin has been a sub-
ject of intense study with contributions from many disciplines:
structural biology, cell biology, genetics of model organisms,
evolutionary biology, and medicine. A picture is emerging of a
direct role of frataxin in the complex and highly conserved
machinery of FeS cluster biogenesis in mitochondria. Addi-
tional functionsmay bemediated by direct frataxin-iron effects
or by other protein-protein interactions.

Frataxin Evolution

Frataxin is highly conserved throughout evolution, being
present in humans, plants, flies, worms, and bacteria (pro-
teobacteria but not archaebacteria) (10). Some hints about
frataxin function can be gleaned from the evolutionary record.
Three different bacterial operons capable of mediating FeS
cluster assembly have been identified: nif, suf, and isc. The nif
operon is specialized for high volume biosynthesis needed to
support nitrogenase supply during diazotrophic growth of
some organisms (e.g. Azotobacter vinelandii). The suf operon is
specially adapted for FeS cluster synthesis under conditions of
iron starvation and oxidative stress. Finally, the isc operon han-
dles housekeeping FeS cluster biogenesis (9). Although not
found on any of these operons, frataxin is strongly associated
with the isc operon. It appeared in proteobacteria about the
time that the specialized chaperones hscA and hscB appeared
on the isc operon. A frataxin ortholog was subsequently lost in
this phylogenetic lineage on two separate occasions, coinciding
with loss of hscA and hscB. The appearance of frataxin in
eukaryotes occurred about the time of the endosymbiotic event
creating mitochondria from the purple bacterial ancestor, and
it was probably acquired by mitochondria together with other
components of the isc operon (10). This notion of co-evolution
of frataxin and FeS assembly components of the isc operon is
supported by studies of primitive eukaryotes that lack typical
mitochondria. In Trichomonas vaginalis, a unicellular parasite,
a modified and stripped-down organelle called the hydrogeno-
some performs FeS cluster assembly and contains a frataxin
ortholog able to complement the phenotypic defects of a yeast
mutant lacking its own frataxin (11). An even more severe case
of organelle simplification is presented by mitosomes. These
are rudimentary organelles of obligate intracellular parasites
called microsporidia, and they lack respiratory complexes or
mitochondrial DNA. Virtually all that remain are a few compo-
nents recognizable for their homology to FeS cluster assembly
components (e.g. Isu, Nfs1, and Hsp70 homologs) and frataxin
(12). The co-retention of frataxin with these very few other
components involved in FeS cluster assembly in the mitosome
emphasizes their close functional relationship.
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Mitochondrial Iron Accumulation

In Saccharomyces cerevisiae, Yfh1 is the yeast frataxin hom-
olog, and the initial studies of the �yfh1 deletion strain
described a pleiotropic phenotype. The mutant exhibited con-
stitutive up-regulation of the cellular iron uptake system and
tremendous accumulation of iron in mitochondria (13). The
accumulated iron appeared as dense aggregates in unstained
electron micrographs. Chemical analyses revealed that the
accumulated iron was in the form of ferric phosphate nanopar-
ticles (14). Many additional studies have established a close
association of the mitochondrial iron accumulation phenotype
and deficiency of FeS clusters. Cellular depletion studies, in
which Yfh1 was put under the control of a regulated promoter
and turned off, recapitulated the phenotypes of deficient FeS
cluster proteins and mitochondrial iron accumulation. If the
promoter was turned on again, FeS clusters were restored, and
the accumulated iron returned to a normal distribution (15).
Othermutants of themitochondrial FeS cluster assembly path-
way were similarly associated with this iron homeostatic phe-
notype (ssq1, jac1, nfs1, etc.). In human cells, mitochondrial
iron accumulation has also been observed both in tissues from
Friedreich patients (e.g. heart and dorsal root ganglia) and in
cultured cells engineered to exhibit stable frataxin deficiency
(16). Thus, low level frataxin is associated with mitochondrial
iron accumulation and FeS cluster deficiency in both human
and yeast cells. However, an FeS cluster protein capable of
mediating these effects and conserved between yeast and
humans has not been identified. The best candidate protein for
this function, human IRP1, is not conserved with yeast, and the
yeast iron regulatory machinery, including Aft1/2, is not found
in humans (17).

FeS Cluster Assembly in Mitochondria

Frataxin has been found in mitochondria of virtually all
eukaryotes using biochemical and microscopic tools to ascer-
tain its subcellular location. Similarly, orthologs of many of the
other Isc FeS cluster assembly components have been found in
mitochondria (18). The steps and components involved in the
biogenesis of FeS cluster proteins in mitochondria are quite
similar to those in bacteria. The process can be understood in
terms of the central role of scaffolds as first shown by Dennis
Dean and co-workers (19) and now well established. An FeS
cluster intermediate is formed on the scaffold protein Isu and
then transferred to apoproteins (Fig. 1).Many stepsmust occur
in a coordinated fashion for proper FeS cluster synthesis on Isu.
The sulfide for FeS clusters originates from cysteine via the
action of Nfs1, a pyridoxal phosphate-containing cysteine des-
ulfurase. In eukaryotes, Nfs1 must be assembled with Isd11, a
small accessory subunit of unknown function (20, 21). The sul-
fide is probably transferred to Isu from the Nfs1 active site as a
persulfide. The source of the iron for the Isu intermediate is
unclear, although a role for mitochondrial carrier proteins
Mrs3 and Mrs4 in yeast (mitoferrin in humans) has been pro-
posed (22). Frataxinmay play a role here and has been shown to
interact genetically with the mitochondrial carrier proteins.
This was shown by the exacerbated slow growth andmitochon-
drial iron starvation in the combined �mrs3�mrs4�yfh1

mutant (23). Other components implicated at this stage are
Arh1 and Yah1 (adrenodoxin reductase and adrenodoxin in
humans), which are needed to provide reducing equivalents in
an electron transfer chain, although the substrate requiring
reduction has not been defined (24). The Isu protein appears to
be conserved in the context of primary sequence and function,
and structural information exists for a few bacterial orthologs.
Key features are three critical cysteines and one aspartate that
bind the cluster intermediate probably on each subunit of the
Isu dimer (25).
Most mitochondrial proteins, including FeS cluster proteins,

are translated on cytoplasmic ribosomes as precursors with
mitochondrial targeting sequences. Upon import into mito-
chondria, the unfolded precursors are subjected to various
processing steps that remove the targeting sequences (26). At
this point, the processed apoproteins become substrates for a
machinery dedicated to transferring the Isu cluster intermedi-
ate to recipient proteins. The scaffold Isu displays an interac-
tion site consisting of the tripeptide sequence PVK, and this
mediates binding to the Hsp70 chaperone (Ssq1 in yeast and
HSPA9 in humans) (27, 28). This interaction is modulated by
the ATP hydrolysis cycle in conjunction with accessory pro-
teins Jac1 and Mge1 (29). A monothiol glutaredoxin, Grx5, is
also implicated here (30). Through concerted action of the
chaperones, glutaredoxin, and accessory proteins, the Isu FeS
cluster intermediate is transferred to apoproteins.
A compartment problem exists for eukaryotic cells in that

many FeS cluster proteins reside in the cytoplasm and in the
nucleus. The biogenesis of these FeS clusters requires both
mitochondrial and extramitochondrial machineries (31, 32). In

FIGURE 1. Scheme showing role of yeast frataxin (Yfh1) in mitochondrial
FeS cluster assembly. The mitochondrion is shown as an oval bounded by a
double membrane. Yfh1 is shown as a helix-sheet sandwich (green and tan).
A, mitochondrial carriers Mrs3 and Mrs4 (box) play a role in transfer of iron in
some form (Fe-X) across the mitochondrial inner membrane. Cysteine (Cys-
SH) enters mitochondria and is acted on by the enzyme Nfs1 and its accessory
protein Isd11 to provide sulfur for FeS clusters. Electrons or reducing equiva-
lents are provided by the reductase Arh1 in the membrane and the associated
ferredoxin Yah1. Yfh1 physically interacts with Nfs1, Isd11, and Isu. B, the FeS
cluster intermediate (red diamonds) is assembled on the scaffold Isu, which
interacts with Nfs1, Isd11, and Yfh1. Another complex is formed by Isu with
Ssq1, Jac1, and Mge1, with the binding site being provided by the PVK trip-
eptide on Isu1. Grx5 acts at this step. C, the precursor proteins (squiggly black
lines) are nuclear encoded, translated on cytoplasmic ribosomes, targeted to
mitochondria, and imported in an unfolded state. After proteolytic process-
ing, they are folded and acquire the FeS cluster cofactor (red diamonds) by
action of the chaperones and glutaredoxin.
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this regard, it is notable that small amounts of frataxin have
been found outside mitochondria, and a role in synthesis of
extramitochondrial FeS clusters has been proposed (7).

Placement of Yfh1 in the Pathway of Mitochondrial FeS
Cluster Assembly

An experiment is described here that illustrates the role of
frataxin in promoting FeS cluster assembly in mitochondria.
Mitochondria were isolated from wild-type or �yfh1 yeast
strains. New synthesis of FeS clusters in the isolated organelles
was examined by providing [35S]cysteine as a source of sulfide.
In the wild-type strain, radioactive sulfide was incorporated
into a pool of apoaconitase by the mitochondrial FeS cluster

machinery. Synthesis of new clusters was also detected by label-
ing of imported ferredoxin, and these could be distinguished by
signals on a native gel (Fig. 2, upper panel, left; and lower panel,
lanes 1 and 2). In the mutant, however, no such labeling
occurred, indicating failure to make FeS clusters (Fig. 2, upper
panel, middle; and lower panel, lanes 5 and 6). Subsequently,
frataxin was imported into the mutant �yfh1 mitochondria,
and the mitochondria were recovered by centrifugation. Now,
when a similar [35S]cysteine labeling experiment was per-
formed, the mutant mitochondria demonstrated restored abil-
ity to make FeS clusters on both aconitase and imported ferre-
doxin (Fig. 2, upper panel, right; and lower panel, lanes 7 and 8).
Thus, a very small amount of frataxin (estimated at �1 pmol)

FIGURE 2. Imported frataxin (Yfh1) restores FeS cluster assembly in isolated yeast mitochondria. Upper panel, wild-type mitochondria (left) synthesize FeS
clusters on endogenous apoaconitase and imported apoYah1. Mutant �yfh1 mitochondria (middle) fail to synthesize clusters. Following Yfh1 precursor import,
mutant �yfh1 mitochondria (right) now synthesize clusters. OM, outer membrane; IMS, intermembrane space; IM, inner membrane. Lower panel, mitochondria
were isolated from wild-type or �yfh1 strains. Full-length yeast frataxin (produced and radiolabeled on methionine and cysteine in the polypeptide) was
imported (18 °C, 10 min) (lanes 3, 4, 7, and 8), and mitochondria were recovered by centrifugation. In the second stage, [35S]cysteine and ferredoxin precursor
Yah1 were imported (30 °C, 10 min) with or without added iron. The mitochondria were recovered, and the matrix fraction was analyzed on a native gel and by
autoradiography (lanes 1– 8). The imported Yfh1 labeled on the polypeptide is visible on the gel. The imported ferredoxin labeled on the sulfur of the FeS is
visible in �yfh1 mitochondria only following Yfh1 import (lanes 7 and 8). Similarly, endogenous aconitase labeled on its FeS cluster is visible in �yfh1 only
following Yfh1 import (lanes 7 and 8) (23).

MINIREVIEW: Frataxin and Mitochondrial FeS Cluster Biogenesis

AUGUST 27, 2010 • VOLUME 285 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 26739



imported into isolated �yfh1 mitochondria even without iron
addition was able to rapidly (in �10 min) restore FeS cluster-
synthesizing activity. This effect in isolated mitochondria
shows that everything is present inmitochondria for FeS cluster
formation and that a small quantity of frataxin is capable of
activating or mediating the process (23).
To begin to address where frataxinmight act to promote FeS

cluster assembly, it was important to determine whether
frataxin acts before or after Isu. In one approach to this prob-
lem, a form ofmetabolic labeling was devised in which radioac-
tive iron was added to growing yeast cells, and the radiolabeled
Isu FeS cluster intermediate was recovered by immunoprecipi-
tation (33). This approach was combined with promoter swaps
to produce cellular depletion of one or another of the assembly
component(s) prior to iron labeling and Isu recovery. A reduc-
tion in iron labeling of Isu would indicate decreased formation
of FeS cluster intermediates. In that case, the depleted compo-
nent was placed upstream of Isu because it was necessary for
intermediate formation. In the case of increased iron labeling of
Isu, the component was placed downstream of Isu because it
was needed for transfer of the Isu clusters to recipient apopro-
teins. Using this assay design,Nfs1, Arh1, andYah1were placed
upstream, and Ssq1, Jac1, andGrx5 were placed downstream of
Isu in the FeS cluster assembly process. Frataxin was placed
upstream because frataxin-depleted cells failed to efficiently
form the radiolabeled Isu intermediate (34).
A completely independent set of observations led to a similar

conclusion. Themanganese superoxide dismutase (Mn-SOD),2
the dismutase of the mitochondrial matrix, was found to incor-
porate iron instead of manganese in some settings, with con-
comitant inactivation of the enzyme. For example, some of the
FeS cluster assembly mutants with a mitochondrial iron accu-
mulation phenotype were associated with Mn-SOD inactiva-
tion secondary to iron incorporation. Specifically, these
mutants, such as ssq1 and grx5, belonged to Isu downstream
events in transfer of FeS cluster intermediates to apoproteins
(35). By contrast, although frataxin mutants (�yfh1) dramati-
cally accumulated iron in mitochondria, Mn-SOD was active
because the iron was not available for insertion (36). Similarly,
Isu mutants (depletion or dominant-negative) were also not
associated with Mn-SOD inactivation (35). These data suggest
that frataxin should be groupedwith Isu in the upstreampart of
the FeS cluster biogenesis pathway and distinguished fromSsq1
and Grx5. Although mismetallation is an aberrant situation,
these observations may point to a physiological role of frataxin
in modulating bioavailable iron pools in mitochondria.

Frataxin Structure, Isu Interaction, and Iron Interaction

Structures have beenobtained for yeast (37), human (38), and
bacterial (39) frataxins. They are strikingly alike, characterized
by an ��-sandwich motif creating the two protein planes. The
�-helical plane consists of two parallel (N- and C-terminal)
�-helices, and the �-sheet plane consists of five antiparallel
�-strands; a sixth and possibly seventh strand intersect the
planes depending on the species (40). The structure and length
of the respective N termini vary among orthologs, whereas the

unstructured C termini, also of variable length, help control
protein stability (41). A negatively charged surface is created by
clustering of contiguous acidic residues contributed by por-
tions of helix 1 and�-strand 1. Although the individual residues
are not always conserved, all known frataxins are characterized
by the presence of such an acidic surface. A second conserved
structural feature is a neutral flat area on the �-sheet surface,
which is more hydrophobic toward the center andmore hydro-
philic toward the periphery. This region contains a number of
perfectly conserved residues and appears to be well suited to
mediate an interaction with a protein partner.
Several lines of evidence point to Isu as a frataxin protein

partner. A functional relationship of frataxin and Isu was ini-
tially suggested by genetic experiments showing synthetic
lethality of �yfh1 (deletion of the YFH1 gene) and �isu1 (dele-
tion of one of two homologous ISU genes, causing lowered lev-
els of Isu) (42). Physical interactions between frataxin and Isu
were subsequently demonstrated in pulldown experiments
from mitochondrial lysates. Interestingly, the pulldowns of
Yfh1 by Isu, or reciprocally of Isu by Yfh1, were dependent on
iron addition to the buffer andwere inhibited by the presence of
metal chelators (43). Iron dependence of a frataxin-Isu interac-
tion was also shown for the purified human proteins (44). The
clearest demonstration of the importance of frataxin-Isu inter-
action in FeS cluster assembly was provided by careful analyses
of frataxin proteins with substitutions of surface-exposed
amino acids in the interaction interface (Fig. 3A). Alteration of
conserved surface-exposed residues of �-strand 3 (N122A/
K123T/Q124A)was associatedwith severely impaired frataxin-
Isu interaction (pulldown of Isu from a lysate on immobilized
Yfh1-His6). The same mutant frataxin expressed in cells was
associatedwith decreased FeS cluster protein enzyme activities.
Other substituted forms of frataxin with alterations in exposed
areas of the �-sheets (Q129A in strand 4, W131A in strand 4,
and R141A in strand 5) (Fig. 3A) were studied in vitro and in
vivo. These various amino acid changes were each associated
with decreased frataxin-Isu interaction and deficient activities
of FeS cluster proteins (45). These studies with minimally
altered frataxins were especially informative because they
avoidedmany of the secondary phenotypes associatedwith yfh1
deletion. The conclusion from these studies is that the interac-
tion between frataxin and Isu in mitochondria is required for
FeS cluster assembly.
Frataxins interact with iron in vitro, although not in theman-

ner of typical iron-binding proteins. Binding is relatively low
affinity, occurs on the protein surface rather than in a cavity,
and ismediated primarily by carboxylic amino acids rather than
cysteines and histidines (46). Analysis of iron interactions with
yeast frataxin monomers showed two ferrous iron atoms bind-
ingwith an affinity of 2.5–5�Mas high spin ferrous iron. Chem-
ical shifts and line broadening induced by exposure of 15N-
labeled yeast frataxin to paramagnetic iron (ferrous iron under
anaerobic conditions) further defined iron-binding residues as
primarily carboxylate-containing amino acids in the helix
1-strand 1 region (37, 47). Studies with other frataxin orthologs
gave similar results, although with some variation in iron-bind-
ing stoichiometry and affinity: the human ortholog bound six
atoms with Kd � 12–55 �M (44), the Escherichia coli ortholog2 The abbreviation used is: Mn-SOD, manganese superoxide dismutase.
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bound two atoms with Kd � 4 �M (48), and the Drosophila
ortholog bound one atom with Kd � 6 �M (49).
Mutagenesis studies performed with the objective of corre-

lating in vitro iron binding and in vivo function have been prob-
lematic in part because of the redundant nature of the iron-
binding site(s) distributed over a surface and mediated by
multiple iron-binding amino acids. Alterations of single acidic
residues showedminimal effects. However, frataxins with mul-
tiple acidic residues changed to alanine were compromised in
terms of iron binding and in terms of supporting FeS cluster
formation. For example, an altered frataxin with Asp86, Glu90,
Glu93, Asp101, and Glu103 all changed to alanine was associated
with decreased iron binding by tryptophan fluorescence titra-
tion and decreased FeS cluster enzyme activities (50). Similarly,
frataxin with Asp86, Glu89, Asp101, and Glu103 changed to ala-
nine (Fig. 3B) was associated with decreased aconitase activity,
iron accumulation inmitochondria, and abrogation of iron-de-
pendent Isu interaction in a mitochondrial lysate (51). Some
frataxins oligomerize when exposed to iron. Exposure of yeast
or E. coli frataxins to a 20-foldmolar excess of elemental iron in
the absence of competing cations induced oligomerization, but
this did not occur with the human protein (52). Mutation of
three carboxylates (Asp86, Glu90, andGlu93) to alanine (Fig. 3B)
completely abrogated iron-dependent oligomerization of the
yeast protein.When tested in vivo, this triplemutant showedno
deleterious effects on FeS cluster protein activities and iron
homeostasis, even when expressed at low levels (53); and thus,
frataxin oligomerization is probably not required for FeS clus-
ter synthesis.

How Frataxin Might Work

In summary, frataxin interacts with the FeS cluster assembly
scaffold protein Isu using the frataxin �-sheet surface. It also
interacts with iron via surface carboxylates of the �-helix 1/�-

strand 1 area. Furthermore, the frataxin-Isu interaction is iron-
dependent. Various in vitro assays have demonstrated these
interactions, and in vivo experiments with mutant alleles have
shown the importance of these interactions for FeS cluster for-
mation. Biochemical data show that frataxin facilitates iron use
for FeS cluster formation on Isu (44, 49). Frataxinmightwork as
a metallochaperone, similar to copper metallochaperones.
Copper chaperones function by high affinity interactions with
copper and with recipient proteins. Copper is bound to the
chaperone, then liganded between the chaperone and target
protein, and finally handed off to the target protein. The copper
is thus never free in solution and is targeted to its correct des-
tination in the cell by the protein-protein interactions between
the chaperone and target (54). Frataxin might work in a similar
fashion by transiently binding iron inmitochondria, interacting
with Isu in an iron-dependent fashion, transferring protein-
bound iron to Isu, and finally disengaging from Isu after metal
delivery. However, the affinity of frataxin for iron is relatively
low and coordination is incomplete, with the carboxylate-bind-
ing sites being completed bywatermolecules. The driving force
and mechanism of metal transfer to recipients also might be
different from those for the copper chaperones. A prediction of
this model is that the iron-liganding sites should overlap or be
contiguous with the Isu-binding sites. This may be the case
especially for the iron-binding site on the strand 1 sheet con-
sisting of the conserved Asp101 and Glu103 residues (Fig. 3, A
and B). Other functions in mitochondrial iron trafficking are
also possible. In line with the iron chaperone idea, frataxin
might bind iron and bind to other proteins, thereby targeting
the metal for delivery to aconitase (55), ferrochelatase (14, 37),
and succinate dehydrogenase (56). Iron-specific activities of
frataxin have also been suggested, and some bypass of frataxin
mutant phenotypes, including FeS cluster deficiencies, has

FIGURE 3. A, solution structure of monomeric apo-Yfh1 (Protein Data Bank code 2GA5) with residues involved in Isu binding identified in blue. Yfh1 amino acid
substitutions with effects on Isu interactions are as follows: N122A/K123T/Q124A, diminished Isu interaction, low aconitase and succinate dehydrogenase, and
iron accumulation (58); single amino acid changes Q129A, W131A, and R141A, diminished Isu interaction and low aconitase (45); and D101A/E103A, no
interaction with Isu and decreased aconitase (50). B, solution structure of monomeric apo-Yfh1 with residues involved in iron binding identified in red (37).
Published data on frataxins with substitutions of acidic amino acids are as follows: D86A/E90A/E93A/D101A/E103A, decreased iron-binding affinity, low
aconitase, and slow growth (50); D86A/E89A/E101A/E103A, decreased iron-dependent Isu interaction, low aconitase, and iron accumulation (51); D86A/E90A/
E93A, no oligomerization in response to iron exposure in vitro, normal Isu interaction, no FeS deficit, and no iron accumulation (53); D79A/D82A, low ferroxi-
dase, oxidant sensitivity, normal aconitase, and no iron accumulation (69); and E93A/D97A/E103A, oxidant sensitivity, normal aconitase, and no iron accumu-
lation (69). C-term and N-term, C and N termini.
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been observed as a result of forced expression of mitochondrial
ferritin (57).
Alternatively, the function of frataxin in FeS cluster biogen-

esis might be primarily a regulatory one. The iron-dependent
frataxin-Isu interaction might signal formation of a protein
complex for creation of the FeS intermediate on Isu. Of note,
pulldown experiments with mitochondria using yeast frataxin
as bait yielded not only Isu but alsoNfs1 (43) and Isd11 (58), the
functional cysteine desulfurase complex responsible for provid-
ing sulfide for FeS. Perhaps the data are pointing to the exist-
ence of a multisubunit complex consisting of frataxin, Nfs1/
Isd11, and Isu. Such a complex would be well situated to
mediate formation of the Isu-bound FeS cluster intermediate.
Iron and sulfide are toxic intermediates, and their insertion into
FeS clusters must be controlled to avoid toxicity. Frataxin
might regulate the flux of these key intermediates, permitting
delivery of enough for physiological FeS cluster formation and
not somuch as to create iron and/or sulfide toxicity. The source
of iron and its biological form are not well understood. The
sulfide generated by the action of Nfs1/Isd11 on cysteine may
be provided to Isu as persulfide by direct protein interaction as
observed for some bacterial components. A role for frataxin in
regulating sulfide transfer has been proposed in bacteria (59,
60). For eukaryotes, regulation of sulfide delivery for FeS has
not been defined, and structural details of the frataxin-Nfs1/
Isd11 interaction remain to be clarified. The details of the
frataxin-Isu interaction from the Isu side also have not been
solved. These interactions might compete with Isu-chaperone
interactions thatmediate transfer of the cluster intermediate to
apoproteins.

Is Friedreich Ataxia a Disease of FeS Cluster Assembly?

The molecular basis of Friedreich ataxia is deficiency of
frataxin protein. The question then arises as to how frataxin
deficiency causes the disease. As far as is known, neither the
cellular phenotype nor the human disease phenotype can be
explained by deficiency of a single FeS cluster protein. Perhaps
it is the combined effects from decreased activities of many FeS
cluster proteins that are pathogenic. Also the degree of frataxin
deficiency may be important for producing the unique cellular
disease phenotypes. A complete lack of frataxin is lethal for
growingmammalian cells, and somewhere between 20 and 30%
is needed for normal growth. In cells with decreased levels of
frataxin, some FeS cluster proteins are deficient, iron accumu-
lates in mitochondria, and oxidant sensitivity is observed as in
the human disease (16). The causal links among these effects
are not well defined, and an FeS cluster protein mediating the
mitochondrial iron accumulation or oxidant sensitivity has not
been identified. Conversely, several lines of evidence indicate
that mitochondrial iron accumulation (61, 62) and oxidative
stress (63)worsen the cellular phenotypes, perhapsmediated by
detrimental effects on FeS clusters or perhaps mediated inde-
pendently. Interventions that limit cellular iron have improved
growth of yeast mutants in some cases and have had some effi-
cacy in treatment of the human disease (64). However, opposite
effects have also been observed (i.e. worsening of phenotypes
associated with iron starvation) (65, 66). One final issue merits
mention, i.e. the tissue specificity of the disease. FeS cluster

biogenesis is required for every cell in every tissue, as many
essential processes require FeS cluster proteins. Frataxin is
ubiquitously expressed in all cell types. Therefore, it is unclear
why some tissues are compromised by frataxin deficiency and
some are spared. The target tissue distribution for the disease
includes dorsal root ganglia, cerebellum, and heart muscle and
does not involve skeletal muscle or blood, for example. By con-
trast, an inherited disease ascribed to Isu deficiency, also char-
acterized by deficient FeS cluster proteins, affects primarily
skeletal muscle and spares nervous tissues (67, 68). Thus, Isu
deficiency and frataxin deficiency in humans bear some resem-
blance, but the tissue specificities are distinct with the differ-
ences still unexplained.
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FeS cluster biogenesis is an essential process in virtually all
forms of life. Complex protein machineries that are conserved
from bacteria through higher eukaryotes facilitate assembly of
the FeS cofactor in proteins. In the last several years, significant
strides have been made in our understanding of FeS cluster
assembly and the functional overlap of this process with cellular
iron homeostasis. This minireview summarizes the present
understanding of the cytosolic iron-sulfur cluster assembly
(CIA) system in eukaryotes, with a focus on information gained
from studies in budding yeast and mammalian systems.

The chemical and structural versatility of FeS clusters makes
these cofactors uniquely suited to participate in a diverse set of
cellular processes (1). FeS clusters are used as part of catalytic
centers, for chemical sensing, to stabilize protein structure, to
transfer electrons, to generate radicals, and to determine pro-
tein function (1, 2). Organisms rely on these inorganic cofactors
for critical roles in cellular metabolism and regulation (1).
Comprehensive reviews on FeS protein biogenesis have been
published recently (3–7), and we will not attempt to replicate
them here. The focus of this minireview is the maturation of
FeS proteins in the eukaryotic cytosol, with emphasis on the
emergingCIA2 system in Saccharomyces cerevisiae and animals
and how this process is linked to cellular iron homeostasis.
Interest in FeS cluster biogenesis in the eukaryotic cytosol

intensified with the discovery that mammalian IRP1 is an FeS
protein whose activity as a RNA-binding gene regulator is con-
trolled through cluster assembly and disassembly (8). Cellular
iron status determines the extent of FeS cluster assembly in
IRP1 and thereby regulates expression of genes for iron storage,
transport, and utilization (8). FeS proteins are now recognized
to contribute to processes covering virtually all areas of cell
biology, including DNA metabolism, protein synthesis, tran-
scription, and iron metabolism itself (Table 1), making the bio-
genesis of the FeS cofactor a centrally important, essential
process.

FeS Cluster Biogenesis in Non-photosynthetic
Eukaryotes

Early studies of nitrogenase in nitrogen-fixing bacteria were
instrumental in revealing the need for specialized proteins for
assembly of FeS clusters in proteins (2). Genome sequencing
combined with a high degree of conservation of genes involved
in FeS cluster biogenesis across species accelerated identifica-
tion of systems for cluster biogenesis, including the ISC system
in mitochondria and bacteria and the SUF (sulfur formation)
system in bacteria, archaea, and plant chloroplasts (2–6). These
protein-assisted FeS cluster assembly systems follow a common
strategy, which may represent the fundamental steps in all FeS
cluster assembly systems. Specifically, sulfide is generated from
cysteine via a cysteine desulfurase (9). The enzyme captures and
donates the sulfide through an enzyme-linked persulfide (10, 11).
Iron also appears to enter the process bound to protein (12). Both
elements are preassembled into a labile FeS cluster on a scaffold
protein, fromwhich the cluster is transferred to apo-FeS proteins.
Although FeS cluster transfer to apo-targets by entropy-driven
ligand exchange has been demonstrated (13), the mechanism of
transfer in the cell is likely more complex.
The ISC system of mitochondria is composed of at least 15

proteins (6). Nfs1 and Isu1/2 are the cysteine desulfurase and
major FeS scaffold proteins for this system. Nfs1 forms a com-
plexwith Isd11 inmitochondria, whichmodulates cysteine des-
ulfurase activity (14). Initial FeS cluster assembly on the Isu1/2
scaffold requires sulfide from Nfs1/Isd11, iron from Yfh1
(frataxin), and electrons from Yah1/Arh1 (14, 15). Ssq1, Jac1,
and Mge1, protein chaperon and co-chaperons, along with the
glutaredoxin Grx5 facilitate transfer of the cluster from the
Isu1/2 scaffold to apo-targets (16–18). Together, these factors
compose the essential core activities for all FeS cluster biogen-
esis in the eukaryotic cell. Homologous proteins/activities
make up the ISC systems in bacteria (Table 2) and archaea (3, 4,
6, 7). Maturation of subsets of FeS proteins in mitochondria
requires additional assembly factors, including Ind1, Isa1/2,
and Iba57 (19–21).
Various explanations have been given for the requirement of

the mitochondrial ISC system for extramitochondrial FeS clus-
ter biogenesis. It was posited early on that all FeS cluster bio-
genesis occurred inmitochondria, withmaturation of cytosolic
FeS proteins depending on export of preformed clusters. This
idea grew out of findings that, in addition to the ISC system, a
putative ISC export system consisting of the inner mitochon-
drial membrane ABC transporter Atm1 and the intermem-
brane space protein Erv1 and glutathione were uniquely required
for extramitochondrial FeS cluster biogenesis (22–24). The orien-
tation of Atm1 indicated a role in export from the mitochondrial
matrix, prompting the suggestion of export of FeS clusters (22).
More recent evidence suggests that a form of sulfur generated via
the ISC system may be the exported substance (25). Consistent
with thisview,peptides rich insulfur-containingaminoacids stim-
ulated the ATPase activity of Atm1 (26).
The first exclusively cytosolic protein specific for extramito-

chondrial FeS protein maturation, Cfd1 (cytosolic FeS cluster-
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deficient 1), was identified in a yeast genetic screen based on the
FeS cluster-dependent conversion of mammalian IRP1 to cyto-
solic aconitase in the yeast cytosol (27). Discovery of Cfd1 sug-
gested a unique cytosolic FeS cluster assembly (CIA) system.
This was confirmedwhen three additional protein components
of the CIA system (Nar1, a member of the iron-only hydrogen-
ase family (28); Nbp35, a P-loop NTPase homologous to Cfd1
(29); and Cia1, a WD40 protein (30)) were found. Depletion of
any one of these proteins resulted in defective cytosolic and
nuclear FeS protein maturation. A fifth CIA factor, Dre2, was

identified in a search for mutations that were synthetic-lethal
with deletion of the mitochondrial iron transport genesMRS3
andMRS4 (31). Loss of Mrs3 and Mrs4 impairs cluster assem-
bly via the ISC system (32, 33). Thus, Dre2may link the ISC and
CIA systems for cytosolic FeS cluster assembly.
With the exception of Nfs1, which is needed in the nucleus

for tRNA modification and maturation (34, 35), ISC factors in
budding yeast are restricted to the mitochondria. However, in
animal cells, some ISC factors are found in the cytosol, leading
to the suggestion that these proteins function directly in cyto-

TABLE 1
Yeast and mammalian extramitochondrial FeS proteins
h, human; SAM, S-adenosylmethionine; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor.

Yeast Mammalian Localization Function Ref.

Genome integrity and expression
Ntg2 hNTH1 Nucleus DNA N-glycosylase 81
Rad3 XPD Nucleus DNA helicase, TFIIH transcription complex 82
Chl1 FancJ Nucleus DNA helicase 82
Dna2 Dna2 Nucleus ATP-dependant nuclease, helicase 83
Pri2 PRIM2 Nucleus Subunit of DNA primase 84
Elp3 Elp3 Cytosol, nucleus Subunit of elongator complex, transcription 31

MUTYH Nucleus DNA glycosylase 85
Protein synthesis
Rli1 ABCE1 Cytosol, nucleus Ribosome maturation, translation 86
Tyw1 TYW1 Endoplasmic reticulum Synthesis of wybutosine, tRNA modification 87
Leu1 Cytosol �-Isopropylmalate isomerase, leucine biosynthesis 88
Ecm17 Cytosol Sulfite reductase, methionine biosynthesis

Iron metabolism
Cfd1 Nubp2 Cytosol FeS scaffold 25
Nbp35 Nubp1 Cytosol, nucleus FeS scaffold 25
Nar1 IOP1 Cytosol, nucleus FeS biogenesis 28
Dre2 Ciapin1 Cytosol FeS biogenesis 31
Grx3/4 PICOT Cytosol Iron regulation, monothiol glutaredoxin 74
Fra2 Cytosol Negative regulator of Aft1 74

IRP1 Cytosol Cellular iron homeostasis, cytosolic aconitase 80
Intermediary metabolism
Grx6 Endoplasmic reticulum Monothiol glutaredoxin 89

Viperin Endoplasmic reticulum Radical SAM enzyme 90
CMAH Cytosol Monooxygenase, hydroxylase 91
DPD Cytosol Dihydropyrimidine dehydrogenase 92
XDH Cytosol Xanthine dehydrogenase 93
XOR Cytosol Xanthine oxidoreductase 93
Sprouty2 Cytosol Inhibitor of receptor tyrosine kinase signaling 94
Miner1 Endoplasmic reticulum Unknown 95
SNAP-25 Plasma membrane Component of SNARE complex 96
IOP2 Cytosol Nar1 homolog, unknown function 42

TABLE 2
CIA and ISC FeS cluster assembly factors in yeast, mammals, and bacteria
hu, human.

Cytoplasm (CIA):
yeast (mammal)

Mitochondria (ISC and
ISC export): yeast (mammal) Bacteria Proposed function

Cfd1, Nbp35 (NUBP2, NUBP1) Ind1 (huIND1) ApbC P-loop NTPase, FeS scaffold
Nar1 (IOP1) Electron donor, FeS cluster transfer
Cia1 (CIAO1) CIA protein complex formation
Dre2 (CIAPIN1) Electron transfer, ISC/CIA link

Nfs1 (NFS1) IscS Cysteine desulfurase
Isd11 (LYRM4) Sulfur transfer
Isu1, Isu2 (ISCU1, ISCU2) IscU FeS scaffold
Nfu1 (NFU) NfuA FeS scaffold
Isa1, Isa2 (ISCA1, ISCA2) IscA FeS scaffold
Iba57 (C1orf69) FeS cluster assembly factor for biotin synthase

and Aco1-like proteins
Yah1 (FDX1) Fdx Ferredoxin
Arh1 (Fdxr/ADR) Ferredoxin reductase
Yfh1 (frataxin/FXN) CyaY Iron donor
Ssq1 (mortalin/HSPA9) HscA Protein chaperone
Jac1 (HSCB) HscB Co-chaperone
Mge1 GrpE Co-chaperone, nucleotide exchange factor
Grx5 (GLRX5) Glutaredoxin
Atm1 (ABCB7) ABC transporter, ISC export system
Erv1 (GFER) Sulfhydryl oxidase, ISC export system
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solic FeS protein maturation (36–39). Although the notion of
ISC function in the cytosol has remained controversial and
unresolved, recent observations support a specific role for ISC fac-
tors in the cytosol of mammalian cells. For example, a cytosolic
isoform of frataxin restored cytosolic aconitase and IRE-binding
activity of IRP1 to normal levels in frataxin-deficient lymphoblasts
derived fromaFriedreich ataxia patient (36).Mitochondrial acon-
itase activity was unaltered, indicating that the effect of this
frataxin isoformwas specific to the cytosol. A physical interaction
between IRP1 and frataxin was also detected (36).
The mammalian Nar1 homolog IOP1 (iron-only hydroge-

nase-like protein 1) was shown to interact with a cytosolic iso-
form of Isa1 (40), raising the possibility of extramitochondrial
cooperation between CIA and ISC. Although cytosolic iso-
forms of the ISC factors Nfs1, Isu1, and frataxin have been
reported to be important for cytosolic FeS cluster biogenesis
(36, 38), the possibility of functional cooperation between the
ISC and CIA systems is an exciting avenue to be explored.

The CIA System

CIA proteins are defined by having a primary location in the
cytoplasm and a requirement for their function in cytosolic and
not mitochondrial FeS protein maturation. This distinguishes
CIAproteins from ISC factors that are important for bothmito-
chondrial and cytosolic FeS cluster biogenesis and ISC export
proteins that are required for cytosolic cluster biogenesis but
are located exclusively within the mitochondria. The number
and nature of the FeS proteins dependent on cytosolic cluster
biogenesis suggest a critical role for CIA in cell biology (Table
1). Consistent with this view, each of the CIA factor genes is
essential in yeast (27–31), and their depletion slows growth of
animal cells (37, 41, 42). To date, only [4Fe-4S] proteins have
been shown to require the CIA system for maturation.
Cfd1 and Nbp35—The current thinking is that Cfd1 and

Nbp35 are the scaffolds for initial FeS cluster assembly in the
CIA system. These P-loop NTPases bear high sequence simi-
larity (�49% identity) but are not redundant (25). An important
difference between the two proteins is at theN terminus, where
Nbp35 has an extension of �50 amino acids that contains four
conserved cysteine residues implicated in binding a [4Fe-4S]
cluster (25). Deletion of the first 52 residues or mutation of the
two central N-terminal cysteines in yeast Nbp35 was lethal,
consistent with an essential role for the putative FeS cluster
within this region (25, 43).
The identification of Cfd1 as an essential factor for extrami-

tochondrial FeS protein maturation and the demonstration in
bacteria of a role for the homologous protein ApbC in cluster
biogenesis revealed a new family of proteins involved in FeS
cluster assembly (27, 44). Cfd1, Nbp35, and their homologs
throughout nature belong to a class of deviant P-loop NTPases
that includes the bacterial cell division protein MinD, the iron
protein of nitrogenase NifH, and the arsenic resistance ATPase
ArsA (27, 29, 45–49). This class of NTPases typically forms
homodimers in which a signature lysine (Lys26 in Cfd1 and
Lys81 in Nbp35) within the Walker A (nucleotide-binding)
motif of onemonomer extends into the nucleotidase active site
of the other monomer and plays a role in ATP binding and/or
hydrolysis (49).

Cfd1 and Nbp35 belong to a subfamily of deviant P-loop
NTPases often referred to as the MRP/Nbp35 subfamily (49).
MRP/Nbp35 members are distinguished by a conserved
-ENMS- sequence, followed by a metal-coordinating motif,
CX2C (at Cfd1 residues 194–197 and 201–204, respectively).
Mutation of either cysteine in the CX2C sequence of Cfd1 or
Nbp35 is lethal, consistent with this motif being essential to
function (25, 27). The asparagine in the -ENMS- sequence is
predicted to contact the adenosine ring of bound ATP (49).
MRP/Nbp35 subfamily members appear to function in FeS
cluster biogenesis in all kingdoms (25, 27, 41, 47, 50, 51).
The putative metal-binding CX2C motif maps to the molec-

ular surface of MRP/Nbp35 family members. Structural infor-
mation for these proteins comes from the x-ray crystal struc-
ture of Af2382, a homolog of unknown function in
Archaeoglobus fulgidus. In the crystal structure of Af2382, the
CX2C sequence coordinates a single zinc atom between mono-
mers. It is imagined that, in MRP/Nbp35 the homodimer, the
CX2C motif would be oriented to bind a bridging FeS cluster
coordinated by the cysteine residues from each monomer. The
proximity to the putative nucleotide-binding asparagine in the
adjacent -ENMS- sequence raises the possibility thatATPbind-
ing and/or hydrolysis invokes a conformational change that
alters the stability (kinetic lability) of a coordinated FeS cluster,
facilitating transfer to apo-FeS proteins. Whether Cfd1 and
Nbp35 bind nucleotide triphosphates or respond to nucleotide
binding and/or hydrolysis in a manner similar to other deviant
P-loop NTPases, such as NifH (52), has yet to be shown.
Nar1—The finding that eukaryotes possess a protein with

high similarity to bacterial hydrogenases aroused curiosity
about its role before it was shown to function in cytosolic FeS
cluster biogenesis (28, 53, 54). Animal cells express two
orthologs of Nar1, IOP1 and IOP2 (42). Depletion of IOP1, but
not IOP2, by RNA interference resulted in defective cytosolic
FeS cluster assembly (42). The position of conserved cysteine
residues, structural modeling based on hydrogenases, and
mutagenesis and 55Fe binding studies suggest that Nar1 con-
tains two FeS clusters (54, 55). The homology of Nar1 to hydro-
genases has fueled speculation that it acts as an electron donor
for cytosolic FeS cluster maturation and/or transfer (6).
Cia1—Cia1 is a seven-bladed propeller typical of the WD40

repeat family (56). WD40 proteins mediate protein-protein
interactions (57). Depletion of Cia1 impaired maturation of
cytosolic andnuclear FeS proteins but did not reduce 55Fe bind-
ing to Nbp35 or Nar1, prompting the suggestion that Cia1 acts
in the transfer of FeS fromNbp35 to target proteins (30). CFD1
and CIA1 are fused in Schizosaccharomyces pombe (30), con-
sistent with a role inmediating protein complex formationwith
Cfd1. Because Cfd1 interacts transiently with Nbp35 and Nar1
(25),3 we envision formation of a transient complex of CIA fac-
tors for cluster transfer to apo-targets (Fig. 1).
Dre2—Recombinant Dre2 contains a [4Fe-4S] cluster and a

[2Fe-2S] cluster (31). These clusters are stable even after pro-
longed exposure to air, suggesting that they play structural
and/or catalytic roles in the protein. Depletion of Dre2

3 A. K. Sharma, L. J. Pallesen, R. J. Spang, and W. E. Walden, unpublished data.
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impaired cytosolic but not mitochondrial FeS cluster biogene-
sis, although Dre2 was found partially localized in the mito-
chondrial intermembrane space (31). It is speculated that Dre2
is involved in an early step in cytosolic FeS cluster biogenesis,
possibly working in concert with the ISC export system to
deliver a substrate necessary for FeS cluster formation on Cfd1
andNbp35 (Fig. 1). Dre2 was reported to function in a complex
with Tah18, a protein with FAD- andNAD-bindingmotifs that
raise the possibility of an electron transfer function (58).

Mechanism of FeS Cluster Biogenesis via the CIA System

Amodel for FeS cluster assembly through the CIA system is
beginning to emerge as studies provide information on the
characteristics of individual CIA proteins. Fig. 1 illustrates our
current thinking on CIA-mediated FeS cluster assembly.
P-loop ATPases typically cycle in and out of protein interac-
tions, driven by nucleotide binding, hydrolysis, and release (49).
The model presented is centered on such a hypothetical cycle
for Cfd1 and Nbp35. Although evidence for nucleotide binding
by these proteins is lacking, the effect of mutation at predicted
nucleotide-binding residues on protein function supports a
nucleotide-directed process.3 The model posits that Cfd1 and
Nbp35 cycle in and out of a heterocomplex, transiently binding
[4Fe-4S] clusters for transfer to apo-targets.
Several lines of evidence support the view that Cfd1 and

Nbp35 function in FeS cluster biogenesis as a complex. When
coexpressed in Escherichia coli, Cfd1 and Nbp35 were isolated
in a heterotetramer complex (25). Notably, this complex bound

multiple [4Fe-4S] clusters upon cluster reconstitution. Cfd1
and Nbp35 co-immunoprecipitated from yeast extracts, indicat-
ing that they physically interact in their natural environment (25).
Iron binding by Cfd1 and Nbp35, as well as complex formation,
was disrupted bymutation of the CX2Cmotif in either protein.4
The model in Fig. 1 shows initial assembly of cytosolic FeS

clusters occurring on the Cfd1-Nbp35 complex. The loading of
iron onto Cfd1 and Nbp35 requires the mitochondrial ISC and
ISC export systems (25, 29), consistent with a role in assembly
of the initial clusters on the Cfd1-Nbp35 complex (Fig. 1).
Because of its dual localization in mitochondria and the cyto-
plasm (31), Dre2 is shown here to participate at this initial step.
The source of sulfur and iron for cytosolic FeS cluster assem-

bly has not yet been resolved. To date, Nfs1 is the only cysteine
desulfurase known to be required for FeS cluster biogenesis in
non-photosynthetic eukaryotes. In yeast, Nfs1 supplies this
function in themitochondria; restrictingNfs1 to the cytosol did
not rescue the cytosolic FeS cluster defect associated with defi-
ciency in the mitochondria (34). However, in S. cerevisiae,
Icp55 clips off three amino acids from the N terminus of Nfs1,
promoting its translocation from mitochondria to the nucleus
(59). It seems plausible that a portion of this modified Nfs1 also
functions in the cytoplasm, providing sulfide to theCIA system.
In animals, a cytoplasmic splice variant of Nfs1 may function
directly in cytosolic cluster assembly (38). Clearly, additional
work is necessary to fully resolve this issue.
Reconstituted Cfd1 or Nbp35 or the Cfd1-Nbp35 heterotet-

ramer transferred FeS clusters to apo-Leu1 in vitro (25). This
transfer reaction occurredmuch faster than chemical reconsti-
tution of Leu1 and was insensitive to iron chelator, suggesting
direct cluster transfer to Leu1. The efficiency of activation of
Leu1 by Cfd1, Nbp35, and the heterotetramer complex impli-
cates all three entities as potential FeS scaffolds. Indeed, all of
the MRP/Nbp35 family members tested show similar abilities,
indicating an evolutionarily conserved function (25, 47, 60).
The CIA factors Nar1 and Cia1 are believed to act down-

stream of FeS cluster loading on Cfd1 and Nbp35. Nar1 defi-
ciency had little effect on iron binding to Cfd1 or Nbp35, and
depletion of Cia1 did not affect iron binding to Cfd1, Nbp35, or
Nar1 (25, 30). These observations place Nar1 and Cia1 at the
transfer of FeS clusters from the Cfd1-Nbp35 complex (or
Nbp35 alone; see below) to apo-targets. Nar1 and Cia1 likely
interact transiently with Cfd1 or Nbp35 (and/or the hetero-
complex), with Nar1 potentially altering the electrochemical
state of the nascent cluster, making it competent for transfer,
and with Cia1 acting as an adapter protein for specific targeting
of the labile FeS clusters to apo-targets.
Approximately half of Cfd1 andNbp35 are in the heterocom-

plex in yeast cells.5 However, �80% of Nbp35-bound iron was
found associated with the protein that was free of Cfd1; only
20% was associated with the Cfd1-Nbp35 complex, and none
was detected with Cfd1 alone. This raises the question of
whether the heterocomplex and freeNbp35 serve different sub-

4 D. J. A. Netz, A. J. Pierik, M. Stumpfig, E. Bill, L. J. Pallesen, A. K. Sharma, W. E.
Walden, and R. Lill, manuscript in preparation.

5 L. J. Pallesen, A. K. Sharma, N. Solodovnikova, and W. E. Walden, manuscript
in preparation.

FIGURE 1. Model for FeS cluster assembly via the CIA system. A nucleotide-
dependent cycle for FeS cluster assembly on a Cfd1-Nbp35 scaffold and trans-
fer to apo-targets is depicted. ATP binding, hydrolysis, and release of ADP by
Cfd1 and Nbp35 are proposed to occur based on the high homology of these
proteins to known deviant P-loop ATPases (49). The precise steps within the
process affected by nucleotide binding and hydrolysis are not suggested
here. FeS cluster assembly on the apo-Cfd1-Nbp35 scaffold complex is pro-
posed to depend on the mitochondrial ISC and export systems, the CIA factor
Dre2, and a source of iron and sulfur (Step 1). Nar1 and Cia1 interact with the
Cfd1-Nbp35 complex, facilitating cluster transfer to Subset I of cytosolic and
nuclear FeS proteins (Steps 2 and 3). It is proposed here that dissociation of
Nar1, Cia1, and Cfd1 frees Nbp35 to support FeS cluster assembly in Subset II
of cytosolic and nuclear FeS proteins (Steps 3 and 4). Apo-Cfd1 and apo-
Nbp35 reform the heterocomplex to restart the process (Step 5).
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sets of FeS proteins. The fact that cells harbor FeS proteins of
many types in the cytoplasm, nucleus, and other subcellular
locations (Table 1) points to a potential need for specialized
systems for each compartment or for subsets of apo-FeS pro-
teins. The MRP/Nbp35 family member Ind1 is required for
maturation of only a subset of mitochondrial FeS proteins, for
example (51). Therefore, we depict the Cfd1-Nbp35 complex
delivering FeS to one set of proteins and free holo-Nbp35 deliv-
ering FeS to a different set of apo-targets (Fig. 1). The argument
against such a view is that deficiency in any of the CIA factors
impaired FeS cluster assembly in all extramitochondrial pro-
teins tested. On the other hand, the essential nature of the CIA
systemmay lead towide-ranging andpleiotropic effects that are
not indicative of direct action. The answers to these questions
await further investigation.

FeS Cluster Biogenesis and Cellular Iron Regulation

Organisms have evolved very sophisticated and complex
processes to regulate iron at various levels (3, 7, 8, 61, 62). Reg-
ulation of iron acquisition is generally balanced with utilization
and storage through regulation of synthesis of proteins that
perform these functions. Considering the number of FeS pro-
teins within cells (e.g. Table 1), the biogenesis of this cofactor is
a major use of iron. It is therefore not surprising that sensitive
iron regulatorymechanisms have evolved to detect the need for
iron in FeS cluster biogenesis.
Link in Cellular Iron Regulation and FeSCluster Biogenesis in

Animals: IRP1—Cellular iron regulation in animals occurs
mainly through the action of two IRPs. IRP1 and IRP2 are RNA-
binding proteins whose activity is regulated by iron (8, 62). IRPs
bind to conserved stem-loop structures located within the 5�-
or 3�-UTRs of mRNAs that encode proteins for cellular iron
transport, storage, and utilization, as well as proteins for energy
and oxygen metabolism (63). The first linkage of FeS cluster
biogenesis with iron homeostasis in eukaryotes came with the
discovery that IRP1 and cytosolic aconitase were one and the
same protein and that interconversion between the RNA-bind-
ing protein and enzyme was through assembly and disassembly
of a [4Fe-4S] cluster (Fig. 2A) (8, 62).
During iron starvation, IRP1 and IRP2 bind to conserved

stem-loop structures, called IREs, found within the 5�-UTRs of
mRNAs encoding the iron storage protein ferritin, the eryth-
roid isoform of the heme biosynthetic enzyme �-aminolevuli-
nate synthase, mitochondrial aconitase, and the iron efflux
transporter ferroportin, inhibiting translation initiation on
these mRNAs (8, 62). IRPs also bind IREs located within the
3�-UTRs of transferrin receptor 1 and DMT1 (divalent metal
ion transporter 1) mRNAs, stabilizing these transcripts. When
the cellular iron level is sufficient, IRP1 acquires an FeS cluster,
converting it to cytosolic aconitase and inhibiting its IRE-bind-
ing activity (64, 65). The consequence of IRP activity is that
cellular iron storage and export are suppressed and iron uptake
is stimulated when iron is limited, whereas loss of IRP activity
when iron is in excess has the reciprocal effect (Fig. 2A).
FeS cluster assembly in IRP1 depends on the CIA system (7).

Nbp35 depletion in human cells by RNA interference impaired
cytosolic FeS cluster biogenesis and conversion of IRP1 to cyto-
solic aconitase (41). Likewise, depletion of Nar1 in cultured

animal cells caused an increase in the IRE-binding activity of
IRP1 (42). Although these manipulations of the CIA system
affected IRP1 activity, little effect on IRP2was seen. This is to be
expected because IRP2 does not bind an FeS cluster (64). The
effects in mammalian cells of CIA system deficiency on overall
cellular iron metabolism appear to be solely through effects on
efficiency of FeS cluster assembly in IRP1.
It is of note that an increase in cellular iron results in an

increase in conversion of IRP1 to cytosolic aconitase, indicating
that iron excess stimulates cytosolic FeS cluster biogenesis (Fig.
2A). Therefore, it is reasonable to conclude that animal cells
have an excess capacity for cluster assembly, the process being
limited by iron availability. It seems also likely that IRP1 is not
an ideal target for cluster assembly because it can adopt confor-
mations that cannot readily accept an FeS cluster, such as when
bound IRE occupies the FeS cluster-binding site (65). Com-
bined, these featuresmake IRP1 an effective sentinel for cellular
iron status in general.
Link in Cellular Iron Regulation and FeSCluster Biogenesis in

Budding Yeast: Aft1—The budding yeast S. cerevisiae achieves
iron homeostasis through transcriptional and post-transcrip-
tional regulation of iron-related genes, called the iron regulon
(66). The combined effects of transcription factor Aft1 (activa-
tor of ferrous transport 1), its paralog Aft2, and the RNA-bind-
ing protein Cth2 balance expression of the iron regulon and
give yeast the ability to coordinate iron uptake, storage, and
utilization with availability (67).

FIGURE 2. Intersection of FeS cluster assembly and cellular iron regula-
tion. A, IRP1 is one of two post-transcriptional regulators of iron-related gene
expression in animal cells. FeS cluster assembly and disassembly regulate
IRP1 structure and activity. Both the ISC and CIA machineries are required for
cluster assembly in IRP1, resulting in its conversion to cytosolic aconitase
(c-aconitase). Changes in cellular iron affect efficiency of FeS cluster assembly
in IRP1. This alters iron-related mRNA metabolism and iron transport, storage,
and export as shown. The structure models for the IRP1-IRE complex and
cytosolic aconitase are from Refs. 65 and 80, respectively. B, Aft1 is the primary
transcriptional regulator of iron-related gene expression in S. cerevisiae. A
complex that includes Fra1, Fra2, and Grx3 (or Grx4) controls Aft1 activity and
links ISC-mediated FeS cluster biogenesis to Aft1 signaling. Overexpressed
Cfd1 leads to activation of Aft1, which could be due either to increased con-
sumption of iron from a regulatory iron pool or to direct action of Cfd1 on
Aft1.
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FeS cluster biogenesis is tied to iron homeostasis in yeast.
Yeast cells bearing defects inmitochondrial FeS cluster biogen-
esis or in the ISC export system increase expression of the iron
regulon and cellular iron accumulation mainly targeted to
mitochondria (22, 68–70). A compelling set of experiments
implicated a cytosolic FeS protein in the signaling pathway that
communicates mitochondrial FeS metabolism to Aft1 (70).
This signaling pathway includes the cytosolic proteins Fra1 and
Fra2 and either of the cytosolic glutaredoxins Grx3 and Grx4
(71). Fra1 and Fra2 form a complex with Grx3/4 (71–73). Dele-
tion of either FRA1 or FRA2 resulted in hyperexpression of the
iron regulon through activation of Aft1, suggesting that the
regulatory complex they are part of normally acts to repress
Aft1 activity (Fig. 2B).
A Fra2-Grx3 complex was found to coordinate a [2Fe-2S]

cluster (74). Serving as a scaffold for [2Fe-2S] cluster assembly
may be a conserved role of cytosolic glutaredoxins. GrxC1, a
cytosolic glutaredoxin in plants, binds a bridging [2Fe-2S] clus-
ter between monomers and has been implicated in FeS cluster
biogenesis (75). These observations raise the intriguing possi-
bility that Aft1 senses the [2Fe-2S] cluster on the Fra2-Grx3
complex. The model in Fig. 2B posits that the ISC system and
export machinery are required for assembly of the [2Fe-2S]
cluster on this complex. Failure to assemble this cluster would
lead to activation of Aft1.
Given that Aft1 appears to sense FeS status in the cytoplasm,

a surprising findingwas that deficiency inCIAdid not stimulate
Aft1-responsive gene expression (69). Although this seems at
odds with the notion of a cytosolic FeS protein serving to signal
Aft1, it is possible that such an FeS protein utilizes a pathway
other than CIA for assembly of cluster. It is not yet known
whether theCIA system supports assembly of [2Fe-2S] clusters.
The critical functions provided by cytosolic and nuclear FeS

proteins dependent on the CIA system for cluster assembly
make this system a significant pathway for iron utilization in
non-photosynthetic eukaryotes (Table 1). Given the demand
for iron by the pathway, it was expected that the CIA system in
yeast would intersect with the cellular iron regulatory system.
In preliminary studies, we found that overexpression of Cfd1
caused a 3–4-fold stimulation of Aft1-responsive gene expres-
sion.6 Overexpression of other CIA factors did not stimulate
Aft1, suggesting that the effect was unique to Cfd1.
A plausible model is that CIA consumes iron from a pool

monitored by the Aft1 regulatory system (Fig. 2B). Cfd1 may
play the critical role of promoting iron entry into the CIA path-
way, competing with other pathways for available iron. An
alternative view is that apo-Cfd1, which would be more abun-
dant when iron is limiting or upon overexpression, serves to
directly signal the status of cytosolic FeS cluster biogenesis to
the Aft1 regulatory system (Fig. 2B). That there are Cfd1
mutants that fail to support FeS cluster assembly but stimulate
Aft1-responsive gene expression argues for this latter view.6

Evolution of the CIA system for cytosolic FeS cluster assem-
bly likely reflects the challenges associated with cluster biogen-
esis in the cytoplasm, such as exposure to oxygen and other

reactive species potentially damaging to FeS clusters and their
assembly. Consistent with this view, recent evidence suggests
that an important role of Nar1 is related to oxygen metabolism
and resistance to oxygen stress (76). The importance of oxygen
to iron metabolism has been recognized for many years (77).
The fact that IRP2 in animals and Aft1 in yeast respond as
vigorously to changes in oxygen levels as to iron further
strengthens this connection (78, 79). The challenges of the
future will be to understand the interconnections between the
various pathways for FeS cluster biogenesis, their relationship
to other central metabolic pathways, and how organisms coor-
dinate the activities inherent to achieve homeostasis.
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Iron is an essential element for diverse biological functions. In
mammals, the majority of iron is enclosed within a single pros-
thetic group: heme. In metazoans, heme is synthesized via a
highly conserved and coordinated pathway within the mito-
chondria. However, iron is acquired from the environment and
subsequently assimilated into various cellular pathways, includ-
ing heme synthesis. Both iron and heme are toxic but essential
cofactors. How is iron transported from the extracellular milieu
to the mitochondria? How are heme and heme intermediates
coordinated with iron transport? Although recent studies have
answered some questions, several pieces of this intriguing puz-
zle remain unsolved.

Cellular Iron Transport

Iron is essential to most living organisms, which have differ-
ent sophisticated ways to obtain this element from the environ-
ment. Uptake and regulation of iron in bacteria and yeast have
been described in detail (1, 2). Here, wewill highlight iron proc-
essing in higher eukaryotes, particularly mammals. The daily
requirements for iron in mammals are high, exerted mainly by
red blood cells (RBCs),4 which generate vast amounts of hemo-
globin. The majority of this iron is efficiently recycled from
senescent RBCs by macrophages (M�), but a small portion
needs to be extracted from the diet (3). Dietary iron is taken up

by the enterocytes in the proximal region of the small intestine.
The proteins involved in intestinal iron absorption and trans-
port have been reviewed in detail (4, 5). After a series of reduc-
tion and oxidation steps during its passage through the entero-
cyte, iron is released into the bloodstream by the basolateral
transporter FPN1 (ferroportin 1) and then oxidized to ferric
iron (Fe3�) by the ferroxidases hephaestin and ceruloplasmin.
Ferric iron is bound by transferrin (Tf), which has high affinity
for ferric but not ferrous (Fe2�) iron. Under normal circum-
stances, serum iron is bound to Tf and transported to all cells of
the body.
The best characterizedmechanism for cellular iron uptake is

uptake through Tf receptor-1 (TfR1; CD71) (Fig. 1). TfR1 binds
twoTfmolecules andhas the highest affinity for diferric Tf. The
TfR1-Tf complexes are concentrated in clathrin-coated pits on
the cell surface and endocytosed.Once the complexes are inter-
nalized, a membrane-associated ATPase proton pump lowers
the pH in the endosome to create an environment where ferric
iron can be released fromTf. To be transported out of the endo-
some, iron must be reduced. In developing RBCs, this step is
performed by the STEAP3 (six-transmembrane epithelial anti-
gen of prostate 3) protein (6). Other members of the STEAP
family are thought to be endosomal ferrireductases in non-
erythroid cells (7). The reduced iron is exported out of the
endosomeby the divalentmetal transporter (DMT1/SLC11A2/
NRAMP2) in erythroid and non-erythroid cells (8–10). TfR1 is
returned to the plasma membrane, where it can participate in
another round of Tf-mediated iron uptake. A protein involved in
TfR1 recycling inRBCs, Sec15l1,was identified fromthehemoglo-
bin-deficit (hbd) mouse, which shows microcytic hypochromic
anemia (11). It was demonstrated that Mon1a plays a role in traf-
ficking FPN1 to the cell surface ofM� in mice (12).
The steps in cellular iron transport following release from the

endosome are poorly understood. After its release, some fer-
rous ironwill be stored in ferritin, a ubiquitously expressed iron
storage protein that regulates intracellular iron availability (13).
Storing iron in ferritin prevents free iron from generating toxic
radicals and allows the regulated release of iron. Recent work
identified a cytosolic iron chaperone, PCBP1 (poly(rC)-binding
protein 1), that transports iron to ferritin (14). The human cell
lines used in this study were non-erythroid; it remains to be
investigated if PCBP1 or any orthologs serve this role in eryth-
roid cells.

Mitochondrial Iron Uptake and Processing

The majority of cellular iron is utilized in the mitochondria
for the biosynthesis of both heme and FeS clusters (15, 16). This
makes the mitochondrion an important organelle in iron traf-
ficking. Some cytosolic iron may be used for extramitochon-
drial FeS cluster synthesis (17–19). How iron is transferred
from the endosome, the cytosol, or ferritin to themitochondria
is unknown. In developing RBCs, iron may be delivered by
docking of the endosome to themitochondrion (20). This “kiss-
and-run” mechanism would provide an efficient means for
delivering iron to mitochondria in RBCs, which generate vast
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amounts of heme. Recent evidence showed that mitochondria
fuse with each other and with the endoplasmic reticulum (21,
22). Small organic compounds or some proteins may also bind
free cellular iron (23). If and how these are involved in the traf-
ficking of iron to the mitochondrion are unknown.
The vertebrate mitochondrial iron importer was discovered

through studies with the anemic zebrafishmutant frascati (24).
The gene responsible for the anemic phenotype,Mfrn1 (mito-
ferrin-1)/SLC25A37, belongs to the SLC25 (solute carrier 25)
family of proteins, which are located primarily in themitochon-
drial inner membrane (IM). The mouse Mfrn1 knock-out in
early erythroid cells shows impairedmitochondrial iron import
and reduced heme synthesis upon terminal differentiation (24).
To import iron and regulate heme synthesis in RBCs, Mfrn1
must interact with the mitochondrial ATP-binding cassette
transporterAbcb10 (25). TheMfrn1 paralog,Mfrn2 (Slc25a28),
is ubiquitously expressed and was proposed to be the non-
erythroid mitochondrial iron importer (24, 26). How iron is
delivered toMfrn1/2 from the cytosol formitochondrial import
remains unclear.
Once delivered to the mitochondria, iron is either stored in

mitochondrial ferritin or utilized for the synthesis of heme and

FeS clusters. FeS clusters are pros-
thetic groups in proteins that play
an essential role in cell metabolism
(15). In developing RBCs, iron is uti-
lized primarily for the synthesis of
large quantities of heme. Non-
erythroid cells also make heme, but
their iron requirements are much
lower. Defects in heme synthesis
genes result in human hematologi-
cal disorders characterized by
defective cellular iron homeostasis
(27). The mechanisms that regulate
vertebrate heme synthesis and the
accompanying iron flux are begin-
ning to be illuminated.
Heme biogenesis is closely linked

to the availability of FeS clusters.
The first gene in erythroid heme
synthesis, ALAS2 (aminolevulinic
acid synthase-2), is regulated by the
FeS cluster-binding protein IRP1
(iron regulatory protein 1) (3). A
pioneering study showed that, in the
anemic zebrafish mutant shiraz,
defective FeS cluster synthesis
resulted in IRP1 binding constitu-
tively to the iron regulatory element
(IRE) in the 5�-untranslated region
(UTR) of theALAS2mRNA. Conse-
quently, translation of ALAS2 and
synthesis of heme were blocked
(28). Mammalian ferrochelatase
(FECH), the terminal enzyme in
heme synthesis, is a [2Fe-2S]-con-
taining protein (29, 30). Deletion of

the [2Fe-2S]-binding region at the C terminus of FECH abol-
ished both the binding of the cluster and the enzyme activity
(29). Similarly, inactivation of FeS clusters by nitric oxide sig-
nificantly inhibited the activity of FECH (31). A recent study
utilized a systems biology approach to analyze �35,000 cDNA
microarrays and to identify mitochondrial genes that were
tightly coexpressed and coregulated with the eight heme bio-
synthesis enzymes. Five candidate genes with putative roles in
heme synthesis were selected for studies in the zebrafish. Two
genes were known to be involved in FeS cluster synthesis,
whereas the other threeweremitochondrial transporters.Mor-
pholino knockdown of all five genes resulted in profound ane-
mia; silencing of the transporter SLC25A39 in differentiating
mouse erythroleukemia (MEL) cells strongly reduced heme
synthesis (32). These newly identified genes may play impor-
tant roles in mammalian mitochondrial iron homeostasis.
In addition to heme biosynthesis, a significant portion of iron

in the mitochondrion is utilized for the assembly of FeS clus-
ters. This pathway is highly conserved among species, and stud-
ies in yeast have guided research on the mammalian compo-
nents of the FeS cluster pathway, although additional proteins
have been identified (33). Genetic defects in several genes

FIGURE 1. Cellular iron processing. Ferric iron (Fe3�) bound to Tf is taken up by cells through TfR1. The TfR1-Tf
complex is internalized through endocytosis. The endosomal matrix is acidified by an ATPase proton pump,
which allows dissociation of Tf and Fe3� from TfR1. The ferric iron is reduced to Fe2� by the STEAP family of
proteins, and it can now be exported to the cytosol by DMT1. Ferrous iron can be delivered to ferritin for
storage by the iron chaperone PCBP1. The larger part of iron will be transported to the mitochondrion for heme
and FeS cluster synthesis. How iron is delivered to mitochondria is largely unknown. In erythrocytes, mitochon-
drial iron import is mediated by MFRN1 complexed with ABCB10. The MFRN1 paralog, MFRN2, is thought to
import iron into mitochondria of non-erythroid cells, whether or not complexed with ABCB transporters. Factors
involved in mitochondrial export of heme remain to be elucidated, whereas ABCB7 is thought to export a yet
undefined component “X” needed for cytosolic FeS cluster assembly. After delivery of iron, TfR1 and Tf are recycled
back to the cell surface, a pathway in which SEC15L1 plays an important role. mFerritin, mitochondrial ferritin.
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involved in FeS cluster assembly are associated with human
diseases in which defective mitochondrial iron homeostasis is a
hallmark. Patients with mutations in GRX5 (glutaredoxin-5)
suffer from microcytic anemia with accumulation of iron in
mitochondria (34). Likewise, patients with Friedreich ataxia
have genetic defects in themitochondrial FeS cluster iron chap-
erone frataxin, which results in mitochondrial iron overload
(35). In addition, defects in ABCB7, a protein implicated in
export of mitochondrial FeS clusters, lead to anemia accompa-
nied by mitochondrial iron deposits (36). These examples
clearly indicate that the FeS cluster pathway plays an essential
role in regulating mammalian mitochondrial and cellular iron
homeostasis.

Cellular Iron Homeostasis: The IRE/IRP Regulatory
Mechanism

Because both iron overload and iron deficiency are incom-
patible with normal body physiology, mammals regulate their
iron levels at both the systemic and cellular levels. Excellent
reviews detailing advances made in the past 2 decades have
been published (37–39). This minireview focuses on the regu-
lation of cellular iron homeostasis.
Many of the genes that are involved in iron transport or uti-

lization contain one or more IREs in their mRNA. These ele-
ments are conserved RNA stem-loop structures that are recog-
nized by IRP1 and IRP2. Depending onwhere the IRE is located
in themRNA, binding of an IRP leads to blocking translation or
to stabilizing mRNA (reviewed in Ref. 40). Generally, mRNAs
of genes such as FPN1, ALAS2, and ferritin that reduce cellular
iron levels or the availability of iron have an IRE in the 5�-UTR
of their mRNA; the IRE in the mRNA of genes like TfR1 and
DMT1 that increase the availability of iron is located in the
3�-UTR. Therefore, binding of IRPs to IREs results in increased
iron uptake and availability and reduced iron utilization and
storage. This mechanism prevents a cell from becoming iron-
deficient or iron-overloaded and is essential for cellular iron
homeostasis.
The binding of IRP1 and IRP2 to their target mRNAs is dif-

ferentially regulated. IRP1 (also known as aconitase 1) is a dual
function protein that can convert citrate to isocitrate or bind
IREs. IRP1 binds an FeS cluster and acts as an aconitase under
iron-replete conditions when FeS cluster synthesis is normal.
When cellular iron levels are low, there is a corresponding
reduction in FeS cluster synthesis. Consequently, IRP1 loses its
aconitase activity, binds IREs, and alters iron uptake and utili-
zation. IRP2 does not bind an FeS cluster, and its activity is
regulated by degradation by a proteasomal complex (41, 42).
The key component of this complex is the cytosolic protein
FBXL5 (F-box and leucine-rich repeat protein 5). The FBXL5
protein contains a domain that can bind iron.When iron levels
are high, FBXL5 binds iron and targets IRP2 for degradation;
iron-depleted conditions result in FBXL5 degradation. IRP2
appears to be regulated directly by cytosolic iron levels, whereas
IRP1 binding to IREs depends on iron utilization by the mito-
chondrial FeS cluster assembly machinery. Vashisht et al. (42)
showed that FBXL5 also binds IRP1 but does not target it for
degradation under iron-replete conditions. The relevance of

this interaction and how IRP1 escapes degradation remain to be
elucidated.
The IRE/IRP mechanism is particularly important in tissues

that regulate iron homeostasis or have high iron demands. IRPs
play an essential role in regulating iron uptake in the intestine
(43). The IRE/IRP system is also important in regulating iron
processing by developing RBCs, as deletion of IRP2 results in
microcytic anemia (44–46). The high demand for iron of
immature erythroid cells may require, however, adaptations in
the IRE/IRP network (47). In addition to being essential for
cellular iron homeostasis, the IRE/IRP mechanism is also
important in the regulation of systemic body iron levels (40).

Transport of Heme Synthesis Intermediates

With few exceptions, metazoans synthesize heme via eight
conserved, enzyme-catalyzed steps using glycine, succinyl-
CoA, and ferrous iron as substrates (Fig. 2A). In the heme syn-
thesis pathway, the first and the last three conversions take
place in themitochondria, whereas all remaining steps occur in
the cytosol. The intermediates must therefore cross mitochon-
drial membranes for heme synthesis to progress.
Aminolevulinic acid synthase catalyzes the first reaction,

which is the formation of �-aminolevulinic acid (ALA) from
glycine and succinyl-CoA. For this step, glycine needs to be
imported into the mitochondrial matrix; the product ALA
needs to be exported to the cytosol. A mitochondrial carrier
family protein, SLC25A38, was proposed recently to facilitate
glycine import or to exchange glycine for ALA across the IM
(48). Patients with mutations in this gene manifest a form of
nonsyndromic congenital sideroblastic anemia. Yeast lacking
the SLC25A38 ortholog displayed decreased levels ofALA, pos-
sibly because of the reduced glycine levels in mitochondria. In
addition, two mammalian oligopeptide transporters, PEPT1
and PEPT2, were found to transport ALA across the plasma
membrane in a pH-dependent manner (49). Expression of
either gene in Pichia pastoris yeast cells or Xenopus laevis
oocytes significantly increased the influx of ALA. Further stud-
ies may help identify molecules on the mitochondrial mem-
brane that transport ALA.
In the cytosol, ALA is converted to coproporphyrinogen III

(CPgenIII) in four enzyme-catalyzed reactions. Because the
accumulation of heme precursors is toxic to cells and usually
causes porphyrias, the product of each reaction has to be
quickly and efficiently delivered to the next enzyme. It is
unknown how this is achieved.
The sixth step in heme synthesis is the oxidative decarboxy-

lation of CPgenIII to generate protoporphyrinogen IX. This
reaction is catalyzed by coproporphyrinogen oxidase. The
majority of coproporphyrinogen oxidase is present in themito-
chondrial intermembrane space (IMS),whereas a small fraction
may be loosely attached to the IM (50). In either case, CPgenIII
must be transported from the cytosol across the mitochondrial
outer membrane (OM). This translocation is suggested to be
mediated by the OMATP-binding cassette transporter ABCB6
(51). ABCB6was initially identified as amammalian ortholog of
the yeast mitochondrial iron transporter Atm1p (52). The
expression profile of ABCB6 strongly correlates with that of
heme synthesis genes (32). Overexpression of ABCB6 in K562
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cells significantly increased the uptake of 55Fe-heme by mito-
chondria in an energy-dependent manner (51). A non-physio-
logical CPgenIII-related compound, coproporphyrin III, inhib-

ited both the heme-binding and heme uptake activities of
ABCB6. It needs to be confirmed if CPgenIII is a bona fide
ABCB6 substrate.
The final two steps are the conversion of protoporphyrino-

gen IX into protoporphyrin IX (PPIX) and the insertion of fer-
rous iron. The enzymes responsible for these reactions, proto-
porphyrinogen oxidase (PPOX) and FECH, are associated with
the IM. However, the active site of PPOX faces the IMS,
whereas the majority of FECH resides in the matrix (Fig. 2A)
(53, 54). This poses the challenge of delivering the highly reac-
tive PPIX from PPOX to FECH across the IM. A model of sub-
strate channeling between PPOX and FECHhas been proposed
(53, 55). More recently, a co-immunoprecipitation experiment
showed that PPOX and FECH physically interact in the cya-
nobacterium Thermosynechococcus elongates (56). Thus, the
newly produced PPIXmay be rapidly transferred fromPPOX to
FECH through protein-protein interactions.

Possible Mechanisms for Heme Transport from
Mitochondria to Other Organelles

Free heme has inherent peroxidase activity and can interca-
late and disrupt lipid bilayers of cell membranes, resulting in
cytotoxicity. How then is heme delivered to the target hemo-
proteins once it is synthesized in themitochondrial matrix (Fig.
2B)? A portion of heme may be shuttled from FECH to those
hemoproteins in close proximity. For example, a heme-con-
taining enzyme, cytochrome P450scc (P450 cholesterol side-
chain cleavage), exhibits a similar localization pattern to FECH
in mitochondria (57). Therefore, P450scc may acquire heme
directly from FECH through protein-protein interaction.
Hemoproteins such as cytochrome coxidase, globins, guanylate
cyclases, catalases, peroxidases, and certain transcription fac-
tors are found in distinct intracellular organelles, including the
IMS, cytosol, peroxisomes, lysosomes, nucleus, and the secre-
tory pathway (Fig. 2B) (58). In each of these cases, heme must
traffic across at least one intracellular membrane to be incor-
porated into hemoproteins.
Metallochaperones have been demonstrated to be essential

for intracellular trafficking of copper (59). It is likely that chap-
erones play a role in delivering heme from the site of synthesis
to the sites of utilization. Heme chaperones that are important
for cytochrome c biogenesis have been discovered in bacteria
and plants (60, 61). Although no heme chaperone has been
identified in mammals, several known cytosolic heme-binding
proteins may facilitate intracellular heme transfer. For exam-
ple, glutathione S-transferases (GSTs) in human RBCs and rat
liver were shown to bind heme (62, 63). In fact, GSTs were first
identified in mammalian liver as “ligandins” that could selec-
tively bind steroids, bilirubin, and organic anions (64). A mix-
ture of GSTs purified from rat liver cytosol increased the heme
transport frommitochondria into apocytochrome b5 (65). Two
other cytosolic proteins, p22HBP and HBP23, were also found
to have high affinity for heme (66, 67). In MEL cells, p22HBP
was induced during erythroid differentiation; knockdown of
the gene resulted in reduced heme content (67). However,
GSTs, p22HBP, and HBP23 are not dedicated heme-binding
proteins because they also bind other tetrapyrrole compounds

FIGURE 2. Transport of heme synthesis intermediates and heme in meta-
zoans. A, heme is synthesized via a conserved eight-step pathway involving
both mitochondrial and cytoplasmic enzymes. The intermediates ALA,
CPgenIII, and PPIX and the substrate glycine need to be transported across
mitochondrial membranes for the subsequent reactions. The solute carrier
protein SLC25A38 may be involved in translocating glycine into mitochon-
dria. The ATP-binding cassette transporter ABCB6 and the peripheral benzo-
diazepine receptor (PBR) were proposed to facilitate the import of CPgenIII
into the mitochondria, whereas the 2-oxoglutarate carrier (OGC) and the ade-
nine nucleotide translocator (ANT) may play a role in PPIX transport. The
mechanisms for the export of ALA and the shuttling of heme precursors
among the cytosolic enzymes are unknown. ALAS, aminolevulinic acid syn-
thase; CPOX, coproporphyrinogen oxidase. B, the last step of heme biosyn-
thesis occurs in the mitochondrial matrix. The nascent heme moiety must be
translocated across membranes to multiple subcellular compartments where
target hemoproteins reside. Heme can also be exported out of the cell or
imported into the cell. The cell-surface FLVCR and the ABC transporter ABCG2
have been implicated in heme export in erythroid cells, whereas HRG-1 was
identified as a heme importer. The question marks represent the presumptive
heme trafficking pathways that are currently unclear. COX, cytochrome c oxi-
dase; Cytb5, cytochrome b5.
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such as PPIX. Therefore, these molecules may not be dedicated
intracellular heme transporters.
The endoplasmic reticulum (ER) may play an important role

in intracellular heme allocation. It is likely that hemoproteins in
the secretory pathway acquire heme in the ER.When the Golgi
is disrupted by brefeldin A, the lysosomal heme-containing
enzyme myeloperoxidase still receives its heme moiety, sug-
gesting that heme incorporation occurs in the ER (68). It has
been hypothesized that a portion of the heme may be trans-
ferred from the mitochondria directly to the ER through con-
tact sites between the OM and ER, or mitochondria-associated
membranes (MAMs). This interorganellar association was first
reported 50 years ago in cells of the pseudobranch gland using
electron microscopy (69). MAM has been implicated in non-
vesicular transport of phospholipids and Ca2� transmission
from the ER to the mitochondria (70, 71). It was recently dis-
covered that a dynamin-related protein,mitofusin 2, tethers the
ER tomitochondria (72). The close contact between the ER and
OMmayprovide a local route for efficient interorganellar heme
delivery. This concept is supported by two earlier studies in
rats. Both experiments showed that radiolabeled heme prefer-
entially accumulated in the MAM fractions compared with the
conventional microsomal fractions of the hepatic ER within 4
min after the rats were injected with [3H]ALA or [14C]ALA (73,
74).

Molecules Involved in Influx or Efflux of Heme

Heme transport machinery also exists on the plasma mem-
brane.Dietary heme in the formof hemoglobin,myoglobin, and
cytochromes is readily absorbed by the intestine. A nutritional
study showed that humans absorb heme iron approximately
four times more efficiently than inorganic iron (75). Iron sup-
plementation significantly reduced the absorption of non-
heme iron but not heme iron (75). The existence of heme recep-
tors has been reported on the microvilli of pig small intestine
and in cultured human enterocytes (76, 77). HCP1 (heme car-
rier protein 1) and HRG-1 (heme-responsive gene 1) are two
newly identified molecules that may function to import heme
into cells (78, 79).
Hcp1 was identified in a screen using hypotransferrinemic

mice (79). Expression ofHCP1 inXenopus oocytes resulted in a
2–3-fold increase in heme uptake. However, Qiu et al. (80)
showed that HCP1 was a high affinity folate/proton symporter
and renamed it PCFT/HCP1. Expression of PCFT/HCP1 in
Xenopus oocytes increased folate uptake by �200-fold. The
high affinity folate transport activity suggested that folate may
be the physiological ligand for PCFT/HCP1. It is unclear
whether the low affinity heme transport activity of PCFT/HCP1
has physiological relevance.
HRG-1, the sole identified member of the SLC48 family, was

initially discovered in a Caenorhabditis elegans microarray
experiment (78). Humans have a single copy of HRG-1; worms
have four hrg-1 paralogs. Worms may have evolved redundant
heme acquisition pathways because they lack the ability to syn-
thesize heme (81). Expression of human HRG-1 in MEL cells
significantly increased the uptake of a fluorescent heme analog.
Knockdown of zebrafish hrg-1 resulted in severe anemia,
hydrocephalus, and a curved body with shortened yolk tube.

Xenopus oocytes expressing hrg-1 revealed significant heme-
induced inward currents, indicating heme uptake. These
results suggest that HRG-1 is a bona fide heme transporter and
is essential for normal metazoan development (Fig. 2B).
Whether HRG-1 is involved in intestinal heme absorption
remains to be determined.
Heme efflux may be a main mechanism of heme detoxifica-

tion and could facilitate intercellular heme transport. The cell-
surface receptor for feline leukemia virus subtype C (FLVCR)
and theABC transporter ABCG2have been implicated in heme
export in RBCs (Fig. 2B). Suppression of the FLVCR, a major
facilitator superfamily protein, by feline leukemia virus C in
feline embryonic fibroblasts significantly increased the cellular
heme content, whereas ectopic expression of the FLVCR in
renal epithelial cells reduced the intracellular heme levels (82).
This result was supported by heme export assays using a fluo-
rescent heme analog and 55Fe-heme in renal epithelial and
K562 cells. The FLVCR is highly expressed in hematopoietic
cells, and heme efflux mediated by the FLVCR is essential for
erythroid differentiation (82, 83). No erythropoiesis is observed
in FLVCR knock-out mice, which die at midgestation (84).
ABCG2, also named BCRP, was identified as a drug resis-

tance protein in breast cancer cells. ABCG2 is highly expressed
in hematopoietic progenitor cells (85); under hypoxic condi-
tions, its expression is up-regulated by the transcription factor
HIF-1 (86). Hemin-agarose pulldown assays showed that heme
interacts with ABCG2 (86). Additionally, PPIX levels were 10
times higher in the RBCs of Abcg2-null mice than in wild-type
mice (87), suggesting that ABCG2 may export porphyrin com-
pounds. However, evidence to directly demonstrate that
ABCG2 exports heme is still lacking.

Recycling of Heme and Heme Iron

In the human body, 65–75% of the total iron is present as
heme iron in RBCs (88). After a life span of �120 days, senes-
cent RBCs are phagocytosed by M� of the reticuloendothelial
system and removed from the circulation. Once RBCs are lysed
in M�, the heme moiety is released into the lumen of the
phagolysosome. HO-1 (heme oxygenase-1) degrades heme into
biliverdin, carbonmonoxide, and iron. The iron generated dur-
ing this process is either stored in ferritin or exported out of
M� by FPN1 (89). Overexpression of FPN1 increased the levels
of iron released from M� after erythrophagocytosis (90).
Expression of both FPN1 and HO-1 was dramatically induced
within 4 h after erythrophagocytosis in M� (91, 92). Whether
heme is degraded within the phagolysosome or in the cytosol is
unclear. NRAMP1 (natural resistance-associated macrophage
protein 1), a divalent metal transporter localized to late endo-
somal and phagolysosomal membranes (93), is suggested to
export iron out of phagolysosomes after erythrophagocytosis
(94, 95). However, because HO-1 is associated with the ER, it is
more likely that heme is first transported out of the phagolyso-
somes before being degraded.
The argument for heme translocation across phagolysoso-

mal membranes is further supported by the observation that
some heme is exported out ofM� as an intact molecule follow-
ing erythrophagocytosis. After J774 mouse M� phagocytosed
59Fe-labeled RBCs, 25–30% of the total 59Fe was released as
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59Fe-heme (90). The FLVCR played a critical role in heme
export fromM� during erythrophagocytosis (84). After ingest-
ing opsonized RBCs, FLVCR-deleted bone marrow-derived
M� had higher ferritin levels in both the absence and presence
of hepcidin, a negative regulator of iron export. Therefore,
when the senescent RBCs are removed from circulation, intact
heme, in addition to iron, may also be recycled.
Some heme and hemoglobin are released into the plasma

during the destruction of senescent RBCs and enucleation of
erythroblasts. Haptoglobin and hemopexin are plasma proteins
responsible for recycling this portion of heme. Haptoglobin
forms soluble complexes in an equimolar ratio with hemoglo-
bin dimers. Haptoglobin-hemoglobin complexes bind to the
CD163 receptor on the surface of monocytes and M�, and
these complexes are subsequently endocytosed (96). The recep-
tor for the haptoglobin-hemoglobin complexes also exists in
hepatic parenchymal cells (97). Hemopexin is a heme-binding
plasma protein that binds heme with high affinity. Low density
lipoprotein receptor-related protein (CD91) is the receptor for
hemopexin-heme complexes and is present in several cell types,
including hepatocytes, M�, neurons, and syncytiotrophoblasts
(98). After internalization, the haptoglobin-hemoglobin com-
plexes are degraded in lysosomes (99). In contrast, the apohe-
mopexin is recycled to the circulation after releasing heme into
the cells (100). Following the endocytosis of haptoglobin-he-
moglobin or hemopexin-heme complexes, heme is recycled as
heme or heme iron.
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Not only have antibacterial natural products been an impor-
tant source of life-saving medicines in the 20th century, but
they also have played a pivotal role in the growth of biological
chemistry as a discipline. In particular, polyketide and pep-
tide natural products have been extremely rich sources of
antibacterial agents that modulate essential microbiological
functions, such as nucleic acid and protein biosynthesis, or
the integrity of the cell envelope. Using four examples from
these two antibiotic superfamilies, this thematic minireview
series illustrates how natural products are continuing to pres-
ent fundamental and translational challenges at the chemistry-
biology interface. The choice of molecules is based on a com-
mon theme; in each case, important recent discoveries have set
the stage for a deeper understanding of general principles asso-
ciated with antibiotic biosynthesis and modes of action.
Two decades ago, genetic analysis of the biosynthesis of

several prototypical polyketides and nonribosomal peptides
revealed the existence of thiotemplate assembly mechanisms
for the backbones of these antibiotics. These groundbreaking
findings provided a foundation for three important themes
in antibiotic biosynthetic research that have been fertile sub-
jects of research since then. The first is the mechanistic sim-
ilarity between thiotemplate megasynthases involved in
antibiotic biosynthesis and their counterparts in fatty acid
biosynthesis. In particular, whereas the reactions involving car-
rier proteins are well characterized by now, the molecular logic
of these biosynthetic chaperones remains a mystery. A second
set of questions pertains to the mechanisms by which
polyketide synthases and nonribosomal peptide synthetases
strike an enviable balance between tolerance and specificity.On
one hand, specificity enables eachmegasynthase to synthesize a
single antibiotic that presumably serves a strategic need for the
producer microorganism. On the other, tolerance is necessary
to allow these enzyme families to evolve rapidly, thereby yield-
ing the breathtaking diversity of structurally complex natural
products. Last but not least, the conceptual analogy between
initiation, elongation, and termination of ribosomal protein
biosynthesis has had a strong influence on mechanistic studies
of non-template assembly line biosynthesis of nonribosomal

peptides and polyketides. These themes are elaborated in the
articles by Lars Robbel andMohamedA.Marahiel on daptomy-
cin, Lauren B. Pickens and Yi Tang on oxytetracycline, and
David E. Cane on erythromycin.
Whereas non-template enzymatic assembly lines have been

recognized as the predominant mechanism for peptide anti-
biotic biosynthesis in bacteria, some natural products, such
as lantibiotics and thiopeptides, are ribosomally derived. Not-
withstanding their ribosomal origins, they undergo extensive
post-translational modifications to be converted into mole-
cules endowed with atypical functional groups, rigid architec-
tures, and proteolytic resistance. In their minireview on thio-
peptides, Christopher T. Walsh, Michael G. Acker, and Albert
A. Bowers discuss the remarkable story of biosynthesis of this
class of antibacterial agents that has emerged within only the
past few years.
The nexus between protein and antibiotic biosynthesis is

multipronged. Three of the four antibiotic classes (tetracy-
clines, thiopeptides, andmacrolides) discussed in the follow-
ing minireviews are inhibitors of protein translation. (Acidic
lipopeptides induce bacterial cell death by forming pores in the
cell membrane.) Not coincidentally, protein synthesis itself has
been the theme of a recent series of minireviews published in
this Journal (1–4). The role of these natural products in eluci-
dating the structure and function of the ribosome and its acces-
sory proteins is widely recognized. What is less appreciated is
the potential for harnessing oxytetracycline, erythromycin, or
thiocillin biosynthesis to create new tools for probing the ribo-
some in the aftermath of recent structural biological break-
throughs. The corresponding minireviews address these possi-
bilities. Similarly, as elaborated by Robbel and Marahiel,
although the precise mode of action of daptomycin remains
unknown, recent structural analysis also has led to a newmodel
for calcium-dependent interaction between daptomycin and
the bacterial membrane. For those interested in the chemistry
and biology of antibiotics, the next decade promises to be an
exciting and hopefully fruitful one.
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Daptomycin (Cubicin�) is a branched cyclic lipopeptide anti-
biotic of nonribosomal origin and the prototype of the acidic
lipopeptide family. It was approved in 2003 for the nontopical
treatment of skin structure infections caused by Gram-posi-
tive pathogens, including methicillin-resistant Staphylococcus
aureus (MRSA), and in 2006 for the treatment of bacteremia.
Understanding the ribosome-independent biosynthesis of dap-
tomycin assembly will provide opportunities for the generation
of daptomycin derivatives with an altered pharmaceutical spec-
trum to address upcoming daptomycin-resistant pathogens.
Herein, the structural properties of daptomycin, its biosynthe-
sis, recent efforts for the generation of structural diversity, and
its proposed mode of action are discussed.

The rapid bacterial acquisition of resistance to conven-
tional antibiotics represents an increasing challenge in treat-
ing infections with the contemporary drug arsenal (1). Espe-
cially the rise of drug-resistant Gram-positive pathogens,
exemplified by methicillin-resistant Staphylococcus aureus
(MRSA)2 or vancomycin-resistant enterococci, underlines
the urgent demand for antibiotics with alternative modes of
action (2). The discovery of natural products as antibacterial
drugs had a drastic impact on fatality rates and gave rise to a
variety of antibacterial drug classes (3–5). Although the
effort for the identification of new bioactive compounds has
drastically increased in the past decades, only three new anti-
bacterial classes have been approved by the Food and Drug
Administration since the 1970s, one of them being daptomy-
cin (Cubicin�, Cubist Pharmaceuticals) (6). Daptomycin, a
decanoic acid-inheriting acidic lipopeptide, was isolated as a
member of an antibiotic complex, termed A21978C factors,
from cultures of Streptomyces roseosporus (7). Daptomycin is a
nontopically used natural lipopeptide antibiotic approved by
the Food and Drug Administration in 2003 for the treatment
of skin and skin structure infections caused by Gram-positive

pathogens and for the treatment of bacteremia and right-sided
endocarditis caused by S. aureus strains andMRSA in 2006 (8).
Daptomycin does not meet non-inferiority criteria for the
treatment of community-acquired pneumonia (9). Its low effi-
cacy against community-acquired pneumonia is considered to
be due to inhibition by pulmonary surfactants (10). Recently,
Eisenstein et al. (11) provided an interesting historical overview
on how daptomycin became available to the market. As the
development of daptomycin resistance in Enterococcus faecium
and S. aureus has been reported, concerns about decreasing
clinical effectiveness of daptomycin will have to be addressed
(12–14). Comprehensive knowledge about the biosynthesis of
the lead compound offers the opportunity to enhance the struc-
tural diversity and the corresponding bioactivity of daptomycin
(15–18). In this minireview, the structural and functional prop-
erties of daptomycin as amember of the acidic lipopeptide fam-
ily are presented, with focus on daptomycin biosynthesis. In
addition, recent efforts and advances in the generation of novel
daptomycin derivatives by means of genetic engineering and
chemoenzymatic approaches are highlighted. In the last part of
this minireview, the mode of action (MOA) of daptomycin is
discussed in detail.

Daptomycin, a Prototype of the Acidic Lipopeptide
Family

Daptomycin is a member of the A21978C factor family, iso-
lated from cultures of S. roseosporus, and was initially isolated
as a minor component of the A21978C factors (7). Precursor-
directed fermentation, by supplementing cultures of S. roseos-
porus with decanoic acid, optimized daptomycin production
and facilitated purification (19). TheA21978C factors consist of
13 amino acids and share a 10-member macrolactone ring and
three exocyclic residues. The factors can be distinguished by
the fatty acyl moiety attached to the N-terminal Trp1, which
ranges from 10 to 13 carbon atoms. These fatty acyl moieties
comprise n-decanoyl, anteiso-undecanoyl, iso-dodecanoyl, and
anteiso-tridecanoyl, respectively (Fig. 1A). The peptide core is
composed of a set of non-proteinogenic amino acids, including
D-Asn2 (20), Orn6, D-Ala8, D-Ser11, (2S,3R)-methylglutamate
(MeGlu), and kynurenine (Kyn13), that forms an ester bond
with Thr4 and builds up the macrolactone ring. Daptomycin
inherits a specific EF-hand motif (DXDG) initially found in
ribosomally assembled calmodulin, which is proposed to be
involved in Ca2� binding (21). This is also a common feature of
a set of other acidic lipopeptides, namely the macrolactones
CDA (Streptomyces coelicolor A3 (2)) and A54145 (Streptomy-
ces fradiae (22, 23)) (Fig. 1, B and C). In addition, the relative
position of D-configured amino acids is conserved within this
family, as is the long chain fatty acid attached to the cyclic core.
Although the A21978C factors were first described in 1987, it
took 18 years until the biosynthetic machinery was unveiled on
a genetic level, paving the way for biosynthetic engineering of
the pathway (7, 20).
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Biosynthesis of Daptomycin

The biosynthesis of daptomycin by S. roseosporus is gov-
erned by three nonribosomal peptide synthetases (NRPSs),
DptA, DptBC, and DptD, and in trans acting enzymes (Fig. 2)
(20, 24, 25). This modularly organized enzymatic machinery
assembles the natural product in a thiotemplate-directed man-
ner, in which the enzyme at once represents the template and
the biosynthetic machinery. The multidomain organization of
the NRPS can be subdivided into modules and domains (1, 26,
27). Each module is responsible for the specific recognition,
activation, covalent binding, and incorporation of a building
block into the oligopeptide chain and can be furthermore dis-
sected into catalytic domains (28). The structural and func-
tional diversity of NRPS-derived natural products arises from
the numerous building blocks recognized and incorporated
into the oligopeptide as well as post-synthetic modifications to
the peptide core introduced by tailoring enzymes (29). A com-
prehensive and detailed overview of the mechanistic and struc-
tural aspects of nonribosomal product assembly has been pro-
vided (1, 26, 27).

The analysis of the biosynthetic
gene clusters responsible for acidic
lipopeptide assembly revealed a set
of genes putatively involved in the
acylation of the N-terminal amino
acid. In a model proposed for the
initiation mechanism, the machin-
ery thus consists of an acyl-CoA
ligase that activates the fatty acid
(FA) and an acyl carrier protein
(ACP) to which the FA is covalently
tethered (20). The N-terminal
C-domain (type CIII) of the initia-
tion module subsequently catalyzes
the condensation between the FA
and Trp1, and chain elongation
commences (30). Initiation of dap-
tomycin biosynthesis is mediated
by the action of the two distinct
enzymes DptE and DptF, encoded
upstream of dptD (25). DptE, which
shares a high degree of homology
with the acyl-CoA ligase super-
family, was shown to activate the
FA moiety attached to the N ter-
minus of daptomycin in an ATP-
dependent manner. The activated
FA is subsequently transferred onto
the 4�-phosphopantetheine group
of DptF, the cognate ACP. The
N-terminal C-domain of the DptA
initiation module is predicted to
catalyze the condensation of the
ACP-bound FA and tryptophan.
The broad substrate tolerance of
DptE toward the length and type of
FAs is believed to be reflected in the
composition of theA21978C factors

(7). After initiation, chain elongation ismediated by the linearly
operating NRPSs DptA, DptBC, and DptD. The three epimeri-
zation domains present in the synthetases correlate with the
D-configured amino acids D-Asn2, D-Ala8, and D-Ser11, respec-
tively (20). Apart from the non-proteinogenic amino acidsOrn6
and Kyn13, a �-methylated glutamate residue (MeGlu12) is
located within the 10-member macrolactone ring (31). This
residue, which contributes to the bioactivity of the corre-
sponding compound, is a common feature of daptomycin,
A54145, and CDA and is located at the same relative position
within the peptide ring (18, 31, 32). Initially, a gene located
within the CDA biosynthetic gene cluster was predicted to
encode S-adenosylmethionine-dependent GlmT (glutamate
3-methyltransferase). A gene sharing a high degree of homol-
ogy with glmT, namely dptI, was also identified in the daptomy-
cin gene cluster. The construction of S. roseosporus �dptGHIJ
deletion mutants and the subsequent analysis of fermentation
products revealed the presence of A21978C analogs lacking
MeGlu12, which was substituted with Glu (Fig. 3A) (31).
Complementation of the �dptGHIJ mutant with dptI restored

FIGURE 1. Selected members of the acidic lipopeptides. Non-proteinogenic amino acids are shown in
green, and the conserved DXDG motif responsible for Ca2� binding is highlighted in red. The peptide cores
with the relative position of each residue are given for daptomycin (A), CDA (B), and A54145 (C). The tables
summarize the variants of each acidic lipopeptide and cover alterations within the FA-moieties or amino
acid residues.
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FIGURE 2. Schematic overview of daptomycin biosynthesis by S. roseosporus. The assembly of the peptide core is governed by the three NRPSs DptA, DptBC, and
DptD, comprising 43 catalytic domains. Initiation of daptomycin biosynthesis is mediated by DptE and DptF, both responsible for the activation and incorporation of
the FA moiety. In this model, the N-terminal CIII-domain of DptA catalyzes the transfer of the DptF-bound FA onto the �-amino group of Trp1. The synthesis of MeGlu12

is carried out by the S-adenosylmethionine (SAM)-dependent methyltransferase DptI and a currently unknown aminotransferase. Cyclorelease is mediated by the
C-terminal TE domain of DptD. The cyclization position is shown in gray. A, adenylation; AL, acyl-CoA ligase; AT, aminotransferase; C, condensation; E, epimerization; MT,
methyltransferase; PCP, peptidyl carrier protein.

MINIREVIEW: Daptomycin Biosynthesis/Engineering/Mode of Action

SEPTEMBER 3, 2010 • VOLUME 285 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 27503



daptomycin production and proved that DptI is indeed the
methyltransferase involved in MeGlu biosynthesis. Recently, a
mechanistic route for the generation of MeGlu has been estab-
lished by the characterization of recombinant DptI (Fig. 2) (24).
Intriguingly, DptI did not catalyze the methylation of Glu
directly. Instead, the substrate for DptI-mediatedmethyl trans-
fer was shown to be �-ketoglutarate, leading to 3-methyl-2-
oxoglutarate. Subsequently, an additional transamination step
is required for the conversion of 3-methyl-2-oxoglutarate to
MeGlu. A branched chain aminotransferase from the primary
metabolism of S. coelicolorA3 (2) was demonstrated to catalyze
this reaction, withVal being the amino group donor. Taking the
results from DptI-mediated methyl transfer and subsequent
transamination together, the mechanism for MeGlu synthe-
sis starting from �-ketoglutarate was established. The acti-
vation of MeGlu and its incorporation into the peptide inter-
mediate are subsequently carried out by module 12 of DptD.
Another round of chain elongation leads to the peptidyl car-
rier protein-bound tridecapeptide intermediate. This oli-
gopeptide is then transferred onto the active-site serine of
the C-terminal thioesterase (TE) domain of DptD. The
intramolecular nucleophilic attack of the side chain hydroxyl
functionality of Thr4 on the acyl-O-TE oxoester intermedi-
ate leads to the release of the cyclic lipopeptide (32). The
excised recombinant TE domain was shown to be responsi-
ble for this macrolactonization and represents a robust and
versatile catalyst for the chemoenzymatic generation of dap-
tomycin analogs (18).

Efforts for the Generation of Structural Diversity

This part of the minireview focuses on the methods ap-
plied to obtain daptomycin derivatives with an altered or
improved pharmaceutical spectrum. In the first part, semisyn-
thetic modifications as the initial approach to introduce struc-
tural diversity are presented, followed by the more recent che-
moenzymatic synthesis. In the last part, the sophisticated
combinatorial biosynthesis is discussed in detail.

Semisynthetic Modifications

Initially, daptomycin was isolated as a member of a series of
lipopeptides, the A21978C factors. The direct utilization of this
complex was impeded by rising toxicity caused by different acyl
groups attached to the exocyclic amino acids but paved the way
to alter the bioactivity through acyl group exchange (33).
Deacylationwas achieved by a highly efficient deacylase derived
from Actinoplanes utahensis (34). Reacylation was performed
chemically with activated acyl esters after protection of side
chain nucleophiles. The generated derivatives varied not only
in the acyl functionality but also in the number of exocyclic
amino acids (e.g. �-N-acylated Phe). The derivatives were eval-
uated for in vitro and in vivo activities against the Gram-posi-
tive pathogens S. aureus and Streptococcus pyogenes, but none
of the semisynthetic compounds, except daptomycin, could
meet pharmaceutical criteria. As already mentioned, the pre-
cursor-directed fermentation enabled high quantity produc-
tion of daptomycin and substituted for the tedious process of

FIGURE 3. Overview of the methods utilized for the generation of daptomycin derivatives employing the native gene cluster. Structural diversity can be
generated in vivo, as depicted by gene deletion (A) and trans-complementation (B) approaches. For trans-complementation, dptBC and dptD were substituted
with homologous genes, leading to amino acid substitutions. Combinations of this set of genes with deletions and module exchanges afforded numerous
daptomycin analogs. C, in vitro chemoenzymatic synthesis of daptomycin derivatives employing linear activated peptidyl thioesters that substitute the
assembly line and the recombinant TE domain. The modified MeGlu12 residue is shown in green.
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deacylation and reacylation (19). Further modifications of the
deacylated A21978C peptide core included removal of the two
N-terminal exocyclic amino acids by Edman-type degradation
and coupling of N-decanoylated dipeptides to the Orn-pro-
tected undecapeptide. Using this approach, Miao et al. (20)
investigated the impact of Asn2 stereochemistry on bioactivity.
In this experiment, the L-Asn isomer displayed a 10-fold re-
duced antibacterial activity. The modification of side chains
represents an alternative approach and has been applied for the
acylation of the Orn6 �-amino group (35). In a series of acyla-
tions and subsequent evaluation of antibacterial activities, it
was shown that incorporation of long chain alkyls was not tol-
erated, whereas coupling of Trp retained bioactivity. As it was
observed that the conversion of the free Orn6 amine to an
amide increased theminimum inhibitory concentration (MIC),
an alternative side chainmodification was investigated (36, 37).
This approach took advantage of a reductive alkylation of the
Orn6 amine to afford numerous benzylic substitutions includ-
ing amide or sulfonamide groups as polar functionalities. Struc-
ture-activity relationship (SAR) studies conducted with these
derivatives suggest that an increased electron deficiency of the
aryl moiety as well as heterocyclic spacers and polar groups
contributes to maintaining antibacterial properties (37).

Chemoenzymatic Synthesis

Insights into daptomycin biosynthesis enabled a che-
moenzymatic approach for the generation of daptomycin
analogs by combining organic synthesis and enzymatic
mechanisms. The catalytic unit used is the TE domain usually
located in the C-terminal module of the ultimate NRPS. As it
has been shown that the excised TE domains catalyze the mac-
rocyclization of activated thioester substrates, mimicking the
native peptidyl carrier protein-bound oligopeptide, the entire
enzymatic machinery can be substituted via solid-phase pep-
tide synthesis (18, 32, 38–40). Initial studies toward the pro-
duction of daptomycin analogs were carried out utilizing the
recombinant TE from the CDA biosynthetic machinery (32). It
was shown that the excised domain catalyzes the macrolacton-
ization of linear daptomycin analogs (Fig. 3C). In the course of
this project, seven positions within daptomycin were varied,
including the acidic residues of the Ca2�-bindingmotif DXDG,
and SAR studies were carried out against Bacillus subtilis. The
substitution of MeGlu12 with Glu led to a 7-fold increase in the
MIC compared with the native compound and proved to be in
full agreement with the results of Nguyen et al. (41). Further-
more, the substitution of Kyn13 with Trp increased the MIC.
Disruption of theCa2�-bindingmotif by a single substitution of
Asp7 or Asp9 with Asn completely abolished bactericidal activ-
ity, confirming the importance of the acidic residues. The sub-
stitution of exocyclicAsp3withAsn did not decrease bioactivity
dramatically, suggesting that only Asp7 and Asp9, located
within the conserved EF-hand motif DXDG, are essential for
cation binding (21). A more recent study focused on the gener-
ation of daptomycin and A54145 hybrid molecules through
enzymatic cyclization of the linear thioesters by the TE
domains from A54145 and daptomycin NRPSs (18). SAR stud-
ies were conducted with a set of acidic lipopeptide variants
(daptomycin, CDA, A54145), including an alternative macro-

lactam. Again, the importance of an intact DXDG motif and
MeGlu12 was confirmed because of a complete loss of antibac-
terial activity in the case of Asp7 and Asp9 substitutions and a
6-fold increase in the MIC when omitting MeGlu12. Hybrid
molecules consisting of an exocyclic daptomycin peptide and
endocyclic A54145 peptide cores displayed similar MICs, thus
illustrating the opportunity to construct structural hybrids.
Summarizing the chemoenzymatic approaches, it can be stated
that this method offers the possibility to rapidly construct dap-
tomycin analogs that can be investigated for SAR. As the main
drawback of this method in vitro is the low quantity of deriv-
ative generated, scientists in collaboration with the pharma-
ceutical industry set out to exploit the known biosynthetic
machinery in vivo.

Combinatorial Biosynthesis

Combinatorial biosynthesis describes the targeted reprogram-
ming of genes encoding the enzymatic machinery involved in
natural product assembly (42). Apart from the genetic acces-
sibility of the target strain, combinatorial biosynthesis relies
on the knowledge of the biosynthetic mechanisms for the
structural redesign of the target compound. Both require-
ments are met by S. roseosporus, as it is accessible to genetic
manipulations, and the gene cluster has been sequenced,
cloned, and heterologously expressed (20, 43). Combinato-
rial biosynthesis of daptomycin and hybrid molecules in S. ro-
seosporus has already been extensively carried out (41, 44, 45).
The modular NRPS assembly line logic offers a set of possible
manipulation targets, ranging from single-module to multimo-
dule substitutions andmanipulation of tailoring steps. Initially,
dptA and dptDwere deleted from the original locus (46). These
genes were subsequently introduced into S. roseosporus to
trans-complement deletions of dptA and dptD by construc-
tion of plasmid-cloning vectors, allowing conjugal transfer
of genetic information from Escherichia coli to the target
strain (46, 47). After conjugation, the plasmids inserted site-
specifically into the S. roseosporus chromosome under the
control of inducible promoters and restored A21978C factor
production. This system was exploited for complete subunit
exchange by substitution of dptD with lptD or cdaPS3, gener-
ating hybrid lipopeptides inheriting Ile13 or Trp13 instead of
Kyn13 (Fig. 3) (45, 46). LptD and CDAPS3 are NRPSs involved
in the assembly of A54145 and CDA, respectively (48, 49).
Complementation of DptDwith LptD restored 25% of the orig-
inal production, whereas CDAPS3 complementation afforded
50%. The reduced production of lipopeptide hybrids is most
likely due to disturbed communication betweenDptBC and the
complementing synthetase. Cognate protein-protein interac-
tion betweenNRPSs is mediated via specific C- andN-terminal
COM helices (50, 51). The production of the latter compounds
was shown to be increased when complementing DptD with
hybrid recombinants consisting of CA12T derived from DptD
and CA13TTE from LptD or CDAPS3, respectively (52). This
approach restored native NRPS interactions and ensured func-
tional communication between DptBC E11 and DptD C12. An
intact hybrid synthetase consisting of CA12T::TTe of DptD
and CA11 of LptC (activating Asn) gave rise to A21978C fac-
tors containing Asn13 instead of Kyn13. The generated deriva-
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tives were assayed for antibacterial activity against S. aureus,
demonstrating that substitution of Kyn13 with Trp does not
increase MICs, whereas Kyn13 exchange with Asn reduces bio-
activity (16, 52). Kyn13 substitution with Ile led to a 4-fold
decrease in antimicrobial activity, illustrating that the introduc-
tion of an aliphatic residue instead of an aromatic residuemight
interfere with intermolecular �-stacking during daptomycin
micelle formation.Micelle formation strongly contributes todap-
tomycin bioactivity in vivo (see “Mode of Action” below) (41).

Entire module exchanges were achieved by combining the
trans-complementation system with engineered dptBC genes
to generate lipopeptide hybridswith substitutions of D-Ala8 and
D-Ser11 (Fig. 3) (41, 53, 54). These residues were altered to
D-Ser8 and D-Ala11, respectively. In addition, hybrid synthetases
derived from DptBC and LptC afforded substitutions of posi-
tions 8 and 11with D-Asn or D-Lys (41, 54). The combination of
all methods mentioned, including the deletion of dptI, allowed
the generation of a multitude of A21978C factor analogs. The
most recent study in this field took advantage of � Red-medi-
ated module substitutions within the A54145 producer strain
S. fradiae (17, 23). It was also shown that themethyltransferases
DptI and LptI are interchangeable with GlmT, showing a 50%
reducedmethylation rate (17, 24). This approachwas chosen to
generate lipopeptide hybrids to combine the high bactericidal
activity of daptomycin with the low inhibition rate of A54145
for pulmonary surfactants (9, 10). The generated analogs were
isolated, and the antibacterial activitywas evaluated in the pres-
ence and absence of bovine pulmonary surfactant. Derivatives
carrying Ile13 or Val13 had 8-fold decreased MICs in the pres-
ence of surfactant, whereas the MICs in the absence of surfac-
tant increased by 4- and 8-fold, respectively. These compounds
represent the most promising daptomycin derivatives to evade
pulmonary surfactant inhibition. Substitution of MeGlu12 with
Glu, achieved by deletion of the corresponding methyltrans-
ferase, resulted in a 16-fold less active compound in the absence
of surfactant, showing a 4-fold increase in the MIC in the pres-
ence of surfactant. Substitution of D-Ala8 or D-Ser11 with D-Ser/
D-Lys or D-Ala/D-Asn, respectively, did not improve bioactivity
in a surfactant-containing environment. In summary, modifi-
cations of positions 12 and 13 strongly influence the degree of
surfactant inhibition, whereas the substitution ofMeGlu12 with
Glu greatly reduces antibacterial activity.

Mode of Action

Daptomycin is a still reliable ally in the combat against clin-
ical pathogens, as it displays a strong bactericidal activity
against high inoculumMRSA, leading to amore rapid cell death
than the reference antibiotics nafcillin, vancomycin, and lin-
ezolid (55, 56). Nevertheless, the discrete MOA of daptomycin
is still not thoroughly elucidated, although it is known that cal-
cium ions are essential for the antimicrobial activity (57). Dap-
tomycin was also investigated for antibacterial activity in the
presence of other divalent ions. It was shown that the bioactiv-
ity was not completely abolished but MICs increased at least
32-fold (58). Currently, MOA studies largely focus on NMR
structures of daptomycin in the presence and absence of Ca2�

in combinationwithmembrane insertionmodels. Three differ-
ent structures of apo-daptomycin have been published up to

now (59–62). The series of proposed apo-structures seems to
reflect the high degree of mobility within the peptide backbone
and the lipid tail. In addition, NMR studies of apo-daptomycin
showed that the four acidic residues Asp3, Asp7, Asp9, and
MeGlu12 are not in close spatial proximity to form a distinct
pre-organized Ca2�-bindingmotif (60). In one of the first stud-
ies, Jung et al. (59) proposed a two-step mechanism of action
derived from structural changes observed in NMR experi-
ments, CD measurements, and fluorescence spectroscopy. In
the first step, Ca2� binds to daptomycin in solution and induces
a conformational change, increasing amphipathicity and de-
creasing its charge. This process facilitates oligomerization and
leads tomicelle formation, which allows daptomycin to interact
with neutral or acidic membranes. In a second step, Ca2�

bridges the gap between daptomycin and the acidic phospho-
lipids. As indicated by CD measurements, daptomycin under-
goes a second structural transition, allowing a deeper insertion
into the membrane bilayer. In contrast to the results of Silver-
man et al. (63), it was proposed that cytoplasmic membrane
depolarization is not themain cause of cell death, as it occurred
subsequently. More recent studies contradict this MOA on the
basis of an NMR structure of daptomycin in the presence of
Mg2� (58). It was found that Mg2� also promotes micelle for-
mation as proven by equilibrium sedimentation experiments
but does not induce a conformational change. Daptomycin was
found to form oligomers consisting of 14–16 monomers upon
addition ofCa2� at a 1:1 ratio. It was speculated that the nuclear
Overhauser effect contacts observed by Jung et al. (59) arise
from inter- rather than intramolecular contacts. In accordance
with Jung et al., it was proposed that divalent cations mask the
negatively charged residues and enable micelle formation
either by �-stacking interactions between aromatic residues or
by arrangement of the lipid tails toward the interior of the
micelle (58). Results obtained by Scott et al. (64) confirmed that
daptomycin does not undergo a major conformational transi-
tion prior to membrane insertion. The NMR-based investiga-
tion of daptomycin in 1,2-dihexanoyl-sn-glycero-3-phospho-
choline micelles showed that the structure of the inserted
daptomycin resembles the apo-structure. Therefore, it is as-
sumed that daptomycin experiences only a minor conforma-
tional rearrangement upon binding to 1,2-dihexanoyl-sn-glyc-
ero-3-phosphocholine in the presence of Ca2�.
Based on the data obtained from these experiments, a revised

model for the mechanism of action has been proposed (Fig. 4).
In thismodel, themicelles are vehicles to deliver daptomycin to
the bacterial cell membranes in high local concentrations and a
functional conformation (62). The close proximity of the dap-
tomycin micelle and the bacterial membrane induces the dis-
sociation of themultimer and allows daptomycin insertion into
the bilayer, which is promoted by the lipid tail. It is speculated
that daptomycin might oligomerize inside the membrane to
generate larger pores. This process would also lead to potas-
sium efflux, membrane depolarization, and finally to cell death
(63). Although daptomycin has been approved for nearly 7
years, fundamental aspects of its MOA remain ambiguous. It is
still unclear if daptomycin oligomerizes within the membrane
and if this process is essential for its antibacterial activity. In
addition, little information is available as towhethermembrane
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depolarization is the main cause of cell death or if other mem-
brane-associated processes, e.g. cell wall biosynthesis, cell divi-
sion, and energetics, are disturbed.
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Oxytetracycline (OTC) is a broad-spectrum antibiotic that
acts by inhibitingprotein synthesis in bacteria. It is an important
member of the bacterial aromatic polyketide family, which is a
structurally diverse class of natural products. OTC is synthe-
sized by a type II polyketide synthase that generates the poly-�-
ketone backbone through successive decarboxylative condensa-
tion of malonyl-CoA extender units, followed by modifications
by cyclases, oxygenases, transferases, and additional tailoring
enzymes. Genetic and biochemical studies have illuminated
most of the steps involved in the biosynthesis of OTC, which is
detailed here as a representative case study in type II polyketide
biosynthesis.

Oxytetracycline (OTC)3 is a well studied polyketide natural
product and is an important example of type II polyketide bio-
synthesis. Type II polyketides, also known as bacterial aromatic
polyketides, are a group of compounds produced naturally in
bacteria from a poly-�-ketone intermediate that is tailored to
form a polycyclic product containing at least one aromatic ring
(1, 2). This class of metabolites includes many important bio-
active compounds such as anticancer agents doxorubicin (3)
and mithramycin (4), the antiviral and antifungal pradimicin
(5), and the antibiotic tetracyclines (6). The biosynthetic
machinery responsible for the synthesis of these compounds is
structurally and biochemically similar to that for type II fatty
acid synthases, leading to the classification type II polyketide
synthases.
The discovery of chlortetracycline (CTC) in 1948 by Benja-

min Duggar (7) marks the beginning of the tetracycline family
history. Initially termed Aureomycin for its yellow hue, CTC
was immediately recognized for its remarkable antibiotic prop-
erties and patented byAmericanCyanamid (7, 8). In 1950, A. C.
Finlay with Pfizer published the discovery of a similar antibiotic
produced by Streptomyces rimosus that they named Terramy-
cin (later renamed OTC) (9). Both compounds are broad-spec-
trum antibiotics and inhibit protein synthesis in bacteria by
binding to the 30 S ribosomal subunit (10, 11). Although the
value of these compounds was readily apparent, it was several
more years until the chemical structures were solved by the

Woodward group (12, 13). The tetracyclines are characterized
by a unique C2 amide functionality and the linearly fused tet-
racyclic backbone, which is heavily decorated to yield the
2-naphthacene carboxamide aglycon (Fig. 1). The oxidized
lower periphery of the molecule includes a keto-enol configu-
ration across the C11, C11a, and C12 positions, which is
responsible for chelation of magnesium ion. This invariant fea-
ture and hydroxyl groups at C10 and C12a, which are involved
in hydrogen bonding and the conformation of tetracyclines, are
important for interaction with the 30 S ribosomal subunit (11).
Modifications to the lower periphery, such as those at C1 and
C10–C12a, are detrimental to antibiotic activity (14). In con-
trast, parts of the upper periphery of tetracycline are tolerant of
chemical changes and thus have been the target of semisyn-
thetic modifications (15).
The widespread production and use of natural tetracyclines

in both human and animal medicine in the decades following
their discovery led to emergence of resistance mechanisms and
decreased effectiveness as front-line antibiotics (16, 17). The
severity of bacterial resistance created an urgent need to
develop new tetracycline derivatives capable of evading these
resistance mechanisms. The most clinically valuable second
generation tetracyclines are minocycline and doxycycline.
Doxycycline is produced fromOTC by a process that first con-
verts OTC into methacycline, which is further reacted to form
doxycycline (18, 19). These analogs aremore lipophilic than the
natural products and were shown to be more readily
absorbed (20). The glycylcyclines or so-called third genera-
tion tetracycline analogs were developed recently, with tige-
cycline receiving Food and Drug Administration approval in
2005. Tigecycline is a minocycline derivative and contains a
tert-butylglycylamido group at C9 (21, 22). The modification
results in evasion of both efflux and ribosomal protection
mechanisms of resistance (23), making it a viable choice
against tetracycline-resistant infections.
Since the discovery of OTC in 1950, the biosynthetic path-

way has been probed with the tools available to elucidate the
mechanismof biosynthesis. Early feeding studies demonstrated
the polyketide origin ofOTC (24, 25), and blockedmutant stud-
ies determined much of the biosynthetic sequence and led to
isolation of intermediates and shunt products (26–31). With
advances in molecular biology and genetic techniques and the
sequencing of the OTC gene cluster (6, 32, 33), roles of individ-
ual enzymes in the pathway have been examined. Combining
genetic studies using the natural host S. rimosus and systematic
reconstitution studies in heterologous Streptomyces hosts has
led to the functional assignment of nearly all of the genes in the
oxy cluster (33–35). Additional details of genetic andmetabolic
engineering aspects of tetracyclines can be found in earlier
reviews (36, 37). Here, we review the current knowledge of
OTC biosynthesis.

Biosynthesis of the Amidated Polyketide Backbone

Biosynthesis of the polyketide backbone is catalyzed by the
minimal polyketide synthase (PKS), which includes three
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components, the ketosynthase (KS) or KS�, the chain length
factor (CLF) or KS�, and the acyl carrier protein (ACP). In
the OTC gene cluster, these are encoded by oxyA, oxyB, and
oxyC, respectively (33). Details on the enzymology of the
minimal PKS components have been covered in several
recent reviews (1, 2, 38). Briefly, the KS and CLF, which share
high sequence similarity, associate to form a heterodimer
complex responsible for chain elongation as shown in Fig.
2A. The extender unit malonyl-CoA is transferred to the
ACP by a malonyl-CoA:ACP acyltransferase, which can be
shared with fatty acid biosynthesis (39), to form malonyl-

ACP. The KS-CLF catalyzes C–C
bond formation by Claisen-like
decarboxylative condensation of
incoming malonyl-ACP with the
nascent polyketide chain. The net
result of one such iteration is the
addition of one ketide unit to the
growing polyketide. Chain length
is thought to be controlled by the
CLF subunit, which determines
the size of the polyketide binding
cavity (40, 41).
Starter unit selection is an

important source of chemical
diversity among aromatic poly-
ketides (42), and the inclusion of
an amide starter unit is one of the
hallmarks of tetracycline biosyn-
thesis. The most common starter
unit for minimal PKS is acetate;
however, the tetracycline family
utilizes a malonamate starter unit,
which is the origin of the C2
amide. The enzyme responsible
for the biosynthesis of this unusual
starter unit is the amidotrans-
ferase OxyD. OxyD shares high
homology with ATP-dependent
class II asparagines synthases,
which catalyze the conversion of
aspartate to asparagine using glu-
tamine as the amine donor (43).
OxyD similarly contains an N-ter-
minal nucleophilic cysteine that
has been shown to be responsible
for the hydrolysis of glutamine
amide in Escherichia coli AsnB
(43). OxyD was therefore pro-
posed to catalyze the conversion
of a malonate equivalent to the
corresponding malonamate in an
ATP-dependent fashion. The
exact substrate of OxyD, which
can be either malonyl-S-CoA or
malonyl-S-ACP, has not been
determined due to the inability to
reconstitute OxyD activities in

vitro (33). The two proposed pathways are shown in Fig. 2B.
The role of OxyD in starter unit biosynthesis was confirmed
by coexpression with the minimal PKS OxyABC in a heter-
ologous host and the isolation of WJ85 (4) (Fig. 3) (33). The
presence of the amide in 4 confirms the role of OxyD in
priming the minimal PKS. Coexpression of the C9 ketore-
ductase OxyJ similarly resulted in the biosynthesis of a
reduced amidated polyketide backbone, which spontane-
ously cyclized to afford the isoquinolone WJ35 (6) (33).
Therefore, the oxy minimal PKS and OxyD can be collec-
tively termed the “oxy extended minimal PKS.”

FIGURE 1. A, naturally produced tetracyclines; B, semisynthetic second and third generation tetracyclines;
C, additional naturally occurring type II polyketides referenced in text.

FIGURE 2. A, polyketide elongation by iterative Claisen-like condensation; B, two proposed pathways for bio-
synthesis of the malonamate starter unit by OxyD. MAT, malonyl-CoA:ACP acyltransferase.
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Like many type II PKSs that utilize nonacetate starter units,
the oxy PKS can also be initiated by an acetate primer in the
absence of OxyD. As illustrated first by Khosla and co-workers
(44), the oxy minimal PKS alone synthesizes exclusively acetate-
primed decaketides. In other pathways in which nonacetate
starter units are employed, such as daunorubicin (45), frenoli-
cin (46), R1128 (46, 47), and hedamycin (48, 49), an additional
initiation module has been implicated in starter unit selection.
In the case of frenolicin and R1128, it was further shown that a
dedicated ACP is required for the chain initiation steps and
plays a different role than the ACP utilized by the minimal PKS
for chain elongation (46). The oxy pathway lacks these addi-
tional components, and a complete amidated backbone can be
produced by the extended minimal PKS without additional
enzymes. An enzyme that ensures starter unit fidelity in the
R1128pathway is themalonyl-CoA:ACPacyltransferase homo-
log ZhuC. ZhuCwas shown to have potent thioesterase activity
toward acetyl-ACP. This led to the proposal that the role of
ZhuCwas to selectively hydrolyze the competing acetyl-ACP in
favor of the longer chain acyl-ACP primer units (50). The oxy
cluster contains a ZhuC homolog, OxyP, and there are indica-
tions that it may serve a similar role in suppressing acetate
priming and reducing the level of 2-acetyl-2-decarboxamido-
OTC (ADOTC).4 Reduction of the ADOTC:OTC ratio is desir-

able, as ADOTC has greatly reduced antibiotic activity com-
pared with OTC and is difficult to remove from fermentation
broths (51). Unlike the R1128 pathway, which produces only
acetate-primed polyketides in the absence of the proofreading
activities of ZhuC, the oxy PKS does not require OxyP to incor-
porate the malonamate starter unit. Interestingly, an OxyP
homolog is not found in the CTC gene cluster (52), which fur-
ther indicates that such an enzyme is not essential for tetracy-
cline biosynthesis but rather functions as an accessory enzyme.

Cyclization of the Polyketide Backbone

Because of the reactivity of the nascent poly-�-ketone back-
bone, cyclases are required to suppress spontaneous cycliza-
tions and to promote regioselectivity of intramolecular aldol
condensations. In the absence of cyclases, the KS-CLF and C9
ketoreductase have also been suggested to play key roles in
influencing the folding of the polyketide chain (40, 53, 54).Most
minimal PKSs produce C7–C12 cyclized polyketides as major
products in the absence of additional tailoring enzymes, indi-
cating that the KS-CLFmay promote the regioselectivity of the
first cyclization event (55). Analysis of the crystal structure of
the actinorhodin (act) KS-CLF showed that buckling of the
polyketide chain must occur within the KS-CLF tunnel to
accommodate the full-length polyketide chain. This require-
mentmay position the chain in a configuration that is favorable
for C7–C12 cyclization (40). For many type II polyketides, C94 P. Wang and Y. Tang, unpublished data.

FIGURE 3. Biosynthesis of OTC and reported shunt products.
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ketoreduction is the first tailoring step following the comple-
tion of the polyketide chain by the minimal PKS. Nearly all the
C9 reduced polyketide backbones undergo C7–C12 cyclization
to form the first ring, including that of tetracyclines. The crystal
structure of act ketoreductase (KR)with a bound inhibitor indi-
cated a preference for cyclized substrates (54).
However, these proposed roles forminimal PKS- andC9KR-

controlled C7–C12 cyclization do not apply to the amidated
polyketide backbone synthesized by the oxy extended minimal
PKS. As shown in Fig. 3, the previously mentioned 4 produced
by OxyABCD adopts C11–C16 first ring cyclization, whereas 6
produced byOxyABCDJ is cyclized via C13–C18 aldol conden-
sation (33). The regioselectivities of the first cyclization steps in
4 and 6 were especially surprising considering that acetate-
primed decaketide synthesized by the oxy minimal PKS does
indeed cyclize preferentially via C7–C12. For example, the oxy
minimal PKS alone produces SEK15 (2a) (33, 55), whereas in
the presence of act KR, it produces RM20b/c (2b) (44). There-
fore, the presence of the amidated starter unit may significantly
influence the orientation of the polyketide chain in the active
site of the KS-CLF, as well as that of the C9 KR, to result in the
unexpected cyclization regioselectivities of 4 and 6. Alterna-
tively, whereas the backbonemay be oriented in similar config-
urations, the presence of the amide starter unit somehow sup-
pressed C7–C12 aldol condensation, leading to release of
uncyclized products that rapidly undergo spontaneous cycliza-
tion to yield4 and6. Therefore, in the biosynthesis ofOTC, first
ring cyclase/aromatase is absolutely required for the correct
C7–C12 cyclization and formation of the D-ring.
The OTC first ring cyclase OxyK was first identified by Pet-

kovic et al. (56) as a cyclase/aromatase. Disruption of this gene
resulted in the elimination of all recognizable tetracycline inter-
mediates in themutant culture (56). Zhang et al. (35) later dem-
onstrated the role of OxyK. Heterologous expression of OxyK
with OxyABCDJ in Streptomyces coelicolor CH999 led to the
isolation of WJ78 (8), which contains the aromatized D-ring
with the correct C7–C12 regioselectivity. OxyNwas then iden-
tified as a second ring cyclase based on high sequence similarity
to DpsY in the daunorubicin pathway (57) and MtmY in the
mithramycin pathway (58). Addition of oxyN to the aforemen-
tioned cassette resulted in the production of the linear tetracy-
clic productWJ83T1 (12), which is a spontaneous oxidized ver-
sion of pretetramid (11), as the major metabolite (35). The oxy
gene cluster also encodes an additional putative cyclase, OxyI,
which has sequence homology toMtmX, a putative fourth ring
cyclase in the mithramycin pathway (59). Because the fully
cyclized product 12 was produced upon coexpression with
OxyN, the role of OxyI in the oxy pathway has remained
unclear. Coexpression of oxyI in the heterologous host produc-
ing 12 had no effect on the product profile (35). To further
investigate the basis of the fourth ring cyclization, Zhang et al.
(35) created another construct in which the amidotransferase
OxyDwas removed. CH999 transformedwith a cassette encod-
ing OxyABCJKN produced only the tricyclic desmethylakla-
nonic acid, confirming that the terminal amide may influence
the cyclization of the A-ring en route to 12.
The recently sequenced gene cluster responsible for biosyn-

thesis of the tetracycline-like compoundSF2575 allowed recon-

stitution of the cyclization events in this pathway as well (61).
The second ring cyclase in the ssf pathway, SsfY2, has low
homology to OxyN while bearing strong homology to second
ring cyclases from benzoisochromanequinone pathways such
as Gra-ORF33 (60). Also present in the ssf gene cluster is an
OxyI homolog, SsfY4, which was also determined to be unnec-
essary for cyclization of the tetracyclic scaffold, confirming the
result seen with OxyI. More importantly, a putative acyl-CoA
ligase, SsfL2, was required to produce the tetracyclic interme-
diate 12 in a heterologous host (61). A possible role of SsfL2
may be to catalyze the Claisen-like cyclization between C1 and
C18 of hydrolyzed tricyclic anthracene carboxylic acids in a
CoA-dependent fashion. SsfL2 has homologs in other pathways
that produce tetracycline-like compounds, includingOTC (33),
CTC (52), mithramycin (58), and the recently sequenced
polyketomycin (62) gene clusters. The oxy homolog OxyH was
shown, however, to be dispensable by knock-out studies.4
Therefore, the exact mechanism for fourth ring cyclization in
this system is not yet completely understood.

Formation of Anhydrotetracycline

The heavily decorated cyclohexenone A-ring of tetracyclines
possesses unique structural features not observed among other
aromatic polyketides. These functional groups, which are
essential for the antibiotic properties of tetracyclines, include
theC2primary amide, C4 dimethylamine, and theC12a tertiary
alcohol. One of the most important intermediates in the trans-
formation of pretetramid toOTC is anhydrotetracycline (ATC;
20). ATC is the first intermediate in the biosynthetic pathway
to contain the fully functionalized A-ring. Recent studies by
Zhang et al. (34) have identified and characterized the minimal
set of enzymes required for the formation of 20.
The first tailoring step following cyclization is C6 methyla-

tion. OxyF was identified in the gene cluster as one of two
S-adenosylmethionine-dependent methyltransferases and was
shown to be responsible for C6 methylation by reconstitution
in a heterologous host. Inclusion of the gene encoding OxyF in
the aforementioned construct producing pretetramid resulted
in the production of the known intermediate 6-methylpretet-
ramid (13), which was spontaneously oxidized to WJ119 (14)
(35). The methylation of C6, which is located in the lower
periphery of OTC, has been known to be dispensable for the
subsequent transformations by downstream enzymes (28).
Accordingly, removal of OxyF from the heterologous host that
produced 20 led to the biosynthesis of 6-demethyl-ATC (34).
Following C6 methylation, 6-methylpretetramid is con-

verted to 4-keto-ATC (17) via double hydroxylation of the
A-ring. A total of five putative oxygenases were present in the
oxy gene cluster, and systematic reconstitution studies identi-
fied OxyL as the NADPH-dependent oxygenase required to
produce 17 via hydroxylation of the C4 and C12a positions.
Under in vivo conditions, 17 readily rearranged through
intramolecular rearrangement of the B-ring and two tandem
retro-Claisen cleavages to yield the observed degradation prod-
uct WJ135 (18) (34, 63). The hydroxylation activities of OxyL
were confirmed in vitro, as addition of purified OxyL to 13
produced a short-lived product identified as 17. A subsequent
report by Wang et al. (64) indicated that OxyE, another FAD-
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dependent oxygenase, is aC4 hydroxylase and plays an ancillary
role in this key dihydroxylation step that converts 13 to 17.
Although OxyL can perform the dihydroxylation of C12a and
C4 alone, the presence of OxyE significantly increases the titer
of OTC, likely by increasing the rate of this key tailoring step
(Fig. 3). Coexpression of OxyE with enzymes that produced 13
in a heterologous host led to the biosynthesis of JX11 (16),
whereas inactivation of oxyE in S. rimosus led to the accumula-
tion of shunt products that arose via spontaneous oxidation of
13.The ancillary role ofOxyE toOxyL is similar to the activities
of homologs observed in the polyketomycin pathway. In this
pathway, Daum et al. (62) proposed the C4 hydroxylation cat-
alyzed by theOxyEhomolog PokO1 can also be catalyzed by the
OxyL homolog PokO2, which also performs the C4 and C12a
hydroxylations.
OxyQ has high sequence homology to the pyridoxal 5�-

phosphate-dependent aspartate aminotransferases (65). As a
member of this family, OxyQ was predicted to catalyze the
transamination of the �-amino group from a donor amino acid
to the C4 ketone of 17 to form 19. Indeed, upon expression of a
cassette encoding OxyABCDJKNLQ in CH999, 19 was shown
to accumulate in the fermentation broth (34). The amino acid
donor of OxyQ has not been established because a soluble ver-
sion of recombinant OxyQ has not been obtained so far.
Addition of the gene encoding OxyT completed the ATC-

producing cassette, and these 10 enzymes were shown to be the
minimal set of enzymes required for the biosynthesis of 20 in a
heterologous host (34). OxyT was further characterized by in
vitro assays using 19 as a substrate and S-adenosylmethionine
as a methyl donor. The in vitro assay revealed that a monom-
ethylated intermediate can be detected after short reaction
times. Full conversion of 19 to 20was observed after prolonged
reaction times (34).

Formation of OTC

The remaining steps in OTC biosynthesis have not been het-
erologously reconstituted in vivo; however, in vitro assays and
blockedmutant studies have shed light on the tailoring of 20 to
OTC. The next step following formation of 20 is hydroxylation
of C6. AnATCoxygenase has been purified and studied in vitro
for both the CTC (66) and OTC (67, 68) pathways. In both
cases, the ATC oxygenase was identified as a monooxygenase
catalyzing the conversion of20 to21 in the presence ofNADPH
and atmospheric oxygen. Pointmutation studies by Peric-Con-
cha et al. (68) showed that mutation of the essential glycine
residues of the NADPH-binding site eliminated activity of
OtcC (also named OxyS) when expressed heterologously in
E. coli. Interestingly, when this putatively inactive mutant gene
was transformed into an oxyS null mutant strain, the C6
hydroxylation activity was restored, resulting in production of
OTC (68). The authors proposed that this surprising resultmay
be caused by an additional hydroxylase thatmay also have some
activity toward the C6 position, similar to the ancillary role of
OxyE to OxyL. However, in this case, the OxyS mutant is
needed for hydroxylation, perhaps serving as a structural part-
ner to the unidentified hydroxylase.
The enzymatic basis of the C5 hydroxylation step unique to

the OTC pathway has yet to be resolved. Of the five putative

oxygenases found in the OTC gene cluster, OxyR and OxyG
have not been assigned biosynthetic functions. Sequence
homology placesOxyRwithin the pyridoxine 5�-phosphate oxi-
dase-like protein family, which also includes ActVA-ORF2, an
unassigned protein from the actinorhodin gene cluster (69). On
the other hand, OxyG is predicted to be a small quinone-form-
ing monooxygenase with homology to enzymes found in sev-
eral other polyketide clusters such as mithramycin (70), aklavi-
none (71), and polyketomycin (62). AknXwas shown in vitro to
catalyze the quinone-forming reaction converting emodin
anthrone to emodin, leading the authors to believe that it cata-
lyzes the parallel reaction in the conversion of aklanonic acid
anthrone to aklanonic acid (71). In the case of mithramycin,
however, inactivation of the OxyG homolog MtmOIII was
shown to have no effect on mithramycin production (72).
The potential quinone-forming activities of OxyG homologs
led to initial speculation that it may be involved in the for-
mation of 17; however, as described above, OxyL (with the
help of OxyE) has been shown to be sufficient for catalysis of
this step. This does not eliminate, however, the possibility of
an auxiliary role of OxyG such as that shown for OxyE (64).
An interesting aspect of the C5 hydroxylation is that because
it is a step unique to OTC biosynthesis, one would expect the
gene responsible to be absent from the CTC gene cluster,
much as the CTC C7 halogenase (73) is absent from the OTC
gene cluster. A comparison of the two gene clusters reveals,
however, that each of the five oxygenases in the oxy cluster
has a homolog in the CTC gene cluster (33, 52). It is possible
that the enzyme responsible for C5 hydroxylation is present
in both gene clusters but is inactive toward a chlorinated
intermediate in the CTC pathway. Alternatively, the enzyme
responsible for this step in the CTC gene cluster contains an
inactivating mutation. For additional comparison, the ssf
gene cluster contains only two oxygenases, an OxyS homo-
log, SsfO1, and an OxyL homolog, SsfO2 (33, 61). Therefore,
the role of the two additional oxygenases and the enzymatic
basis of the C5 hydroxyl remain an unsolved mystery of OTC
biosynthesis.
The final step in OTC biosynthesis is the reduction of the

C5a–C11a double bond in 22. Nakano et al. (74) identified a
gene from Streptomyces aureofaciens that was shown to be
responsible for this last step in the biosynthesis of CTC. This
gene, encoding TchA, was mapped outside of the previously
sequenced CTC gene cluster. TchA requires 7,8-dedimethyl-8-
hydroxy-5-deazariboflavin as a cofactor (74), which explains
why mutants blocked in 7,8-dedimethyl-8-hydroxy-5-deazari-
boflavin biosynthesis, previously referred to as cosynthetic fac-
tor I, were also blocked in this final reduction step (31, 75). In
the oxy pathway, there is no clear enzyme candidate thatmay be
associated with this step. Therefore, the reductase may simi-
larly be encoded elsewhere on the genome. In a study by Binnie
et al. (75), the 34-kb region containing the oxy gene cluster and
the immediate flanking regions were transformed into Strepto-
myces lividans and Streptomyces albus. Both recombinant
strains were shown to be positive in OTC production, which
suggests that the gene cluster contained all the enzymes
required for OTC biosynthesis. If any genes involved in OTC
production are indeed located outside the known gene cluster,
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they are perhaps widely found in Streptomyces strains and not
specific to tetracycline biosynthesis. Most recently, Boddy and
co-workers (76) demonstrated heterologous production of
OTC inMyxococcus xanthus by inserting a construct contain-
ing the gene cluster shown in Fig. 4 into the host genome. This
further reinforces the proposal that all the genes required to
produce OTC in a prokaryote host are indeed located on this
cluster.

Regulatory and Resistance Genes

Apart from biosynthetic genes, antibiotic producers must
carry self-resistance genes to protect the host strain. The
most common mechanisms of providing tetracycline resist-
ance are through efflux proteins and ribosomal protection
(17). The oxy gene cluster contains two proteins involved in
tetracycline resistance, OtrA and OtrB, which are 34 kb
apart and flank the biosynthetic gene cluster (77, 78). Clon-
ing and characterization of TetA (analogous to OtrA) by
Ohnuki et al. (79) indicated that it was involved in a riboso-
mal protection mechanism of resistance. This was further
confirmed by Doyle et al. (80), who also demonstrated
sequence similarity between OtrA and TetM. TetM has been
shown to bind noncovalently to the ribosome and promote
removal of tetracycline (81, 82). On the other hand, OtrB was
shown to be a membrane-bound protein responsible for
reduced accumulation of tetracycline in the cell (79, 83). The
gene encoding OtrB lies with opposite polarity to the gene
encoding the regulatory protein OxyTA1 in a similar fashion
as the tetR/tetA pair, in which TetR negatively regulates
expression of the efflux protein TetA (84). Sequence com-
parison places OxyTA1 closer to the MarR family of tran-
scriptional regulators, which are known to repress expres-
sion of resistance genes in the absence of the inducer (85).
Interestingly, the oxy cluster does not encode a transcrip-
tional activator such as the SARP (Streptomyces antibiotic
regulatory protein) family proteins found in many antibiotic
gene clusters, including the CTC cluster (86). Recently, how-
ever, a LuxR family transcriptional activator, OtcG, has been
identified by Lešnik et al. (87) to be encoded just outside of
otrA. Inactivation of otcG resulted in a decrease in produc-
tion of OTC, indicating that it is a positive regulator of OTC
biosynthesis (87).

Conclusions

Elucidation of the biosynthetic pathway of OTC has contrib-
uted to our knowledge of type II polyketide biosynthesis and
illuminated aspects unique to this pathway, such as the biosyn-
thesis of the unusual malonamate starter unit and its effect on
downstream enzymatic steps. The tetracycline scaffold has
been a valuable inspiration formedicinal chemists, and tetracy-
cline derivatives still play an important role in treating bacterial

infections. Identification of the role
of individual enzymes in the path-
way is another step forward toward
rational engineering of new com-
pounds. Characterization of addi-
tional tetracycline and polyketide
pathways will further aid our under-

standing of the remaining questions regarding this pathway and
enhance our ability to engineer new compounds.
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Since the discovery and sequencing of 6-deoxyerythronolide B
synthase 20 years ago, this exceptionally large, multifunctional
protein remains the paradigm for the understanding of the struc-
ture and biochemical function of modular polyketide synthases.
The broad-spectrummacrolide antibiotic erythromycin is one of
several hundred closely related, branched chain, polyoxygenated
polyketides, many of which are widely used in human and veteri-
narymedicine as antibiotic, immunosuppressant, antitumor, anti-
fungal, and antiparasitic agents. The multistep assembly of the
parent macrocyclic aglycon, 6-deoxyerythronolide B (6-dEB),2 is
controlled by a large (2 MDa) modular protein known as 6-dEB
synthase (DEBS) (1–4). The biosynthetic intermediates never
leave thepolyketide synthase (PKS) but are passed along theDEBS
assembly line from one acyl carrier protein (ACP) domain to the
next. In fact, DEBS has served as the prototype of modular PKS
gene clusters, dozens of which of both known and unknown func-
tion have now been sequenced from bacterial sources (5–7).
Each homodimeric DEBS subunit contains two 160–200-kDa

protein modules, each responsible for a single round of
polyketide chain extension and functional group modification.
Within each module are several catalytic domains of 100–400
amino acids each that are analogous in structure, function, and
organization to the corresponding fatty acid synthase (FAS)
components (8–10). All six DEBS modules contain three core
domains consisting of 1) a �-ketoacyl-ACP synthase (the keto-
synthase (KS) domain) that catalyzes the key polyketide chain-
building reaction, a decarboxylative condensation of a methyl-
malonyl-ACP building block with the polyketide chain
provided by the upstream PKSmodule (see Figs. 1 and 2); 2) an
acyltransferase (AT) domain that specifically loads the methyl-
malonyl-CoA extender unit onto the flexible 18-Å phospho-
pantetheine arm of the ACP domain; and 3) the ACP domain
itself, which carries the polyketide biosynthetic intermediates
from domain to domain and then delivers the resulting product
to the KS domain of the downstreammodule. Additional FAS-
like domains are responsible for modification of the oxidation

state and stereochemistry of the growing ACP-bound interme-
diates: a�-ketoacyl-ACP reductase (KR) domain, a dehydratase
(DH) domain, and an enoyl reductase (ER) domain. At the N
terminus of the most upstream module is a loading didomain
that primes the KS domain of module 1 with the propionyl
starter unit. Finally, cyclization of the full-length macrocyclic
polyketide and release of 6-dEB are controlled by a dedicated
thioesterase domain located at the C terminus of the most
downstream module.

Programming of Polyketide Biosynthesis

The chain length, substitution pattern, and oxidation level of
the initially generated, full-length heptaketide 6-dEB are the
direct consequence of the number of DEBS modules as well as
the domain composition of each module (Fig. 1) (8–11). The
striking colinearity between the organization of the constituent
biosynthetic domains encoded by theDEBS genes and the order
of the biochemical reactions that generate 6-dEB had originally
encouraged the hope that the sequence of any newly discovered
PKSwould allow the ready prediction of the chemical structure
of the derived polyketide product.Unfortunately, such straight-
forward correlations have proven to be elusive. Unlike the uni-
directionally transcribed DEBS cluster, a variety of modular
PKS genes are either divergently or convergently transcribed
such that the sequential order of the open reading frames found
in the genome does not correspond to the temporal order in
which they exercise their biochemical function (12). Recent
progress in understanding the structural basis for pairwise
interactions of the docking domains that direct the proper
intermodular transfer of polyketide intermediates may allow
better correlations of deduced sequences and temporal func-
tion (13–16). Further obscuring an overly simplistic linear
interpretation is the presence in individual PKS modules of
inactive DH or ER domains, whereas an additional complica-
tion comes fromPKSmodules that lack integrated AT domains
altogether and therefore require the in trans AT-catalyzed
priming ofACPdomainswith the requisite extender units. Bro-
ken modules in which the domains mediating a single round of
chain elongation are located in adjacent PKSmodules, aswell as
the phenomena of module skipping or iteration (17), further
obscure the relationship of PKS gene sequence and biochemical
function. The existence of unusual polyketide-building blocks
such as methoxymethylmalonyl-CoA and hydroxymethylma-
lonyl-CoA and the recognition of polyketide chain branching
have added additional layers of biochemical complexity (18).
Despite promising new bioinformatics approaches (15), knowl-
edge of the specific structure of the eventually formed poly-
ketide has therefore turned out to be critical to the proper
assignment of PKS organization and function. Nonetheless, the
well studiedmolecular genetics and biochemistry of DEBS con-
tinue to provide the dominant paradigm for the understanding
of modular PKS biochemistry (17).
The 14-member ring of 6-dEB displays an impressive aggre-

gate of 10 stereogenic centers. Similar stereochemical patterns
are found in a wide range of closely related 12-, 14-, and
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16-member ring macrolides (19, 20). Only recently has the
mechanistic basis for the remarkable stereochemical complex-
ity of the polyketides generated by DEBS and other modular
PKS proteins begun to be unraveled.

PKS Modules and Domains

Heterologous expression of engineered PKS modules has
played a central role in the elucidation of the biochemical
mechanisms, substrate specificity, protein-protein recognition
features, and structures of DEBSmodules and domains (21, 22).
DEBS modules, including those with inactivated, mutated, or
deleted domains, have been expressed in both native and het-
erologous bacterial hosts, with the structure and stereochemis-
try of the resulting polyketide products serving as a readout of
the role of individual modules or domains (21–23). Recent pro-
gress in the development of large deletion mutants of Strepto-
myces avermitilis as hosts for the heterologous expression of
biosynthetic gene clusters (24) should provide a powerful new
tool for the assignment of biochemical function to cryptic PKS
gene clusters and the discovery of new polyketides.
Individual modules or domains can be expressed using both

native and heterologous Streptomyces hosts as well as strains of
Escherichia coli harboring a chromosomally integrated copy of
the sfp gene from Bacillus subtilis that encodes the surfactin
phosphopantetheinyl transferase (25) necessary to convert the
ACP domains to their active form (26). Investigations of the
specificity and function of PKS domains have frequently uti-
lized chimeric modules harboring engineered combinations of
domains derived from a variety of parent modules (22, 27–29).
The labor-intensive construction of suchhybrid systemshas for
the most part relied on domain boundaries deduced from
multiple sequence alignments. Unfortunately, the resulting
hybrids have often suffered from a severe loss in overall
catalytic efficiency compared with wild-type modules.
Recently, detailed structural studies of PKS modular compo-
nents have revealed highly conserved functional domain
boundaries that can now be exploited for the expression

of individual active recombinant
PKS domains (30–32). Not only
are these stand-alone domains ex-
cellent vehicles for protein struc-
tural and mechanistic study, but
reconstituted mixtures of these
PKS domains allow investigation
of reaction mechanisms, protein-
small molecule specificity, and the
role of protein-protein recogni-
tion in the programming and con-
trol of PKS function.

KS Domains

The irreversible KS-catalyzed
chain elongation reaction involves
the initial formation of a covalent
acyl-enzyme intermediate between
the growing polyketide chain, do-
nated by the ACP of the upstream
module, and the active-siteCys thiol

of the KS, followed by a decarboxylative condensation of this
acyl thioester with methylmalonyl-ACP (33, 34) with inversion
of configuration at C2 of the (2S)-methylmalonyl moiety
to produce the corresponding D-2-methyl-3-ketoacyl-ACP
intermediate (Fig. 2) (35). Eventual generation of the L-methyl
configuration found at C8 and C12 of 6-dEB requires an epi-
merization reaction at some stage subsequent to KS-catalyzed
chain elongation. Besides the active-site Cys (36), each KS
domain harbors a pair of universally conservedHis residues (for
example, His334 and His374 in DEBS KS5) that facilitate the
decarboxylation and condensation reactions (37, 38). (2S,3R)-
2-Methyl-3-hydroxypentanoyl-N-acetylcysteamine thioester
(NDK-SNAc), the N-acetylcysteamine acyl thioester analog of
the natural ACP-bound syn-diketide substrate of DEBSmodule
2, can conveniently be used as a surrogate substrate for DEBS
KS domains (39, 40).

Structures of the DEBS [KS5][AT5] and [KS3][AT3]
Didomains

The 2.7-Å x-ray crystal structure of a 194-kDa homodimeric
KS and AT didomain of DEBSmodule 5, [KS5][AT5], provided
the first direct insights into the topology and three-dimensional
organization of a modular PKS (Fig. 3a) (31). These findings
have been reinforced by the 2.6-Å x-ray crystal structure of the
homologous 190-kDa homodimeric [KS3][AT3] didomain
from DEBS module 3 with the inhibitor cerulenin covalently
bound to the active-site Cys of the KS3 domain (32). In both
structures, the homodimeric KS domains and the monomeric
ATdomains at the end of each protein arm closely resemble the
structures of previously characterized type II FAS- and PKS-
derived KS and AT domains. The [KS5][AT5] homodimer car-
ries the N-terminal docking domain with the homodimeric
coiled-coil structure previously deduced frommutant comple-
mentation and NMR studies (13, 14). Although the truncated
[KS3][AT3] construct lacks the corresponding N-terminal
docking domain, twowell organized interdomain linker regions
are apparent in both structures: 1) a highly ordered KS-to-AT

FIGURE 1. Modular organization of DEBS. In addition to the KS, AT, and ACP domains, individual extension
modules carry varying combinations of KR, DH, and ER domains. The loading didomain primes DEBS module 1
with the propionyl starter unit, and the thioesterase (TE) domain at the C terminus of module 6 catalyzes release
and cyclization of the full-length polyketide to give the parent macrolide aglycon, 6-dEB. Two dedicated P450
oxygenases, two glycosyltransferases, and a methyltransferase then generate the mature antibiotic, erythro-
mycin A. (2S)-MeMal-CoA, (2S)-methylmalonyl-CoA.
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linker domain with a previously uncharacterized protein fold
and 2) a 30-amino acid post-AT linker appended to the C ter-
minus of the AT domain that wraps back over both the AT
domain and the KS-to-AT linker and terminates on the face of
the KS domain distal to the N-terminal docking domain. The
relative orientations of the paired AT and KS domains and of
the post-AT linker support earlier observations that KS and
ACP domains from opposite subunits of a homodimeric

module preferentially interact (36,
41). Computational docking has
predicted that the ACP should dock
to the KS domain within the deep
cleft between the KS and AT do-
mains, with interactions that span
across both subunits of the KS
homodimer (32). The two crystal
structures also revealed that the
active-site Cys199 of the KS is sepa-
rated from the active-site Ser642 of
the nearest AT domain by �80 Å.
This distance is obviously too great
to be spanned by a statically an-
chored, fully extended 18-Å phos-
phopantetheine arm of the ACP
domain. Thus, the interaction of the
ACP domain with each of the cata-
lytic domains of a modular PKS
must involve substantial segmental
motion of the entire ACP domain,
rather than simple reorientation of
the pantetheinyl prosthetic group,
contrary to the classical “swinging
arm” model of PKS and FAS action.
Similar conclusions have been
drawn from the 3.2-Å structure of
the complete pig FAS protein (42,
43). The similarity of these two struc-
tures suggests a model for the entire
DEBS module 4 with an analogous
X-shaped architecture (Fig. 3e) (2).
The recombinant DEBS [KS1]-

[AT1], [KS3][AT3], and [KS5][AT5]
didomains have been used to study
polyketide chain elongation in com-
bination with both homologous and
heterologous ACP domains (30, 44).
Each [KS][AT] didomain plus an
ACP domain can be incubated with
NDK-SNAc and methylmalonyl-
CoA to give a triketide ketolactone
after hydrolytic release (Fig. 4a).
The [KS3][AT3] and [KS6][AT6]
didomains both exhibit a dis-
tinct ACP recognition profile, with
strong preference for the ACP
domain from their parent modules.
Using chemoenzymatically pre-
pared methylmalonyl-ACP and

malonyl-ACP as substrates, KS3 has a 4:1 preference for its
native methylmalonyl extender unit, whereas KS6 shows a
smaller 1.5:1 preference. These findings highlight the key gate-
keeping role of the AT domains that must charge the ACPwith
the correct chain extender unit while demonstrating the intrin-
sic ability of KS domains to utilize unnatural chain extension
units. The reconstituted DEBS domain mixtures allow quanti-
tative kinetic comparisons that are not possible using intact

FIGURE 2. Biochemical function of individual PKS domains, illustrated by polyketide chain extension and
functional group modification mediated by the domains of DEBS module 4. The AT domain loads the
(2S)-methylmalonyl group onto the pantetheinyl side chain of the ACP domain, whereas the KS domain cata-
lyzes self-acylation of its active-site Cys residue by the tetraketide chain donated by the upstream ACP domain.
The KS domain then catalyzes a decarboxylative condensation to generate a D-2-methyl-3-ketoacyl-ACP inter-
mediate, which then undergoes successive KR-catalyzed reduction, DH-catalyzed dehydration, and ER-cata-
lyzed reduction to the reduced pentaketide, which is then transferred to the KS domain of DEBS module 5.
Configurational assignments are based on the known or predicted stereochemistry of individual PKS reactions.

FIGURE 3. Structures of DEBS catalytic domains. a, DEBS [KS5][AT5] didomain, including the homodimeric KS
domain (light blue and dark blue), AT domains (green), N-terminal docking domain (orange-brown), KS-AT
linkers (yellow), and post-AT linkers (red). b, DEBS KR1, with the structural domain (cyan), catalytic domain (blue),
and Leu-Asp-Asp (LDD) loop. c, DEBS DH4, with the double hot dog fold and catalytic His-Asp dyad. d, DEBS
apo-ACP2. e, predicted organization and topology of DEBS module 4, analogous to the structure of porcine
FAS. Each ACP domain (not shown) must be able to interact with the individual KS, AT, KR, DH, and ER domains.
ppant, phosphopantetheine; act, active.
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chimeric modules (45). The addition of native or foreign C-ter-
minal docking domains to the ACP domains has negligible
effect on intramodular KS-ACP recognition during KS-cata-
lyzed condensation. By contrast, intermodular self-priming of
DEBS KS(n) domains by acyl donors carried on upstream
ACP(n�1) domains is relatively insensitive to overall ACP
structure but strongly dependent on a proper match of the
complementary C-terminal ACP(n�1) and N-terminal KS(n)
docking domains.
The [KS3][AT3] didomain can also be dissected into its com-

ponent KS3 and AT3 domains (46). The recombinant AT3
domain, either with or without the appended post-AT linker,
can catalyze both self-acylation by exogenous methylmalonyl-
CoA and transfer of this methylmalonyl moiety to the ACP3
domain. Similarly, the dissected KS3 domain undergoes self-
catalyzed acylation by NDK-SNAc. By contrast, formation of
the triketide ketolactone by KS-catalyzed chain elongation
requires that the added AT3 domain carry an appended
post-AT linker. The extensive interaction between this
post-AT linker and the KS domain that is observed in both the
[KS3][AT3] and [KS5][AT5] crystal structures therefore must
play a critical functional role in proper alignment of the KS and
AT domains and productive interaction with the ACP-bound
substrate.

AT Domains

The AT domain of each DEBS module plays a special role as
gatekeeper, being strictly specific for (2S)-methylmalonyl-CoA
(22, 47, 48). The universally conserved active-site Ser in each
DEBS AT domain, found in a signature GHSQGEmotif, is part
of a canonical catalytic dyad in partnership with the conserved
active-site His. The active-site His is believed to act as a general
base that activates nucleophilic attack by the Ser hydroxyl on
the acyl group of the methylmalonyl thioester and then assists
in the transfer of the methylmalonyl-O-Ser intermediate to the
phosphopantetheinate side chain of the ACP domain (Fig. 2).

The AT domain contains an �/�-
hydrolase-like core domain and an
appended smaller subdomainwith a
ferredoxin-like structure (Fig. 3a)
(31, 32). TheAT domains from each
of the six DEBS modules are com-
pletely specific for (2S)-methylma-
lonyl-CoA (47). By contrast, the AT
domain in the AT-ACP loading
didomain strongly prefers propio-
nyl-CoA but can also use acetyl-
CoA to prime the paired ACP
domain (49).

KR Domains

The DEBS KR domains, in com-
mon with all other PKS and FAS KR
proteins, belong to the large family
of short chain dehydrogenase/re-
ductases, all of which harbor a con-
served active-site Ser-Tyr-Lys triad
responsible for binding and activa-

tion of the target carbonyl group of the �-ketoacyl-ACP sub-
strate while simultaneously orienting and activating the nico-
tinamide ring of the NADPH cofactor (50). The stereochemical
course of each �-ketoacyl-ACP reduction is an intrinsic prop-
erty of the responsible KR domain and is independent of either
modular context or substrate structure, including chain length
and substitution pattern (51). DEBS KR1, KR2, KR5, and KR6
all utilize the H4si hydride of the NADPH cofactor (Fig. 2), in
commonwith FASKR domains (52, 53). A conserved Leu-Asp-
Asp triad found inmany PKSKR domains is strongly correlated
with the generation of D-hydroxy products (54, 55). Crystal
structures of the DEBS KR1 domain and the homologous KR1
domain from module 1 of tylactone synthase have indicated
that the loop harboring this Leu-Asp-Asp motif may play a key
role inmediating proper access and orientation of the phospho-
pantetheinyl-bound �-ketoacyl thioester substrate in the com-
mon substrate-binding groove (Fig. 3b) (56, 57). In KR domains
such asDEBSKR2, KR5, andKR6, which lack this Leu-Asp-Asp
motif but harbor instead a conserved Trp at an alternative
site, the phosphopantetheinyl-bound �-ketoacyl substrate is
thought to be constrained to enter the substrate-binding
groove from the opposite end, giving rise to the observed L-hy-
droxy product. Keatinge-Clay (57) and Starcevic et al. (58) have
also proposed that the redox-inactiveDEBSKR30 domainsmay
be responsible for the epimerization of the 2-methyl group to
give the L-2-methyl-3-ketoacyl-ACP tetraketide intermediate
produced by DEBS module 3.
The solution of the 1.8-Å structure of the DEBS KR1 domain

also resulted in a major redefinition of the KR domain bound-
aries that had been previously erroneously inferred solely from
multiple sequence alignments (56). Each monomeric KR
domain consists of two principal subdomains: an N-terminal
structural subdomain and aC-terminal catalytic subdomain, each
with a modified Rossmann fold (Fig. 3b). The structural subdo-
main, which is thought to stabilize the catalytic subdomain, lacks

FIGURE 4. Stereochemistry of DEBS KR-catalyzed reduction and methyl group epimerization using mix-
tures of individual recombinant domains and didomains and gas chromatography-mass spectrometry
analysis of the derived triketide lactones (a) and diketide acids (b).
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the characteristicGXGXXGNADPH-bindingmotif butmay pro-
vide a docking site for the ACP domain (56, 57).

Stereochemistry of KR-catalyzed 3-Ketoacyl-ACP
Reductions

The reduction of the 2-methyl-3-ketoacyl-ACP substrate by
a KR domain also fixes the configuration of the 2-methyl sub-
stituent. Recombinant DEBSKR1 reduces racemic 2-methyl-3-
ketopentanoyl-SNAc exclusively to a syn-(2S,3R)-2-methyl-3-
hydroxy diketide (NDK-SNAc), thereby demonstrating that
this reductase is completely specific not only for reduction on
the re-face of the ketone carbonyl but also for the natural L-con-
figuration of the adjacent 2-methyl group, consistent with the
overall stereospecificity of DEBS module 1 (59, 60).
Co-incubation of recombinant DEBS KR2 or KR6 plus

NADPH with reconstituted DEBS [KS1][AT1] � ACP1,
[KS3][AT3]�ACP3, or [KS6][AT6]�ACP6 in the presence of
NDK-SNAc and methylmalonyl-CoA gives the corresponding
reduced triketide lactone (Fig. 4a) (61, 62). DEBSKR2,KR5, and
KR6 are completely diastereoselective, generating a product
with the identical (2R,3S)-2-methyl-3-hydroxy stereochemistry
as that of the parent DEBS modules from which they had been
derived (Figs. 1 and 4a). Reductive quenching withNaBH4 con-
firmed that DEBS [KS1][AT1], [KS3][AT3], and [KS6][AT6] all
generated exclusively the unepimerized D-2-methyl-3-keto-
acyl-ACP triketide intermediate (61, 62). Unexpectedly, this
ACP-bound 2-methyl-3-ketoacyl triketide thioester was con-
figurationally remarkably stable, undergoing �5–15% epimer-
ization even after 1 h, �15–45-fold slower than the measured
rate for buffer-catalyzed deuterium exchange of untethered
methyl-2-methyl acetoacetate. This remarkable enhancement
in configurational stability is thought to be due to sequestration
of the bound polyketide in the ACP cleft between helices 2 and
3 and consequent conformational restriction that significantly
reduces the acidity of the H2 proton of the 3-ketoacyl-ACP
substrate.
When propionyl-SNAc is used as the primer for DEBS

[KS1][AT1], [KS3][AT3], or [KS6][AT6] and their cognateACP
domains, DEBS KR1 generates only the reduced and epimer-
ized (2S,3R)-L-2-methyl-D-3-hydroxypentanoyl-ACP product
(62). Alternatively, incubation with DEBS KR6 gives the pre-
dicted (2R,3S)-diketide acid. For each reconstituted incubation
mixture, the absolute and relative stereochemistry of each
chain elongation and reduction product is strictly correlated
with the intrinsic hydroxyl and methyl group stereospecificity
of the particular DEBSKR domain, independent of whether the
KS domain utilized is derived from a module that normally
produces a reduced unepimerized product (DEBS KS6), an
unreduced epimerized product (DEBS KS3), or a reduced
epimerized product (DEBS KS1). These results are all consis-
tent with KR1-catalyzed epimerization following KS-catalyzed
chain elongation. The mechanism of this epimerization,
including the amino acid residues that are responsible for this
process, is currently unknown.

DH Domains

Although the vast majority of polyketides generated bymod-
ular PKSs contain one or more double bonds, in DEBS only

module 4 harbors a DH domain. The transiently generated
enoylacyl-ACP pentaketide produced byDEBSDH4 is ordinar-
ily not observed due to coupled reduction by the paired ER4
enoyl reductase domain. Disruption of the NADPH-binding
motif of this ER4 domain in the complete DEBS protein
resulted in the accumulation of a derivative of the correspond-
ing (E)-�6,7-anhydro-6-dEB (63). The DH4-catalyzed dehydra-
tion is expected to take place with syn-stereochemistry by anal-
ogy to the known stereospecificity of the DH domain of yeast
FAS (Fig. 2) (64). The DEBS DH4 domain carries a conserved
HXXXGXXXXP motif that carries part of the established His-
Asp catalytic dyad, in which the active-site His acts as a general
base to remove the C2 proton, whereas the Asp donates a pro-
ton to promote departure of the 3-hydroxyl group (65). Indeed,
the H2409F mutant of DEBS module 4 did not produce 6-dEB
(66). The 1.85-Å structure of recombinant DEBS DH4 displays
the double hot dog fold also observed in the DH domain of pig
FAS (Fig. 3c) (67). The active-site His and Asp dyad of DEBS
DH4 can be accessed by a tunnel leading from the surface of the
protein adjacent to a proposed ACP-binding region.

ER Domains

The ER domain of DEBS module 4 is inserted between the
structural and catalytic subdomains of the KR4 domain. The
DEBS ER4 domain reduces its unsaturated pentaketide sub-
strate by net conjugate addition of a hydride from NADPH to
C3 of the E-enoylacyl-ACP, with addition of a proton to C2.
Disruption of the putative NADPH-binding motif of ER4,
2964HAAAGGVGMA, by the double mutant HAAASPVGMA
abolishes enoyl reduction (63). An active-siteTyr influences the
stereochemistry of the reduction (68).

ACP Domains

The DEBS ACP domains serve as carriers of the growing
polyketide chain, which is covalently tethered as the acyl thio-
ester to the phosphopantetheinyl prosthetic group that is in
turn attached to the universally conserved serine found within
the LGXDSmotif of each ACP. It is now evident that the ACP
domains of modular PKSs and FASs must undergo consider-
able segmental motion to access the active sites of the individ-
ual domains (31, 32, 42, 43, 69). The NMR solution structure of
the 10-kDa recombinant DEBS apo-ACP2 reveals a three-helix
bundle connected by two loops, with an additional short helix
in the second loop also contributing to core helical packing (Fig.
3d) (70). The overall protein surface of DEBS ACP2 appears to
be less charged comparedwith the type II FAShomologs, which
are more highly acidic. Homology models for each of the five
remaining DEBS ACP domains have been calculated (70).
Although the overall topology is largely conserved, there are
much greater differences in the calculated electrostatic poten-
tial surfaces, which may account for the observed discrimina-
tion in functional interaction of DEBS ACP domains with their
cognate KS domains.

Unanswered Questions

Twenty years after the sequencing of the 6-deoxyerythrono-
lide synthase, we now have a broad and deep understanding of
the fundamentals of the molecular enzymology and structural
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biology of DEBS and related modular PKS megaenzymes.
Numerous unanswered questions remain. 1)What is themech-
anistic basis for the KR-catalyzed methyl group epimerizations
that take place during the formation of 6-dEB and other
polyketides? 2)What is the balance between substrate specific-
ity and protein-protein recognition in the programming of
polyketide biosynthesis? 3) What are the structural and dy-
namic details of the interaction of KS acceptor domains and
upstreamACP donor domains? 4)What is the structural basis for
the interaction of ACP domains with the constituent KS, AT, KR,
DH, and ER domains of each module, and what are the detailed
dynamics by which charged ACP domains find and interact with
each�-carbon-processing domain? 5)What is themolecular basis
for programming and specificity of type I PKSs that vary from the
canonicalDEBSparadigm?Unraveling theworkingsof thesecom-
plex and fascinating syntheticmachineswill ultimately require the
development of new physical-biochemical techniques and the
continued collaboration of chemists, biochemists, microbial
geneticists, and structural biologists.
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Antibiotics of the thiocillin, GE2270A, and thiostrepton class,
which block steps in bacterial protein synthesis, contain a tri-
thiazolyl (tetrahydro)pyridine core that provides the architec-
tural constraints for high affinity binding to either the 50 S ribo-
somal subunit or elongation factor Tu. These mature antibiotic
scaffolds arise from a cascade of post-translational modifica-
tions on 50–60-residue prepeptide precursors that trim away
theN-terminal leader sequences (�40 residues)while theC-ter-
minal 14–18 residues are converted into themature scaffold. In
the producing microbes, the genes encoding the prepeptide
open reading frames are flanked in biosynthetic clusters by
genes encoding post-translational modification enzymes that
carry out lantibiotic-type dehydrations of Ser and Thr residues
to dehydroamino acid side chains, cyclodehydration and oxida-
tion of cysteines to thiazoles, and condensation of two dehy-
droalanine residues en route to the (tetrahydro)pyridine core.
The trithiazolyl pyridine framework thus arises from post-
translational modification of the peptide backbone of three Cys
and two Ser residues of the prepeptide.

Context for Peptide Antibiotic Biosynthesis

Antibiotic-producing bacteria and fungi show remarkable
versatility in fashioning simple building blocks from primary
metabolism into complex scaffold architectures with specifi-
cally arrayed functional groups to interact with particular tar-
gets in susceptible neighboring microbes (1, 2). This is particu-
larly notable in the economic utilization of malonyl- and
methylmalonyl-CoA monomer units to make remarkably
diverse polyketide frameworks as noted in two of the minire-
views in this thematic series, covering the macrocyclic erythro-
mycin family and the polycyclic aromatic tetracyclines (3, 4).
Parallel logic andmachinery have evolved to use amino acids

to elaborate peptide-based antibiotics (5–7). The nonribosomal

peptide synthetase (NRPS)4 assembly lines are famous for turn-
ing out clinically important antibiotics, including the�-lactams
(penems, cephems, and carbapenems) (8) and the glycopep-
tides of the vancomycin family (9, 10). More recently, the non-
ribosomally derived lipodepsipeptide daptomycin (11) has
achieved notable clinical success in treatment of bacterial infec-
tions, as noted in the third minireview in this series (12).
A counterpoint strategy to these RNA-independent biosyn-

theses of peptide-like compounds involves ribosomal proteins
that are processed post-translationally to antibiotic peptides (6,
7). Although perhaps less well known than the NRPS-assem-
bled peptide antibiotics, the ribosomal antibiotic peptides are
widely distributed throughout prokaryotes; multicellular eu-
karyotes, including humans, also turn out large quantities of
ribosomally encoded defensins for innate immunity (13). The
focus of this minireview is ribosomal peptide antibiotics that
have undergone more extensive processing than just the pro-
teolytic removal of leader peptides (14). These are peptide anti-
biotics that have undergone post-translational modification of
side chains and backbones to turn hydrolytically labile and acy-
clic floppy peptides into conformationally rigid architectures
that are protease-resistant. In this class fall the lantibiotics (15,
16) such as nisin, long used in food preservatives; the thiazole-
and oxazole-containing Escherichia coli antibiotic peptidemic-
rocin B17, which targets DNA gyrase (17, 18); and the recently
codified cyanobactin family (19, 20). But the pièces de résistance
for iterative post-translational sculpting of peptide frameworks
are the thiazolyl peptide antibiotics, produced by many Gram-
positive bacteria.

Thiazolyl Peptide Antibiotic Family

The characteristic features of the thiazolyl peptide antibiotic
class are a central pyridine/tetrahydropyridine ring, with up to
three thiazolyl substituents at the 2-, 3-, and 6-positions of the
central heterocycle to yield a rigid tetracyclic core with propel-
ler-shaped architecture (Fig. 1A) (for review, see Ref. 21). In
members with the central nitrogen ring in the pyridine oxi-
dation state (e.g. thiocillins) (Fig. 1B), the peptide chain runs
as a macrocyclic loop between the thiazole rings from the 3-
to the 2-position of the pyridine. The chain then exits from
the thiazole at the 6-position and terminates two to four
residues downstream (22–28). When the central ring is in
the tetrahydropyridine oxidation state (e.g. thiostrepton)
(Fig. 1C), the upstream peptide chain (the presequence or
leader sequence) of the nascent peptide precursor is still
attached to the tetrahydropyridine at the same carbon as
thiazole 2. Some members of the thiostrepton subfamily
have a second macrocyclic loop, utilizing this upstream pep-
tide for modifications including macrocyclization and addi-
tional rigidification (29–32).
There are close to 100members of the thiazolyl peptide anti-

biotic family isolated to date (21), beginning with micrococcin,
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isolated from Oxford sewage in 1948 (33), with new isolates
reported as recently as 2009 (34). Structure determination was
historically challenging until sophisticated NMR methodology
arrived. Total syntheses of a small number of this class reflect
heroic efforts on the part of the synthetic community (35–43)
but are not likely to be practical routes if large quantities would
be needed, leaving fermentation as the practical manufacturing
option.

Two Classes of Bacterial Targets

As might be expected for antibiotics in the 1100–1200-Da
range, the thiazolyl peptides do not get past the outer mem-
brane barriers of Gram-negative bacteria but typically have
submicromolar potencies against Gram-positive bacteria.
They block bacterial protein synthesis selectively, as will be
reviewed below, but have not achieved human clinical suc-
cess due to twin failings of poor solubility and unfavorable
pharmacokinetics.
Thiazolyl peptide compounds with antibiotic activity target

consecutive steps of bacterial translation elongation (for a
review of translation elongation, see Ref. 44).Molecules such as
thiostrepton, thiocillins, and nosiheptide (Fig. 1, B–D) have
been known for decades to bind to the 50 S ribosomal subunit;
resistance-generating mutations in particular loops of 23 S

rRNA and residues in large ribosomal protein subunit L11
allowed initial target site mapping (45–56). The recently deter-
mined x-ray structures of the 50 S ribosomal subunit with thio-
strepton and nosiheptide bound show the precise interaction of
the trithiazolyl pyridine core andmacrocyclic loops with the 23
S rRNA/L11 protein interface (57). This region of the ribosome
constitutes part of the GTPase-activating center, which is
responsible for the GTP/GDP cycling required to coordinate
the events of bacterial translation. Binding of the antibiotics
in this region blocks productive docking of two GTPase elon-
gation factors, EF-G andEF-Tu, responsible for translocation of
the A-site tRNA into the ribosomal P-site and subsequent ami-
noacylated tRNA delivery to the vacated A-site, respectively
(Fig. 2A) (46, 58–60).
On the other hand, the subfamily of thiazolyl peptides repre-

sented by GE2270A (Fig. 1F) (61–63) and thiomuracin (64)
congeners blocks protein synthesis at a prior step by tight bind-
ing to the EF-Tu conditional GTPase/chaperone that ferries
aminoacylated tRNAs to the ribosome. X-ray analyses (Fig. 2B)
show that the binding site of GE2270A overlaps with that of
Phe-tRNA and thereby blocks its binding (65–68). One of the
unsolved questions in this area of science involves determining
which factors direct a thiazolyl peptide antibiotic to the 50 S
subunit versus EF-Tu and whether one could engineer a hybrid

FIGURE 1. Molecular structures of thiopeptide antibiotics. A, three-dimensional rendering of the thiocillin core depicting the propeller-like architecture
resulting from macrocyclization. B, molecular structure of the eight members of the thiocillin family produced by B. cereus containing a trithiazolyl pyridine
core. C, molecular structure of thiostrepton produced by Streptomyces laurentii and containing a trithiazolyl tetrahydropyridine core. Note the presence of
the upstream sequence, attached to the tetrahydropyridine at the same carbon as thiazole 2, which constitutes part of the second macrocyclic loop. D, nosi-
heptide contains a second macrocycle consisting of an indolic acid attached between the side chains of Cys-10 and Glu-8 of the primary macrocycle. E, the
macrocycle of berninamycin is extended by nine bonds between connections with the central pyridine compared with thiocillin and nosiheptide (35 bonds
versus 26 bonds, respectively). F, GE2270A also has an elongated macrocycle compared with thiocillin, with 29 bonds between pyridine connections. G, the
second macrocycle of cyclothiazomycin is generated by conjugation of the C-terminal segment to the side chain of a primary macrocycle amino acid.
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scaffold that could hit both targets. Because the structures have
been so complex and the total syntheses so long and difficult,
essentially no structure-activity chemical relationships have
been explored regarding this question.

Biosynthesis: Ribosomal or Nonribosomal

For many years, the logic and machinery of the biosynthesis
of this antibiotic class remained obscure. The key features to be
explained include 1) the timing and mechanism of dehydroala-
nine (Dha) and dehydrobutyrine (Dhb) residue formation, 2)
the timing and mechanism of thiazole and oxazole heterocy-
cles, and 3) the construction of the central (tetrahydro)pyridine
ring. On the one hand, it is known that thiazoles can be formed
by NRPS assembly lines (69–73), and a publication in 2001
argued for NRPS machinery in production of micrococcin P1
(in the thiocillin class) by Staphylococcus equorum (74). On the
other hand, dehydration of Ser side chains to Dha and Thr to
Dhb has been elucidated in detail for the post-translational proc-
essing of nisin and other lantibiotics that are ribosomal peptides
(15, 75–78). Analogously, microcin B17 arises from a ribosomally
generated precursor peptide (hereafter, prepeptide) in which the
leader sequence is a crucial recognition element for a set of three
enzymes that convert four Cys residues to thiazoles and four Ser
residues to oxazoles (69, 79–82). More recently, the work of
Schmidt and co-workers (19, 20) showed that the 100 or so cya-
nobactins, cyclic peptideswith post-translationally generated het-
erocyclic rings, were similarly ribosomal in origin.
Thus, the stage was set, in the era of a thousand sequenced

bacterial genomes, for both genome mining and directed clon-

ing approaches to definitively rule in the ribosomal paradigm
for this antibiotic class. Four groups, publishing within a
1-month period early in 2009 (64, 83–85), reported genes
encoding short prepeptides and adjacent post-translational
processing enzyme candidates for thiomuracin, GE2270A
(Nonomuraea strains), thiostrepton, siomycin A (Streptomyces
strains), and several thiocillin variants (Bacillus cereus). Subse-
quently, two additional gene clusters for nosiheptide (86) and
cyclothiazomycin (87) have since been reported, validating the
general organization of the clustering of the gene for a prepep-
tide and genes for tailoring enzymes to convert the prepeptide
to the mature antibiotic.
The approach we took (83) with thiocillin was to assume

that the Dhb residues at positions 4 and 13 came from
threonines, the six thiazoles from cysteines, and the central
pyridine from two Dha residues, the last a hypothesis put
forth by Bycroft and Gowland (22) and then refined by Floss
et al. (88, 89). As shown in Fig. 3A, this rational deconvolu-
tion would turn thiocillin back into a 14-residue peptide pre-
cursor. We then scanned the bacterial genome data base and
found an exact match of these 14 residues at the C terminus
of a 52-residue ORF in a B. cereus genome (ATCC 14579).
We validated that this strain was a thiocillin producer that
generates a set of eight variants.
A complementary approach, design of degenerate PCRprim-

ers to match the anticipated prepeptide-coding sequence or
one of the cyclodehydration enzymes, allowed cloning of the
thiostrepton (84, 85), thiomuracin (64), and nosiheptide (86)
clusters. The gene cluster organization for all of these thiazolyl
peptides is remarkably conserved: a prepeptide gene, followed
by a suite of genes encoding post-translational maturation
enzymes and export pumps and, in some clusters, predicted
self-resistance genes (64, 83–87).

Cascade of Post-translational Modifications

Analysis of the thiocillin biosynthetic gene cluster from
B. cereus ATCC 14579 revealed four identical copies of the
prepeptide-coding gene (tclE–H), followed by seven/eight
genes (Fig. 3, B and C) that are predicted to have the desired
features for a post-translational cascade, including a pair of
genes homologous to lantibiotic-processing enzymes (tclK/
tclL) that could make Dha at positions 1 and 10 and Dhb at
positions 4 and 13 (Fig. 3A). Two microcin B17 operon
homologs (tclJ/tclN) could turn six Cys side chains at positions
2, 5, 7, 9, 11, and 12 into thiazolines by cyclodehydration, fol-
lowed by oxidation to the heteroaromatic thiazoles (Fig. 4, A
and B). The remaining ORFs encode likely candidates for cata-
lyzing hydroxylation of Val-6,O-methylation of Thr-8, and oxi-
dative decarboxylation of Thr-14. These three enzymes appear
to act stochastically, yielding 23 � 8 thiocillin variants, differing
in the modification state of Val-6, Thr-8, and Thr-14 but oth-
erwise containing the same trithiazolyl pyridine core.
The eighth ORF, tclM in the thiocillin cluster, is a candidate

for the enzyme that may catalyze cyclization of Dha-1 and
Dha-10 (derived from Ser-1 and Ser-10) to the pyridine ring.
Nothing is known yet about timing or intermediates, although
this is probably the central mechanistic question in assembly of
the scaffold of this antibiotic class. If the process were to be

FIGURE 2. Thiopeptide antibiotics bound to their targets in translation
elongation. A, crystal structure of nosiheptide bound to the 50 S ribosomal
subunit in a cleft formed by protein L11 (green) and the 23 S rRNA (gray). The
central pyridine (pink) and thiazoles (blue) of nosiheptide are highlighted
(Protein Data Bank code 2ZJP (57)). B, overlay of crystal structures of EF-Tu
binding Phe-tRNA and GE2270A independently. This figure was adapted
from Ref. 65. For clarity, only domain 2 has been aligned; domains 1 and 3
(gray), domain 2 (green), and guanosine 5-(�,�-imido)triphosphate (GDPNP;
red) correspond to EF-Tu bound to GE2270A (Protein Data Bank code 2C77
(68)). Domain 2 (blue) corresponds to EF-Tu bound to Phe-tRNA (orange) (Pro-
tein Data Bank code 1TTT (66)).
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concerted, it would constitute a [4 � 2] type of aza-Diels-Alder
cyclization (Fig. 4C), an as yet undetected class of biochemical
transformation (90). By the end of the modification process for
enzymatic conversion of the 52-mer prepeptide into themature
scaffold of thiocillin, 13 of the 14 amino acids have undergone
modification, and 14 post-translational enzymatic steps have
occurred.
This is typical for the other subfamilies of the thiazolyl pep-

tide antibiotics. In the thiostrepton case, additional modifica-
tions are required to build the second conformation-restrain-
ing macrocyclic loop, including fashioning a bicyclic quinaldic
acid spacer from tryptophan and inserting it into the peptide
chain (Fig. 1C) (84, 85). Likewise, the secondary macrocycle of
nosiheptide also contains a tryptophan-derived bicyclic ring
system, in this case, indolic acid (Fig. 1D) (21, 86).
The cyclothiazomycin gene cluster (87) reveals a 60-residue

prepeptide whose 18 C-terminal amino acids are modified to a
macrobicyclic scaffold (Fig. 1G) with two notable variant fea-
tures: first, the central pyridine has only one thiazole ring
attached, whereas the other two attached residues are Asn-2
and Ala-10, indicating that the pyridine ring formation does
not require the maturing peptide chain to have been precon-
strained by three thiazoles; second, there is an unusual ter-
tiary thioether bridge between what had been Ser-5 and the
C-terminal Cys-18, perhaps arising from dehydrative con-
version of Ser-5 to Dha-5, Michael addition by the thiol side
chain of Cys-18, and rearrangement to the observed �-thiol
Ala-5–Cys-18 linkage. Cyclothiazomycin is not a protein
synthesis inhibitor but rather an inhibitor of plasma renin
(91–93), presumably reflecting a distinct architecture
around the pyridine core, not recognized by EF-Tu or the
large ribosomal subunits.

Genetic Approaches to Structure and Activity of
Thiocillins

Because of the tractability of B. cereus to genetic manipula-
tions, we have undertaken initial structure-activity studies in
vivo by manipulating the sequence of the 52-mer prepeptide at
the chromosomal level. To that end, a clean knock-out of the
four identical genes encoding the prepeptide substrate (tclE–H)
was generated by double-crossover homologous recombina-
tion, abolishing thiocillin production (94). Then, antibiotic pro-
duction was restored by reintroduction of a single copy of the
wild-type tclE gene into the chromosome, setting the stage for
introduction of mutant forms of the tclE gene. Only limited
studies have been conducted on changes in the leader peptide
region (residues �1 to �38) because initial truncations led to
loss of thiocillin production5; instead, our efforts have focused
on residues 1–14, retained in the mature antibiotic scaffold.
Of the 14 residues, only Thr-3 is unmodified in the mature

antibiotic, suggesting that all other sites may be important in
maturation. As an initial probe of the importance of side chains,
alanine scanning was effected by replacement of each of the 14
residues individually. Production and post-translational pro-
cessing of 11 of the 14 alaninemutants were observed; no prod-
ucts were detected when Ser-1, Ser-10, or Cys-11 was replaced
with Ala (Fig. 4D) (94, 95). It was anticipated that the Ala-1 and
Ala-10 mutants would be incompetent to form the central pyr-
idine core. Lack of product from Ala-11 could imply that for-
mation of a thiazole from Cys-11 is an essential step in genera-
tion of the trithiazolyl pyridine framework of the mature
antibiotics. All 11 of the single Ala mutants still had the central
pyridine intact. The C2A andC9Amutants had bithiazolyl pyr-

5 M. G. Acker and C. T. Walsh, unpublished data.

FIGURE 3. Gene cluster responsible for biosynthesis of the thiocillin family of thiopeptides. A, predicted deconvolution of the mature thiocillin scaffold to
generate a 14-amino acid precursor that could yield thiocillin through post-translational modifications. The resulting amino acid sequence is SCTTCVCTCSC-
CTT. B, list of genes and their purported functions responsible for thiocillin biosynthesis. C, graphical depiction of the thiocillin biosynthetic gene cluster. Four
identical copies of a gene were identified that encode a 52-amino acid peptide containing the predicted 14-amino acid precursor of thiocillin.
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idine cores rather than the trithiazolyl pyridine core and had
lost antibiotic activity, suggesting that the propeller architec-
ture of the central core and the directing effect on the macro-
cyclic peptide loop (residues 3–8) are essential for recognition
by the 50 S ribosomal subunit. The alanine scan also revealed
that activity was attenuated when the thiazoles arising from
Cys-5 and Cys-7 were replaced with Ala-5 and Ala-7, presum-
ably a result of reducing the conformational rigidity in themac-
rocyclic loop. Also Ala-3 andAla-4 replacements were inactive,
indicating the Thr-3–Dhb-4 sector of themature thiazolyl pep-
tide is important in binding to the ribosome target (Fig. 4D) (57,
94, 95).
Because one of the limitations of the thiazolyl peptide anti-

biotic class in treating bacterial infections in humans is poor
solubility, we examined whether the tcl post-translational
machinery could handle Lys-3, Lys-6, and Lys-8 as replace-
ments for Thr, Val, and Thr, respectively; the trithiazolyl pyri-
dine scaffoldswere produced, in lesser quantities, but antibiotic
activity was not maintained (94). The same was true when neg-
atively charged Asp side chains were used at positions 3 and 6:
the trithiazolyl pyridine core was formed, but the antibiotic
activity was reduced at least 2 logs in potency.
One other set ofmutants in the tclE prepeptide gene involved

replacement of each of the six Cys residues with Ser. Three of
the Cys residues (at positions 2, 9, and 11) flank the central
pyridine ring in the propeller array. Cys-5 and Cys-7 are in the

macrocyclic loop, providing rigidifying conformational re-
straint, whereas Cys-12 becomes part of the bithiazole moiety
in mature thiocillin scaffolds.
The corresponding Ser replacements test the partition of

each Ser residue between two post-translational processing
alternatives. One is the lantibiotic-type pathway (tclK/tclL),
involving transientO-phosphorylation and then elimination of
Pi to yield the olefinic Dha, as occurs in the processing of Ser-1
and Ser-10. The other (tclJ/tclN) is the microcin-type cyclode-
hydration to oxazoline and aromatizing oxidation to the
oxazole ring. Therefore, a Cys-to-Ser replacement could gener-
ate four possible alternatives: 1) nomodification of the CH2OH
serine side chain, 2) Dha formation, 3) cyclodehydration and
accumulation of the oxazoline ring, and 4) dehydrogenation of
the oxazoline intermediate to the stable oxazole ring. For exam-
ple, the C2S mutant yielded the unmodified Ser and the oxazo-
line, whereas oxazoline and oxazole derivatives were detected
for the C12S mutant. Notably absent were any products from
the C11S mutant, reminiscent of the absence of maturation of
the C11Amutant, consistent with a special role for the thiazole
at residue 11 in the trithiazolyl pyridine core construction.

Outlook

Amajor goal for engineering of the post-translational modi-
fication of prepeptides into the various subgroups of thiazolyl
peptide antibiotics is to improve the aqueous solubility and

FIGURE 4. Mechanisms and essential residues involved in maturation of thiopeptide compounds. A, Dha and Dhb are formed by a two-step
mechanism involving phosphorylation of the Ser or Thr side chain. Base abstraction of the �-carbon proton results in formation of the sp2 center and
elimination of the phosphate. B, thiazole formation begins with attack of a Cys thiol on the carbonyl of the previous amino acid residue. Rearrangement
results in dehydration producing thiazoline, which is then oxidized to thiazole in an FAD-dependent mechanism. C, formation of the central pyridine
ring of thiocillin is thought to proceed by [4 � 2] cycloaddition of the Dha residues derived from Ser-1 and Ser-10. Subsequent dehydration and
elimination of the leader peptide by scission of the C–N bond complete pyridine formation. D, amino acids Ser-1 and Ser-10, responsible for formation
of the central pyridine of thiocillin (red), are essential for production of thiocillin. Substitutions preventing thiazole formation from Cys-11 (red)
completely inhibit production of thiocillin, suggesting that Cys-11 is crucial in the maturation of the thiocillin scaffold. Although substitutions at Thr-3
and Dhb-4 (yellow) should not alter the overall architecture of the macrocycle, alanine substitutions at these positions result in loss of antibiotic activity,
consistent with their purported role in ribosome recognition and binding.
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unfavorable pharmacokinetic properties that have to date obvi-
ated their clinical development for human infections by Gram-
positive bacterial pathogens. Because of the structural com-
plexity and lengthy total synthetic routes to the fully mature
scaffolds, very few medicinal chemistry efforts have been
reported, mostly involving reconstruction of the C terminus to
make more soluble variants (96–99). Also, it appears that frag-
ments of the core have lost orders of magnitude of antibiotic
potency (100), consistent with requirement for the full archi-
tectural array for potent bacterial protein synthesis target
recognition.
Thus, reprogramming both the prepeptide sequence and the

tailoring specificity and capacity of the cascade of affiliated
post-translational modification enzymes offers promise to
explore what resculpting of the scaffold can be engineered and
then which modifications retain full antibiotic potency.
Although initial in vivo efforts to engineer more hydrophilic
thiocillins have been achieved, the Lys and Asp side chains so
far introduced do not retain antibiotic activity (94). However,
producer organisms can hydroxylate and/or glycosylate
selected thiazolyl peptide antibiotics (25, 32, 101–103), so it will
be of interest to move those tailoring enzymes to heterologous
thiazolyl peptide producers and examine the outcomes for
increased aqueous solubility and potency retention.
In turn, reconstitution of the maturation steps by in vitro

studies with purified enzymes will help to establish the timing
of multiple dehydroamino acid formations (four in thiocillins),
of heterocyclization ofCys to thiazoles (six in thiocillins), and of
the dimerization of two Ser-derived Dha residues to a dihydro-
pyridine ring, with subsequent redox adjustment, up to the het-
eroaromatic pyridine and down to the tetrahydropyridine
found in thiostrepton. Which, if any, of the thiazole rings must
form first (perhaps to induce a kinked conformation in the
prepeptide backbone) to bring Dha-1 and Dha-10 in sufficient
proximity to undergo the proposed aza-Diels-Alder cyclization
is yet unknown, but we have cited evidence that Cys-11 cannot
be replaced in thiocillin maturation.
Of particular interest will be deciphering the parameters that

control regiochemistry of pyridine ring formation. In both the
thiocillin and thiostrepton subclasses, Ser-1 and Ser-10 end up,
after dehydration, as the framework of the pyridine/tetrahydro-
pyridine ring with an intervening 26-atom peptide loop. In
GE2270A, the core pyridine is instead formed from Ser-1 and
Ser-11, whereas in berninamycin, the pyridine most likely
derives from Ser-1 and Ser-13.Whether a single producer such
as B. cereus ATCC 14579 can carry out such distinct regio-
chemistries of cyclization based solely on different prepeptide
sequences with altered Ser spacing or whether putative “aza-
Diels-Alderases” in each organism are specific for 26-, 29-, or
35-membered rings or other size variants remains to be explored
in “mix and match” studies. In this context, the 29-membered
GE2270A does not hit the 50 S ribosome but rather EF-Tu as its
target, so itmay be possible to redirect target selectivity by control
of macrocyclic loop size. Given the growing number of gene clus-
ters for the prepeptides and accompanyingmodification enzymes,
evaluation of various gene combinations for in vivo engineering of
thiazolyl peptide scaffolds should reveal the scope of the post-
translational maturation cascades.
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Influenza viruses are members of the Orthomyxoviridae
family of viruses. These viruses are characterized by a negative-
sense (opposite sense of mRNA), single-stranded RNA genome
contained within an enveloped virion as eight different RNA
segments (1). There are three types of influenza virus, A, B, and
C. The influenza A viruses have causedmajor pandemics, three
during the past century, including the 1918 Spanish flu, and
they continue to pose daunting public health challenges. Dur-
ing recent years, new avian (H5N1) and swine (H1N1) influenza
A strains emerged, in 1997 and 2009, respectively. Although the
avian H5N1 strain was highly pathogenic and problematic in
poultry and waterfowl, the number of human H5N1 cases
resulting from bird-to-human transmission was fortunately
low. However, human disease caused by avian influenza H5N1
virus provided an example of a newly emerged influenza virus
strain with a high mortality rate. In contrast, the 2009 swine
influenza virus, a triple-reassortant virus with RNA genome
segments from swine, avian, and human viruses, was readily
transmissible from human to human but caused a relatively
milder disease with a lower mortality rate than the 1997 avian
virus. Adaptation of pathogenic avian or swine influenza virus
strains to humans, with the acquired ability to undergo efficient
human-to-human transmission, has the potential to produce
virulent strains with pandemic potential. What then are some
of the factors that may affect pathogenicity and virulence?
Substantial knowledge has been gained about how influenza

virusesmultiply (1).The schematic and legend inFig. 1 summarize
the main features of the influenza virus multiplication cycle. The
virion envelope includes twomajor viral glycoproteins, hemagglu-
tinin (HA)2 and neuraminidase (NA), as well as the integralmem-
brane viral protein (M2). Eachof the eightRNAgenome segments
is transcribed and replicated in thenuclei of infected cells by a viral
RNA-dependent RNA polymerase composed of three subunits
(PA, PB1, and PB2). Progress in determining protein structures
and in defining interactions that occur between viral proteins has
provided new insights both about influenza virus and about the
host’s susceptibility to infection and disease. The first twominire-
views in this issue concern influenza virus proteins. They focus on
the biochemical and structural properties of the HA andNA viral
glycoprotein spike components of the virion envelope (2), and the
PA, PB1, and PB2 subunits of the viral RNA-dependent RNA
polymerase complex (3). The third minireview focuses on the

structure and function of the cellularMx protein that is inducible
by interferon and possesses antiviral activity against influenza
virus (4).
In the first minireview, entitled “Influenza Hemagglutinin

andNeuraminidaseMembrane Glycoproteins,” Steven J. Gam-
blin and John J. Skehel, at the Medical Research Council
National Institute for Medical Research in London, consider
the structural basis of the functional activities of influenza virus
HA and NA envelope glycoproteins (2). HA is a trimeric mem-
brane protein with fusion activity that binds sialic acid, which
serves as the cellular receptor for influenza virus, whereas NA
cleaves the�-glycosidic linkage between the terminal sialic acid
and the adjacent sugar in carbohydrate chains to facilitate
virion release. HA and NA are important antigens recognized
by neutralizing antibodies, and for influenzaA viruses, multiple
subtypes of each are known. Crystal structures of HA and of
NA, which is one target of antiviral drugs, are presented.
Insights gained about differences and similarities among the
HAs of avian, porcine, and human viruses and the structural
basis of the sensitivity of NA enzymatic activity to chemo-
therapeutic inhibitors, including zanamivir and oseltamivir
(Tamiflu), are discussed. A minireview that appeared in The
Journal of Biological Chemistry in 2006 by Pinto and Lamb (5)
focused on the M2 protein of influenza virus, a third viral pro-
tein component of the virion envelope in addition to the HA
and NA spike glycoproteins (Fig. 1). M2 functions as a proton-
selective ion channel. During virus entry, M2-mediated acidifi-
cation plays an important role in the release of partially
uncoated viral nucleocapsids, a step necessary for viral tran-
scription to occur by the viral RNA-dependent RNA polymer-
ase. Like the NA enzyme, the M2 protein is also a target of
antiviral drugs that inhibit some influenza A virus strains, as
illustrated by the M2 ion channel inhibitors amantadine and
rimantadine (Flumadine).
The second minireview of the series is entitled “Influenza

Virus Polymerase: Structural Insights intoReplication andHost
Adaptation Mechanisms” and is written by Stéphane Boivin,
Stephen Cusack, Rob W. H. Ruigrok, and Darren J. Hart at the
European Molecular Biology Laboratory in Grenoble, France
(3). The authors review progress and understanding gained
from the x-ray and NMR structures of domains from the PA,
PB1, and PB2 subunits of the heterotrimeric viral RNA poly-
merase. The influenza virus polymerase catalyzes both RNA
transcription and RNA replication in the nuclei of infected
cells. Biochemical activities of the polymerase complex include
5�-cap-binding activity of the PB2 subunit, endonuclease activ-
ity of the PA subunit, and polymerase elongation activity of the
PB1 subunit. High resolution structures have provided insights
about the intrinsic activities of the subunits, the associations
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that occur between them, and the role of the polymerase in host
adaptation mechanisms. Understanding the structural basis of
the functional activities of the influenza virus RNA-dependent
RNA polymerase subunits provides an opportunity, through
rational drug design, to attempt to devise drugs that might act
broadly against different influenza virus strainswithout impair-
ing essential cellular functions.
In the third minireview, entitled “Dynamin-like MxA

GTPase: Structural Insights into Oligomerization and Implica-
tions for Antiviral Activity,” Otto Haller, Song Gao, Alexander
von der Malsburg, Oliver Daumke, and Georg Kochs, at the
University of Freiburg and the Max-Delbrück-Centrum for
Molecular Medicine in Berlin, describe new structure-based
biochemical sights into the cellular antiviral protein MxA (4).
Human MxA and mouse Mx1 are among the very best charac-

terized interferon-inducible proteins known that possess anti-
viral activity. Eloquent animal model studies established some
time ago that the Mx protein alone is able to confer altered
susceptibility to infection and disease caused by viral patho-
gens, including influenza virus. For example, the human MxA
protein is sufficient to establish an antiviral state in transgenic
mice deficient in endogenousMx1 and also lacking type I inter-
feron receptors.Mx proteins aremembers of the superfamily of
dynamin-like GTPases, and Mx GTPase activity is required for
antiviral activity.MxA oligomerizes and alters the trafficking of
viral nucleocapsid components, thereby blocking virus replica-
tion. Insights gained from the crystal structure of the stalk
region of MxA are discussed in the context of a structural
framework to understand the oligomerization process and bio-
chemical basis of the antiviral activity of MxA.

FIGURE 1. Schematic diagram of the influenza virus multiplication cycle. Enveloped influenza virion particles are depicted as spheres with two surface spike
viral glycoproteins (HA and NA) that are major neutralization antigens of the virus. HA mediates binding to the cellular sialic acid receptor and membrane
fusion. The eight negative-sense single-stranded RNA (ssRNA) genome segments are shown as wavy lines in nucleocapsid structures. Three viral proteins, PA,
PB1, and PB2, constitute the trimeric viral RNA polymerase that, together with the nucleoprotein (NP), form the nucleocapsid ribonucleoproteins. Partial
uncoating and release of the viral nucleocapsids into the cytoplasm follow penetration via receptor-mediated endocytosis and fusion of the envelope with the
endosomal membrane. The viral envelope M2 protein is a hydrogen ion channel essential for virion uncoating. Parental nucleocapsids are imported into the
nucleus, where virion-associated polymerase complexes catalyze primary transcription utilizing 5�-capped primers derived from cellular mRNAs. Influenza
virus transcripts are processed and transported to the cytoplasm, where they are translated by the host cell’s protein-synthesizing machinery. Newly synthe-
sized progeny nucleocapsids may participate in further secondary transcription or may be exported to the cytoplasm, where particle assembly occurs at the
plasma membrane with progeny virion release by budding. The NA glycoprotein possesses NA activity that cleaves sialic acid residues important in virion
release and spread. Some strains of virus encode an alternative reading protein (PB1-F2) that has pro-apoptotic activity. The nonstructural protein NS1
antagonizes the antiviral innate immune response induced by interferon, and NS2 is involved in RNA export from the nucleus. The cellular MxA protein is an
interferon-inducible GTPase that inhibits influenza virus multiplication. This figure was adapted from Samuel (6). ER, endoplasmic reticulum.
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Much progress has been made in defining the polymerase and
envelope glycoprotein crystal structures of influenza viruses, as
well as the structure of the cellular innate immune response Mx
protein. Knowledge gained from these structures provides a foun-
dation for understanding how the polymerase and envelope viral
proteins, together with cellular factors, including Mx, determine
the host’s susceptibility to influenza virus infection and disease.
Elucidation of the structural basis of virus-host interactions at the
atomic level has the potential to facilitate development of new and
improved antiviral treatments for influenza virus infections.
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Considerable progress has been made toward understanding
the structural basis of the interaction of the two major surface
glycoproteins of influenza A virus with their common ligand/
substrate: carbohydrate chains terminating in sialic acid. The
specificity of virus attachment to target cells is mediated by
hemagglutinin, which acquires characteristic changes in its
receptor-binding site to switch its host from avian species to
humans. Anti-influenza drugsmimic the natural sialic acid sub-
strate of the virus neuraminidase enzyme but utilize the much
tighter binding of the drugs for efficacy. Resistance to one of the
two main antiviral drugs is differentially acquired by the two
distinct subsets of neuraminidase as a consequence of structural
differences in the enzyme active site between the two phyloge-
netic groups.

The two glycoproteins of the influenza virus membrane,
hemagglutinin (HA)3 and neuraminidase (NA), both recognize
sialic acid (1–3). Initiation of virus infection involves multiple
HAs binding to sialic acids on carbohydrate side chains of cell-
surface glycoproteins and glycolipids (4–6). Following virus
replication, the receptor-destroying enzyme, NA, removes its
substrate, sialic acid, from infected cell surfaces so that newly
made viruses are released to infect more cells (7, 8). Both activ-
ities are the targets of antibodies that block infection (9–11),
and as a result of immune pressure, the antigenic properties of
the glycoproteins vary during a pandemic era, when repeated
infections occur (e.g. Ref. 12). Such antigenic changes indicate
the requirement for vaccine update. Antigenic differences are
also used to classify influenza type A viruses into 16 HA (H1–
H16) and 9 NA (N1–N9) subtypes (13). Phylogenetically, there
are two groups of HAs: group 1 contains H1, H2, H5, H6, H8,
H9, H11, H12, H13, andH16, and group 2 contains H3, H4, H7,
H10, H14, andH15 (14, 15). NAs also form two groups: group 1
contains N1, N4, N5, andN8, and group 2 contains N2, N3, N6,
N7, and N9 (16). Viruses of all subtypes are found in avian
species, predominantly waterfowl, and viruses with numerous

combinations of HA and NA subtypes have been isolated from
them. In humans, the known pandemics in 1918, 1977, and
2009, in 1957, and in 1968were caused by theH1N1,H2N2, and
H3N2 viruses, respectively (17). For the 1918, 1957, and 1968
pandemics, evidence suggests that the HAs were derived from
avian viruses, and the N1 and N2 NAs of 1918 and 1957 had a
similar derivation (18, 19). In 1968, the N2 NA of the H3N2
virus was derived from the 1967 H2N2 virus (20). In 2009, both
H1 HA and N1 NA appear to have been derived from a porcine
source (21). The origin of the 1977 H1N1 virus is unknown
(22, 23).
The focus of thisminireview is sialic acid receptor binding by

HAs of human, avian, and porcine viruses and antiviral drug
complexes with N1 andN2NAs and a drug-resistant mutant of
N1 NA that has circulated worldwide in seasonal H1N1 viruses
(24).
In addition to their role in sialic acid receptor binding, HAs

are also membrane fusion glycoproteins (25). Receptor-bound
viruses are taken into endosomes, and upon acidification, HAs
are activated to fuse the virus and endosomalmembranes. Acti-
vation involves extensive changes in HA conformation, and
members of the two phylogenetic groups of HA are character-
ized by group-specific structural features at sites where these
changes occur (Fig. 1) (26, 27) and by differences in response to
compounds that inhibit the conformational changes andmem-
brane fusion activity (28). The two phylogenetic groups of NA
are also distinguished by group-specific differences in struc-
ture, prominently, in this case, in a region adjacent to the
enzyme active site (see Fig. 3) (16).

Hemagglutinin

HA is a trimer of identical subunits, each of which contains
two polypeptides that result from proteolytic cleavage of a sin-
gle precursor (25). Cleavage of the precursor is essential for
activation of membrane fusion potential and hence infectivity
(29, 30). ForHAs ofmost subtypes, the site of cleavage is a single
arginine residue, and cleavage occurs extracellularly by an as yet
unidentified enzyme (31). Some members of the H5 and H7
subtypes have acquired, however, multiple basic residues at the
site of cleavage (32), which are recognized by an intracellular
subtilisin-like enzyme (33). In these cases, cleavage is efficient,
virus infectivity is high, and the viruses are highly pathogenic
(29, 30, 34). The avian H5 influenza, which continues to spread
throughout the world, excluding the Americas, is caused by
such viruses. In all cases, enzymatic cleavage generates the N
terminus of the “fusion peptide,” a conserved uncharged region
of HA (25) that plays an essential but undefined role in mem-
brane fusion.
Each HA monomer contains a receptor-binding site at its

membrane-distal tip, which has, at its base, a number of con-
served amino acids, Tyr-98, Trp-153, His-183, and Tyr-195,
and at its edges, three conserved elements of secondary struc-
ture, the 130- and 220-loops and the 190-�-helix (Fig. 2) (25,
35). Sialic acid is bound similarly in all HAs examined by hydro-
phobic interactions and by hydrogen bonds with the 130- and
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220-loops and conserved amino acids in the base of the site. In
human H3 HA, for example, hydrogen bonds are formed
between the carboxylate group of Sia-1 and Ser-136 and the
main chain amide of Asn-137; between the acetamido nitrogen
and main chain carbonyl of Gly-135; between the 8-OH group
and the OH of Tyr-98; and between the 9-OH and His-183,
Glu-190, and Ser-228. Additionally, the methyl group of the
acetamido substituent is in van derWaals contact with the six-
member ring of Trp-153 (36–38).
Receptor binding specificity and affinity have been estimated

by a variety of methods, including the use of erythrocytes from
different species (39) and specifically re-sialylated erythrocytes
(40) in hemagglutination tests, solid-phase microplate assays
(41), ligand microarray procedures (42, 43), surface plasmon
resonance (5), and NMR (4). The main conclusion from these
studies is that receptor binding is species-specific (44). Avian
and equine viruses prefer to bind to sialic acid in�2,3-linkage to
galactose, human viruses prefer �2,6-linked sialic acid, and
swine viruses appear to bind sialic acid in both linkages (6,

45–48). These specificities may reflect the relative abundance
of sialic acid in the different linkages to galactose on tissues at
the sites of infection: human and swine respiratory epithelia
and cells of avian enteric tracts (49, 50). Labeling the respiratory
tract with specific lectins that bind to cells displaying either
�2,6-linked sialic acid, Sambucus nigra lectin, or �2,3-linked
sialic acid, Maackia amurensis lectin, supports the concept of
anatomical differences in distribution (51). However, in cul-
tures of differentiated human airway epithelia, ciliated cells that
have sialic acid in �2,3-linkage together with non-ciliated cells
that have sialic acid in �2,6-linkage can be identified using the
same labeling procedures (52).
While sharing a general preference for sialic acid in �2,3-

linkage to Gal-2, viruses from different avian species discrimi-
nate between alternative linkages from Gal-2 to GlcNAc-3 and
in addition recognizemodifications of GlcNAc-3. For example,
the highly pathogenic H5N1 viruses isolated from chickens in
HongKong in 1997 prefer theGal-2�1,4-GlcNAc-3 linkage and
sulfated GlcNAc-3. On the other hand, H5N1 and viruses of
other subtypes from ducks appear to prefer the Gal-2�1,3-
GalNAc-3 linkage (53). Correlation of such fine specificities,
determined using chemically defined ligands (54) and the wide
range of natural sialosides employed on glycanmicroarrays (42,
43), with species and tissue tropism, provides the detail
required for assessing the role of HA-sialic acid recognition in
virus pathogenesis.
Estimates of comparative affinities for sialylated ligands have

been obtained by assays of competitive inhibition of binding
using hemagglutination (55) and by solid-phase assays (56).
Direct NMR estimates of affinity gave dissociation constants
for human H3 HA of 2.1 mM for �2,6-sialyllactose and 3.2 mM

for �2,3-sialyllactose (4). These estimates of low affinity imply
that the tight binding of viruses to cells during infection is
mediated by the simultaneous interaction of a number of HAs.
The structural basis of the receptor binding specificity of

pandemic viruses and their possible avian and swine precursors
has been deduced by correlating sequence changes in HAs with
their different receptor binding properties (15, 46, 47, 56–65)
and from x-ray crystallographic analyses of complexes formed
by soaking HA crystals in defined ligands.
During antigenic variation, many amino acid sequence

changes occur near the receptor-binding site. Some of these
influence receptor binding affinity and specificity, presumably
in some cases by steric hindrance with receptor association.
This is the case, for example, when sequence changes introduce
new sites for glycosylation of HA near the receptor-binding site
(61, 66). Other changes influence receptor binding by specific
interactions with the sugars that are linked to sialic acid. There
are simple sequence changes of major significance associated
with a change in receptor preference between pandemic viruses
and their potential avian precursors. The changes observed are
different in H1 HA compared with H2 and H3 HAs. In H1 HA,
mutations at residue 138 (45) and residues 190 and 225 (56, 62,
67) were deduced to be important, with the substitution E190D
found in viruses proposed to be evolutionary intermediates in
the transfer of viruses from avian species to humans (56). In
both H2 and H3 HAs, Q226L and G228S are the major differ-
ences between avian and human viruses, with Q226L observed

FIGURE 1. Crystal structures and phylogenetic organization of pandemic
HAs. The upper and middle panels show two orthogonal views of the H1, H2,
and H3 HAs in ribbon representation. Two of the monomers from each trimer
are in gold and silver, whereas the subunits that make up the third monomer
are colored as follows: blue, receptor binding; yellow, vestigial esterase; and
magenta and red, fusion subdomains (25). The lower panel shows a phyloge-
netic tree containing the 16 subtypes of HA that fall into two distinct groups.
As well as local variations in structure, there are significant differences in rigid
body orientation of subdomains between HAs in the groups. The arrow indi-
cates rotation of the membrane-distal subdomains of group 2 H3 HA relative
to those of group 1 H1 and H2 HAs.
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in viruses isolated early in the pandemic (56). The primary role
of theQ226L substitution is consistentwith themajor influence
that it has on the structure of the receptor-binding site of
mutant HA (57).
The structures of the receptor-binding sites of HA-ligand

complexes determined by x-ray crystallography, in which the
sialylpentasaccharide �2,6-linked LSTc was used as a human
receptor analog and �2,3-linked LSTa was used as an avian
receptor analog, are shown in Fig. 2. In the complexes formed
by all three humanHAswith LSTc (38, 68, 69), the �2,6-linkage
between Sia-1 and Gal-2 adopts a cis-conformation in which
the glycosidic oxygen faces out of the site (Fig. 2). The Gal-2
ring is oriented face on and together with C-6 presents a non-
polar surface toward the base of the site. The bound oligosac-
charide forms a folded-back structure and exits toward the
right side of the site (Fig. 2, upper left panel).

In avian H1, H2, H3, and H5 complexes with LSTa (35,
68–70), the first three sugars of the avian receptor form amore
extended chain in which Gal-2 is projected upwards, and the
oligosaccharide exits the site over the 220-loop, roughly oppo-
site the direction taken by the folded human receptors (Fig. 2,
lower right panel). The �2,3-linkage is in a trans-conformation,
which exposes the glycosidic oxygen toward Gln-226 at the
base of the site, and the Gal-2 ring is oriented edge on (Fig. 2,

lower right panel). The trans-con-
formation allows the formation of
additional hydrogen bonds between
the amine and carbonyl groups of
Gln-226 and the 4-OH of Gal-2 and
the glycosidic linkage oxygen. These
interactions do not occur with
human receptors, but this binding
motif is common to all avian HAs
that have been examined.
In the human and swine H1 HA-

human receptor complexes (68, 69),
the oligosaccharide is not as folded
back as in the H2 and H3 com-
plexes. Hydrogen bonds are formed
between Lys-222 and the 2-OH and
3-OH of Gal-2 and between Asp-
225 (in humans) and the 3-OH of
Gal-2. Asp-190 forms a hydrogen
bond with GlcNAc-3. Gln-226 is
positioned �1 Å lower in the site
than in the avian receptor complex,
allowing the hydrophobic C-6 of the
glycosidic linkage to face into the
site. This lower positioning of Gln-
226 in the human receptor complex
and in unliganded H1 HA appears
to be a specific feature ofH1HA as a
result of the conformation of the
130-loop. In the genetically closely
related H5 HA, this feature of the
130-loop is not observed, and the
human receptor is not bound. It
should be noted, however, that

mutations near the H5 HA receptor-binding site can increase
the affinity for the human receptor (64, 71), and predictably,
making the human-specific amino acid substitutions Q226L
and G228S also leads to human receptor preference (63).
In both H2 and H3 HAs, the polar to hydrophobic substitu-

tion Q226L accommodates C-6 and the hydrophobic face of
the Gal-2 ring. In both cases, also the human receptor is
slightly more folded back over Sia-1 than in the human and
swine H1 HA complexes (38, 68, 69). The G228S substitu-
tion, which also occurs in human H2 and H3 HAs by com-
parison with avian HAs, results in Ser-228 forming a hydro-
gen bond with the 9-OH of sialic acid (38, 69). This
interaction substitutes for the one formed, through a water
molecule, between the 9-OH and Gly-228 in human H1 HA
(69) and in avian viruses (35, 70).
The electron density for the human receptor in avian H1HA

(69) and avian H3 HA (70) complexes is weak, indicating low
affinity. By contrast, in the avian H2 HA-human receptor com-
plex, there is well defined electron density for Sia-1, Gal-2, and
GlcNAc-3 (69). In this case, effective binding of the human
receptor appears to be due to interactions made by Asn-186
(Pro inH1HA and Ser inH3HA) andGln-226, through awater
molecule, with the 4-OH group of Gal-2. The receptor is bound
in the preferred cis-conformation and folded back, much the

FIGURE 2. Crystal structures of complexes between HA and receptor analogs. The upper panels show sialic
acid linked to Gal-2 and GlcNAc-3 from the �2,6-linked human receptor analog LSTc (38) (left; carbons colored
blue) and the �2,3-linked avian receptor analog LSTa (right; carbons colored yellow). The black arrows indicate
the glycosidic oxygen in both cases. The middle and lower panels show overlaps of the receptor-binding
domains of HAs from different species and subtypes in complex with the human receptor (left) and avian
receptor (right). The three secondary structure elements of the site, the 130- and 220-loops and the 190-helix,
are labeled. The HA and carbon atoms of the ligand are colored blue for H1, yellow for H2, gray for H3, and
salmon for H5.
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same as in the human H2 HA and H3 HA complexes. This last
observation indicates that the folded conformation of the
human receptor observed in the H2 and H3 complexes is not a
direct consequence of the Q226L and G228S mutations.
Further information on the basis of humanHA specificity for

the �2,6-glycosidic linkage is obtained by comparing com-
plexes formed between humanHAs and the avian receptor ana-
log. For human H1 HAs such as swine H1 HA (68), electron
density for the avian receptor is weak. This is because the
E190Dmutation in swine and humanHAs disrupts the position
of Gln-226 required for its interactions with the glycosidic oxy-
gen and the 4-OH group of Gal-2. For the human H2 and H3
HAs (38, 69), Leu-226 creates a hydrophobic environment that
is incompatible with the orientation of the Sia-1–Gal-2 glyco-
sidic oxygen of the �2,3-linkage. There is a possible advantage
for all three human HAs of this low preference for the avian
receptor.Mucins in the human respiratory tract, which are rich
in�2,3-linked sialosides (50), could block access, of viruses that
bound them tightly, to receptors on cell surfaces.

Neuraminidase

NA is a mushroom-shaped tetramer of identical subunits,
with the head of themushroomsuspended from the virusmem-
brane on a thin �60-Å-long stalk, a length that is variable
between virus strains. Each of the subunits that form the head of
the mushroom is made up of a six-bladed propeller-like struc-
ture, the blades of which are formed by four antiparallel strands
of �-structure (72, 73). The enzyme active site, containing a
number of conserved charged amino acid residues, is located at
roughly the center of each subunit (73, 74).
X-ray crystallographic analysis ofNA-ligand complexes indi-

cates that sialic acid is recognized in a different way by NA
compared with HA (73, 75, 76). In NA complexes, the carbox-

ylate group is equatorial, whereas in HA complexes, it is axial,
pointing into the site. In further distinction, in NA, the carbox-
ylate forms salt bridges with three conserved arginine residues,
Arg-118, Arg-292, and Arg-371 (Fig. 3). In this orientation, the
2-OH of sialic acid is pointing out of the site. Superposition of
the structures of NAs from phylogenetic groups 1 and 2 indi-
cates that the positions of the active-site residues are very sim-
ilar (16). However, there are notable differences between the
group 1 and group 2 structures in the conformation of a loop,
the 150-loop, adjacent to the active site. In group 1, the position
of Val-149 in this loop is �7 Å distant from the group 2 equiv-
alent residue, Ile-149. Moreover, the hydrophobic side chain of
residue 149 is pointing away from the active site in group 1 but
toward it in group 2. There are also significant differences in the
positions of the conserved acidic residuesAsp-151 andGlu-119
between the two groups (Fig. 3). Themain consequence of these
differences is that there is a large cavity adjacent to the active
site in group 1 but not group 2NAs,which is accessible from the
active site. The possibility of exploiting this cavity to develop
antiviral compounds has been considered (16, 77, 78).
During virus replication, NA removes sialic acid from cellu-

lar glycoproteins and glycolipids and from both of the virus
glycoproteins. As a result, newly assembled viruses are pre-
vented frombinding to the infected cell surface and fromaggre-
gating with each other through HA-sialic acid interactions.
Instead, they are released from the cell to infect new cells and
spread the infection. Antibodies against NA block this recep-
tor-destroying activity (10, 11) and, as a consequence, limit the
infection (79). This effect appears to be significant because N1
and N2 NAs were observed to vary during the H3N2 pandemic
to a similar extent asHAs (80). Amino acid sequence changes in
monoclonal antibody-selected variant NAs show that the sites
of antibody binding are on surface loops surrounding the
enzyme active site (80), where many of the sequence changes
that occurred during the pandemic are also located.
The NA active site is also the target of the anti-influenza

drugs Relenza (zanamivir) and Tamiflu (oseltamivir), which act
against both group 1 and group 2 enzymes and against influenza
BNA (78). There have been numerous experiments designed to
identify mutations that lead to drug resistance (81). There has
also been extensive surveillance for drug-resistant viruses in circu-
lation since the drugs were introduced (82). Studies in Japan,
where there has been relatively high usage of anti-NA drugs, have
identified drug-resistant mutants in 0.3% of H3N2 virus isolates
and 3.0% of H1N1 viruses. The numbers of drug-resistant isolates
varied from year to year between 2003 and 2007, but there was no
consistently increased frequency in any strain or subtype, suggest-
ing only low levels of transmission, if any (83).
However, despite little antiviral drug usage worldwide, in

the winter of 2007–2008, Tamiflu-resistant H1N1 viruses
accounted for the vast majority of influenza isolates, in a season
when H1N1 viruses dominated (24). The reason for this occur-
rence is unknown, but it strikingly demonstrated the potential
viability of drug-resistant viruses. It happened in the year before
the H1N1 pandemic of 2009, in which, worldwide to date, 267
H1N1 Tamiflu-resistant isolates have been made. Fortunately,
in this case, there is no evidence of human-to-human transmis-
sion of resistant viruses.

FIGURE 3. Phylogenetic organization and crystal structures of NA. The
upper left panel shows a phylogenetic tree of the nine NA subtypes of influ-
enza A together with NA from influenza B. The influenza A NAs fall into two
distinct groups. The lower left panel shows a ribbon representation of an NA
tetramer viewed along the 4-fold axis. Three of the monomers are colored
green, whereas for the fourth monomer, each of the six blades that make up
the structure is separately colored (80). The right panel shows a detailed view
of the NA active site in an overlap between a group 1 structure (in green) and
a group 2 structure (in yellow), with some key side chains shown in ball-and-
stick representation. Sialic acid has been docked into the overlapped
structures.
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The drug-resistant N1 NA of 2008 contained the mutation
H274Y. Its enzymatic propertieswere analyzed to show that the
mutation reduced the binding of Tamiflu by a factor of 265 but
had only an �2-fold effect on sensitivity to Relenza (84). In
addition, the samemutationwaswithout effect on group 2NAs.
Binding of Tamiflu to NA requires a conformational change in
the side chain of Glu-276 so that its carboxyl group is oriented
away from the hydrophobic pentyloxy substituent of Tamiflu,
which enables hydrophobic contact with the C-� methylene of
Glu-276. By contrast, binding of Relenza, like sialic acid,
involves hydrogen bond formation between the carboxyl group
of Glu-276 and the 8-OH and 9-OH groups of the sialic acid
glycerol substituent. X-ray crystallographic analyses of the
H274Y N1 NA-Tamiflu complex and the H274Y N1 NA-Re-
lenza complex show that substitution of His-274 with the bulk-
ier tyrosine residue pushes the carboxyl group of Glu-276
toward the Tamiflu-binding site (Fig. 4). In this position, the
ionizable Glu-276 disrupts the otherwise hydrophobic site and
perturbs the binding of Tamiflu such that its C-9 and C-91
move �2.5 Å from the positions they would occupy in wild-
type N1 NA. By contrast, the structure of the H274Y N1 NA-
Relenza complex shows that Relenza is accommodated in the
active site of mutant NA by a small movement in the Glu-276
side chain and retains the hydrogen bonds made by wild-type
NA. The lack of effect of the H274Y substitution on group 2
NAs results from the substituted Tyr-274 being able to adopt a
different rotamer conformation because of an adjacent smaller
residue, Thr-252 in group 2 NA rather than Tyr-252 in group 1
NA (Fig. 4).
The N1 NA mutation H274Y was also dominant among

drug-resistant mutant viruses selected in vitro; several other
mutationswere also identified, and the structures of themutant
NAs were analyzed (78, 85, 86). The results of these drug selec-
tion experiments included the important finding that the
majority of mutations occurred not in NA but in HA (81, 87).
The amino acid substitutions T155A, V223I, R229I, K222T,

S186F, and S165N (which introduced a new carbohydrate side
chain) in theHAs of drug-resistantH1 viruseswere at sites in or
near the sialic acid receptor-binding site. These mutations
apparently decreased the affinity of the mutant HAs for sialic
acid, and as a consequence, the newly made mutant viruses
were less dependent on NA activity to release them from
infected cells. In some instances such as the S165N mutation,
themutant viruses were dependent on anti-NA drugs for infec-
tivity, an indication that NA can act in the early stages of infec-
tion and that viable virusesmust containHAs of sufficient affin-
ity to balance NA activity. Interdependence of HA affinity and
NA activity has been concluded fromnumerous genetic studies
(88–92) particularly involving co-variation of virus NA stalk
length and HA affinity for the receptor, with HA decreases in
affinity often resulting from extra glycosylation of HA near the
receptor-binding site.
The 2009 H1N1 pandemic exemplifies the unpredictability

of human influenza and has emphasized the importance of the
virus membrane glycoproteins in our response to new viruses.
Both glycoproteins are important immunogens in anti-influ-
enza vaccines, and the NA active site is the target of the avail-
able anti-influenza drugs.
The importance of immune recognition of HA and NA is

evidenced by the extent of amino acid sequence variation, with
time, during a pandemic period. This is much greater than for
other influenza virus proteins despite the fact that the RNA-
associated nucleoprotein, for example, is a very powerful
immunogen. The regions of the glycoproteins that are recog-
nized by antibodies that block virus infection are on their upper
surfaces, in positionswhere binding of antibodies could prevent
receptor binding in the case ofHA (93) or the enzyme activity of
NA (94). Details of the binding to HA or NA of specific mono-
clonal antibodies have been determined by x-ray crystallogra-
phy to show the likely way in which they function and, in the
case of HA, the relative efficiencies of virus infectivity neutral-
ization that result from binding to different positions on the
molecule.
As a result of antibody-mediated selection of antigenic vari-

ants during pandemics, antibodies produced following infec-
tion are virus strain-specific. This is largely the case also for
vaccine-induced antibodies, hence the need for frequent,
almost yearly updates of the viruses used to prepare vaccines,
chosen on the basis of the results of international surveillance
for antigenically distinguishable new viruses. An ideal vaccine
would induce immune responses that would cross-neutralize
either all viruses in a subtype or, better, all influenza viruses. A
number of cross-reactive antibodies againstHA that block virus
infection have been prepared (95–97). Complexes that some of
them form with HA have been analyzed by x-ray crystallogra-
phy, and they are seen to bind relatively near to the region ofHA
that associates with the virusmembrane (96, 97). Their binding
is also reported to prevent the low pH-induced conformational
changes in HA required for membrane fusion, and this may be
the way that they influence virus infection. As an alternative,
they may function to prevent virus assembly at the membranes
of infected cells, at the time in infectionwhen anti-NA antibod-
ies have their effect (11). They would, however, have the addi-
tional attribute to anti-NA antibodies of being cross-reactive. If

FIGURE 4. Inhibitor binding to the active site of NA. The upper panel shows
a C-� trace for wild-type N1 (in yellow), with bound oseltamivir and selected
side chains colored yellow for the wild-type complex and green for the mutant
complex. Thr-252 of group 2 NA is light blue. In the lower panel, the structures
of sialic acid, zanamivir, and oseltamivir are shown in blue, gray, and yellow,
respectively, with selected carbon atoms associated with the hydrophobic
moiety at C-6 of oseltamivir numbered.
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such antibodies can be induced by vaccination, they could be
very valuable. As therapeutic antibodies, they could also join
the anti-NA drugs in combination therapy. For treatment of
infections with highly pathogenic viruses such as the H5N1
avian virus, they could be very valuable in this role.
The unexplained worldwide spread of Tamiflu-resistant

H1N1 viruses in 2008 is a strong stimulus to the development of
other anti-influenza drugs and therapies that could be used,
together with Tamiflu, Relenza, or both drugs, like anti-human
immunodeficiency virus drug cocktails, to combat the risk of
the development and spread of drug-resistant influenza viruses
(98). Their availability would add confidence to the tactic, in
many pandemic plans, of stockpiling the anti-NA drugs.
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The heterotrimeric RNA-dependent RNA polymerase of
influenza viruses catalyzes RNA replication and transcription
activities in infected cell nuclei. The nucleotide polymerization
activity is common to both replication and transcription pro-
cesses, with an additional cap-snatching function being em-
ployed during transcription to steal short 5�-capped RNA
primers from host mRNAs. Cap-binding, endonuclease, and
polymerase activities have long been studied biochemically, but
structural studies on the polymerase and its subunits have been
hindered by difficulties in producing sufficient quantities of
material. Recently, because of heightened effort and advances in
expression and crystallization technologies, a series of high res-
olution structures of individual domains have been determined.
These shed light on intrinsic activities of the polymerase,
including cap snatching, subunit association, and nucleocyto-
plasmic transport, and open up the possibility of structure-
guided development of new polymerase inhibitors. Further-
more, the activity of influenza polymerase is highly host- and
cell type-specific, being dependent on the identity of a few key
amino acid positions in the different subunits, especially in the
C-terminal region of PB2. New structures demonstrate the sur-
face exposure of these residues, consistent with ideas that they
might modulate interactions with host-specific factors that
enhance or restrict activity. Recent proteomic and genome-wide
interactome and RNA interference screens have suggested the
identities of some of these potential regulators of polymerase
function.

Influenza A viruses are important viral pathogens of humans
and animals. In humans, they cause both yearly seasonal influ-
enza epidemics and more extensive global outbreaks termed
pandemics. The 1918 pandemic killed 50 million people, and
those in 1957 and 1968 also caused serious mortalities.
Although of relatively low virulence, the current swine origin
H1N1 pandemic has shown that outbreaks can occur suddenly

and unexpectedly despite constant worldwide surveillance.
Influenza is also a major animal pathogen affecting domestic
poultry and pigs, resulting in significant economic impact with,
for example, sudden loss of whole flocks from sickness or pre-
ventative culling. All influenza A viruses originate from wild
waterfowl that are generally asymptomatic during infection.
From this origin, they can infect humans, either directly or via a
domestic animal intermediate such as poultry or pigs. The
infection of humans by avian viruses does not result in a sus-
tainable pathogen because of poor human-to-human transmis-
sion; however, there are continual concerns that avian viruses
such as the current highly virulentH5N1 avian strainmay adapt
and become a serious threat.
The influenza A virus is a member of the Orthomyxoviridae

family possessing a negative-sense single-stranded RNA ge-
nome that is divided into eight viral RNA (vRNA)2 genomic
segments that encode 10 major proteins (1). The three largest
vRNAs encode the three subunits of the RNA-dependent RNA
polymerase: the acidic subunit PA and the two basic subunits
PB1 and PB2. There are also two minor pb1 gene products: an
N-terminally truncated form of PB1 originating from an alter-
native start codon (2) and PB1-F2, a short polypeptide
expressed from an alternative �1 reading frame that seems to
increase the virulence of some strains (3). The medium seg-
ments encode the nucleoprotein (NP) that, together with the
polymerase subunits and the vRNA, forms the ribonucleopro-
tein (RNP) and the two viral glycoproteins (4) hemagglutinin
(HA) and neuraminidase (NA). HA is the major protein on the
viral surface, and it binds cellular sialic acid receptors, leading
to virus uptake. Once in the cell, fusion of viral and endosomal
membranes occurs, and RNPs are released into the cytoplasm.
NA is the enzyme that cleaves these same sugars from the sur-
faces of cells and new viruses during viral budding. There are
two short vRNA segments that each encode two proteins. The
first generates matrix protein (M1) that lines the internal sur-
face of the viral lipid membrane and an ion channel (M2) that
mediates the uncoating of the viral particle during infection and
is the target for the drug amantadine. The second short seg-
ment encodes NS1, which is a significant virulence factor
involved in evasion of the innate immune system (1), and NS2
(also known as nuclear export protein), which exports viral
RNPs from the nucleus into the cytoplasm (5).
The influenza polymerase has no proofreading activity,

resulting in a high gene mutation rate of approximately one
error per replicated genome (6), so each cell can produce 10,000
new viral mutants to infect neighboring cells. This is crucial to
the virus’s evolutionary strategy, as continual changes in the
glycoprotein sequences, notably HA, lead to evasion of the host
antibody response, so-called “antigenic drift,” which underlies
the inevitable escape from seasonal vaccines. Likewise, muta-
tions in genes of theM2 andNAproteins have rapidly rendered* This work was supported by European Union FLUPOL Contract SP5B-CT-
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the antiviral drugs amantadine and oseltamivir inactive against
these targets. The polymerase itself is the target for new antivi-
ral drugs (7), including T-705, an inhibitor in current late stage
development (8). Experience suggests that, under selective
pressure from drug use, the error-prone aspect of the very
activity against which the inhibitors are targeted will lead to
resistance. The segmented structure of the genome also con-
tributes to the rapid evolution of new influenza viruses through
a process called reassortment, where segments from different
co-infecting viruses are packaged into new viral particles. The
generation of reassortment viruses containing genes fromavian
and human viruses is thought to arise most commonly in pigs
because these animals are susceptible to both viral types due to
the presence of avian-like �2,3-linked and human-like �2,6-
linked sialic acid cell-surface receptors. Through reassortment,
an avian virus may evolve suddenly into a human pathogen by
combining polymerase subunits and HA (and also other viral
proteins, e.g.NS1) that function efficiently in human cells (9). If
the HA protein is immunologically distinct from circulating
varieties, “antigenic shift” can occur, resulting in a pandemic
strain to which the population has no immunological protec-
tion. The current novel pandemic H1N1 strain arose through
such a triple-reassortment process, combining avian PB2 and
PA polymerase subunits, human PB1, and classic swine HA
(10).
The influenza polymerase is therefore essential to the biolog-

ical processes of (i) virus replication in cells by replicating the
vRNA segments and transcribing their genes and (ii) virus evo-
lution through its error-prone RNA replication, producing
variants of the viral proteins, including the glycoproteins and
the polymerase subunits themselves, which leads to viruses that
are better adapted to new host species (11). Additionally, and in
common with other viral replicases, it represents a promising
drug target due to its activities that are distinct from those
found in the host cell (7). Yet despite its biological interest and
medical importance, the absence of detailed structural infor-
mation on the polymerase has limited our mechanistic under-
standing andour ability to design better drugs. Themain reason
for this absence is an overwhelming difficulty in producing
purified polymerase proteins in sufficient quantities for study.
Since 2007, because of heightened effort and advances in
expression and crystallization technologies, a series of x-ray
and NMR structures of domains from the PA, PB1, and PB2
subunits that cover approximately half of the trimeric complex
have been determined. Here, we review this structural progress
and discuss our improved understanding of the intrinsic
polymerase mechanism, as well as its role in adaptation to the
cellular environments of different host species.

Genome Replication and Transcription Activities of the
Polymerase

In the intact viral particle, each RNP contains a single poly-
merase complex associated with the conserved 5�- and 3�-ends
of each vRNA segment. The vRNA is complexed with NP, with
each protomer contacting 24 nucleotides (12). Direct protein
contacts also occur between NP and the polymerase, as sug-
gested by several biochemical studies (13–17) and visualized
recently in a high resolution cryo-electron microscopy recon-

struction comprising a synthetic minimal vRNA, nine NP
monomers, and a polymerase trimer (18). The pre-existence of
a functional polymerase trimer in the infective particle is nec-
essary to initiate the first transcription and RNA replication
cycles because the negative-sense vRNA cannot be directly
translated into protein. Once de novo polymerase subunits are
synthesized in the cytoplasm, they are transported back into the
nucleus for assembly into trimers (19), thus allowing further
transcription and genome replication cycles.
Replication of the viral genome is catalyzed by the polymer-

ase via a cRNA intermediate. This is then copied back into
vRNAsegments that are used as templates for transcription and
further replication in the nucleus and are exported as RNPs to
the cytoplasm, where they are sorted into new viral particles via
recognition of terminal packaging sequences (20, 21). In tran-
scription, mRNA is generated by directly copying from the
vRNA template, with polyadenylation occurring via a stuttering
mechanism on a templated oligo(U) terminal sequence. Unlike
RNA replication, the process is primer-dependent, and the
virus obtains the 5�-primer by a mechanism shared with other
segmented RNA viruses (e.g. bunyaviruses) called “cap snatch-
ing” (Fig. 1) (22). The polymerase binds the 5�,7-methyl-
guanosine cap of a nuclear pre-mRNA and cleaves it 9–15
nucleotides downstream. The resulting RNA oligonucleotide is
used to initiate transcription from the vRNAs, resulting in
capped, polyadenylated, positive-sense mRNAs that resemble
host cell messages. These are exported from the nucleus for
translation in the cytoplasm, possibly via a CRM1-independent
pathway (23).
PA Subunit—The PA subunit has no significant homology to

other proteins, and for a long time, the function was unclear.
Various functions were proposed, including a chymotrypsin-
like serine protease (24–26) and various aspects of RNA repli-
cation (27–30). A soluble subunit could be expressed in insect
cells for limited proteolysis studies, revealing cleavage into

FIGURE 1. Cap-snatching transcription mechanism of influenza polymer-
ase. The PA-PB1-PB2 complex is localized in the nucleus of the infected cell.
During transcription, the PB2 subunit binds the 5�,7-methylguanosine cap of
a host pre-mRNA molecule (red), which is subsequently cleaved 10 –15 nucle-
otides downstream by the PA endonuclease. The resulting short capped RNA
primer is used to initiate polymerization by the RNA-dependent RNA poly-
merase of the PB1 subunit using 5�- and 3�-bound vRNA (green) as template,
resulting in capped, polyadenylated, chimeric mRNA molecules (red and blue)
that are exported to the cytoplasm for translation into viral proteins.
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N-terminal 25-kDa and C-terminal 55-kDa fragments, indica-
tive of stable domains (31, 32). The structure of the C-terminal
domain complexed with a short PB1 N-terminal peptide was
determined by two groups (33, 34), showing how the PB1 frag-
ment is gripped in a highly conserved cleft resembling “jaws” in
the “head of a dragon” (Fig. 2) (33). The essential nature of this
interaction was demonstrated by mutagenesis of the interface
(34), and sequence analysis revealed how the interfacial resi-
dues were resistant to mutational drift, probably because mul-
tiple compensatory mutations in both PA and PB1 subunits
would be required. This interface has thus been proposed as
possibly druggable, and a 25-residue PB1-derived peptide has
been shown to inhibit polymerase assembly and virus replica-
tion in influenza A and B strains (35, 36).
Two groups recently determined the structure of the PA

N-terminal domain (37, 38). Only at this point did it become
clear that the endonuclease activity was present in this subunit
and not PB1 as suggested previously from work on purified
polymerase complexes (39). The domain fold and active-site
arrangement is similar to that of the PD-(D/E)XK family of
nucleases (Fig. 3a). That the crystallized domain possessed the
true endonuclease activity was confirmed by the hydrolysis of
both single-stranded RNA and single-stranded DNA sub-
strates (37), as observed previously with purified RNPs (40).
Structure-based mutagenesis of key PA active-site residues in
reconstituted polymerase trimer showed that endonuclease-in-
dependent RNA replication was maintained, whereas endo-

nuclease-dependent transcription was abolished (38). A known
specific inhibitor of influenza endonuclease activity in intact
polymerase, dioxo-4-phenylbutanoic acid (41), strongly stabi-
lized the purified domain in thermal shift assays and inhibited
single-stranded RNA hydrolysis (37). The identity of the coor-
dinatedmetal ions differs between the two structures, with one
structure containing a single Mg2� ion (38) and the other con-
taining two Mn2� ions coordinated in adjacent positions. The
difference between the two observations is due in part to the
addition of MnCl2 to the crystallization medium (37), with
Mn2� preferentially binding to the site that includes a histidine
ligand. This was deliberate and followed the observation of
strong thermal stabilization and enhancement of endonuclease
activity in the presence of Mn2� or Co2�; both the identity of
these ions and the presence of two metal-binding sites accord
with a cooperative two-metal ion mechanism measured on
purified RNPs (42).
PB1 Subunit—In contrast to the progress on PA and PB2,

PB1 remains poorly structurally characterized. The central
location of the polymerase domain is predicted from the pres-
ence of conserved motifs characteristic of segmented negative-
strandRNA-dependent polymerases (43, 44) andwould suggest
that it has a classic polymerase fold. However, expression of the
full-length subunit has not yielded soluble material, and the
domain-by-domain approach used successfully for the other
subunits has not yet led to expression of an isolated polymerase
domain at levels compatible with structural studies. Previous
studies demonstrated that the N-terminal region of PB1 bound
the C terminus of PA (35, 45, 46), and this was borne out in the
PAC-terminal domain structures, where short N-terminal PB1
peptides were co-crystallized (Fig. 2) (33, 34).

FIGURE 2. Features of the polymerase subunits. Linear representations of
the three polymerase subunits are annotated to show the structurally char-
acterized domains (large boxes). Residues implicated in host adaptation (67)
are shown in black. X-ray crystal structures of interaction regions of PA-PB1
(33, 34) and PB1-PB2 (48) are presented with helix colors as in the linear
representations.

FIGURE 3. X-ray structures of the cap-snatching domains. a, the PA endo-
nuclease domain (37) exhibits a fold similar to members of the PD-(D/E)XK
family of nucleases. The key active-site residues and two manganese ions
(pink) are shown. b, the PB2 cap-binding domain complexed with m7GTP (55)
shows a novel fold but binds the positively charged base through a sandwich
of aromatic residues in a manner similar to other cap-binding proteins. The
binding site is shown with ligand-contacting residues.
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At the other end of PB1, the interaction of its C-terminal
region with the N terminus of PB2 has also been described
biochemically (45, 47). A recently determined x-ray structure of
an 86-amino acid (aa) C-terminal fragment of PB1 with a 37-aa
N-terminal peptide from PB2 showed how these �-helical sub-
unit termini tightly co-fold (Fig. 2) (48). Despite its small size,
this interaction interface is completely conserved across differ-
ent avian and human influenza strains, and the absolute
requirement of the 250-kDa trimer in this interaction for func-
tion suggests that this interaction, like that of PB1 and PA,
could be a possible drug target.
PB2 Subunit—The PB2 subunit was initially identified as the

site of cap binding through cross-linking studies (49, 50), with
further experiments suggesting regions 242–252 and 533–577
as interaction sites (39, 51). Mutagenesis later confirmed this
role of the PB2 subunit but isolated it to central residues Phe-
363 and Phe-404 (52), apparently contradicting the location
determined from cross-linking data. Other information was
available on this subunit relating to its nucleocytoplasmic traf-
ficking that was proposed to occur via multiple nuclear local-
ization signals both internally and C-terminally located (53). In
common with PA, the protein sequence of PB2 is unlike any
other, preventing the use of sequence alignments in identifying
structural domains. Unlike PA, full-length PB2 cannot be
expressed solubly, precluding the use of limited proteolysis.
Therefore, studies on this subunit were effectively blocked until
the development of ESPRIT, a robotic random library-based
construct screening process (54) thatwas used to systematically
screen almost 90,000 random fragments of the pb2 gene, iden-
tifying a series of Escherichia coli-expressible soluble fragments
for structural studies (55–57).
The first fragment identified was obtained from a 5�-pb2

deletion library and comprised a highly soluble, overexpressing
C-terminal domain (aa 678–759) (Fig. 2) (56). Analysis of the
NMR solution structure revealed a well folded domain fused
to a relatively mobile region, with a sequence suggestive
of a classic bipartite nuclear localization signal (NLS;
737RKRX12KRIR755) that was previously thought to be mono-
partite (53). Nuclear translocation assays with the green fluo-
rescent protein-fused “NLS domain” (also referred to as DPDE)
and full-length PB2 in transfected cells confirmed this activity.
Although the NLS domain did not crystallize independently,
co-crystallizationwith the nuclear import receptor importin�5
yielded an x-ray structure detailing the bipartite nature of the
NLS and illustrating how the NLS region becomes fully
unfurled during importin binding. The clear assignment of
importin-dependent binding to the C-terminal region put into
question the internal NLS (residues 449–495) identified
through gene deletion and cellular localization studies (53).
Later structural data precisely defined the location and struc-
ture of the overlapping cap-binding domain (aa 318–483; dis-
cussed below), suggesting that aberrant nuclear transfer of the
�449–495 construct may have been the consequence of PB2
structural destabilization.
Also identified by ESPRIT was a soluble central region with

constructs spanning aa 241–483 (Fig. 2) (55). Because this con-
tained residues implicated in cap binding (52), the purified frag-
ments were assayed with m7GTP-Sepharose, confirming an

intrinsic cap-binding activity. A proteolytically stable subfrag-
ment (aa 318–483) was observed during purification, and it
was this fragment that ultimately crystallized in the presence of
m7GTP. The resulting structure exhibited a new fold, consis-
tent with the absence of homology to other proteins (Fig. 3b).
Despite this, themethylated guanine base bound in amode that
is commonly observed in cap-binding proteins (e.g. cap-binding
complex (58) and eIF4E (59)) whereby aromatic side chains
sandwich the positively charged aromatic ring of the base. The
interacting residues are completely conserved in all influenza
strains, and their mutation abolished cap-dependent transcrip-
tion but not cap-independent replication in recombinantmini-
RNPs (55). The x-ray structures and availability of activeE. coli-
expressible PB2 cap-binding and PA endonuclease domains
open the way to the development of drugs that target the endo-
nuclease activity (7), a strategy that was pursued previously by
pharmaceutical companies (41, 60) but that proved unsuccess-
ful due to the need to work without structures on low abun-
dance whole RNPs purified from cells.

Host Adaptation and Role of Polymerase Subunits,
Notably PB2

The World Health Organization maintains a global surveil-
lance program that generates large amounts of sequence data
fromwild-type viral isolates (61), made accessible via databases
at the National Center for Biotechnology Information (NCBI)
and the Global Initiative on Sharing All Influenza Data
(GISAID) (62, 63). Comparative sequence analyses have identi-
fied numerous variations, among which must be those respon-
sible for antigenic drift, shift, and host adaptation. The major
roles of HA and NA in host specificity are well established, and
the x-ray structures of these proteins have contributed a valu-
able molecular level understanding of their variants (4). Several
studies have also identified host signatures in polymerase sub-
units that are correlated with adaptation of avian viruses to
mammalian hosts (Refs. 11 and 64–67; reviewed in Ref. 68).
Although sequence analyses highlight host-related differences,
it is not always clear which are responsible for the host shift
event rather than being the result of neutral drift (i.e. are pas-
senger mutations alongside those that are functional), hence
the importance of experimental testing of hypotheses. One
recent computational study (67) used a statistical method that
compensated for biases from neutral drift and the underlying
phylogenetic relationships between sequences in the dataset. In
common with previous observations (68), putative host-adap-
tive mutations were found with high confidence in the poly-
merase subunits: 2 in PA, 3 in PB1, and 13 in PB2. The abun-
dance of such mutations in the PB2 subunit was also predicted
previously (64–66, 69). For most of these mutations, little is
known about their mode of action. A notable exception is PB2
627, which is almost invariably Glu in avian viruses and Lys in
human viruses. A single E627K mutation in an otherwise
non-human-infective avian virus is sufficient to confer host
adaptation (66, 70). Many studies (reviewed in Ref. 68) have
sought to explain this observation, with a major hypothesis
being that the E627Kmutation confers improved replication in
mammalian cells, particularly at lower temperatures (71), in
accordance with the mammalian upper respiratory tract being
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significantly cooler (33–35 °C) than the avian intestinal tract
(37–40 °C). There is currently little understanding of themech-
anism by which E627K exerts its effect, although it appears to
affect the PB2-NP interaction in a host cell-dependent manner
(14, 15, 17).
A systematic E. coli expression screen of the PB2 subunit

using the ESPRITmethod resulted in isolation of a large C-ter-
minal soluble fragment containing 8 of the 13 predicted host
determinant residues (67) and the previously characterized
NLS domain (Fig. 2) (56). This crystallized to reveal two
domains packed tightly together via a polar interface (Fig. 4a)
(57). A very similar structure, also from a human virus, was
solved by a second group (72). The upstream domain, termed
the 627 domain because it contains thismajor host determinant
residue, was also crystallized, revealing the side chain to be sol-
vent-exposed in both Lys and Glu forms (Fig. 4b) (57). The 627
domain has a highly basic surface patch thatwas disrupted in an
avian-like glutamic acid mutant (57). The function of this 627-
NLS double domain remains unclear despite these structures,
although a possible role in RNA binding has been proposed
(72). Interestingly, the pandemicH1N1 virus has Glu-627 but is
highly transmissible between humans. Using the crystal struc-
tures of the 627 domain, this was explained by a compensating
doublemutation, G590S andQ591R, inwhichArg-591 effectively
shielded the negative charge of Glu-627, re-establishing the basic
surface patch that seems to characterize human-infective viruses
(73). Further mutation at position 627 of this pandemic virus has
not occurred to any serious degree, and a laboratory-engineered
variant containing both G590S and Q591R and Lys-627 showed
no obvious replicative advantage, suggesting that little further
selective advantage to the virus is provided (74).

A good correlation is observed between the putative host-
adaptivemutations identified from sequence analysis studies of
PA and PB2 and their location on the crystal structures; most
are solvent-exposed surface residues (Fig. 4). This is consistent
with the hypothesis that such mutations could mediate inter-
actions with host cell factors necessary for more efficient
polymerase activity or disrupt those with host restricting fac-
tors of the innate immune system. Such has been suggested for
PB2, where replication of polymerases with avian Glu-627 is
inhibited by a host restricting factor present in human cells
(17), although it has not yet been identified. The interaction
with NP is also implicated (14, 15, 17), but it remains to be seen
if it is NP itself that is the 627-dependent interactor or a host
molecule.
A number of interactions between RNPs and specific host

factors have been described (reviewed in Ref. 68), although it is
not known if they are involved in host range determination. For
example, the transcription activator hCLE (75) and the RNA
polymerase II C-terminal domain (76) have been demonstrated
to bind the polymerase. Perhaps best understood is the associ-
ation of PB2withmembers of the nuclear import receptor fam-
ily, importin �. The co-crystal structure of the PB2 C-terminal
NLS domain with human importin �5, together with nuclear
transport assays, revealed themechanism bywhich this subunit
was imported into the nucleus (56). PB2 also binds importin �1
in vitro (57) and importin �7 in human cells (77), the latter
report suggesting an additional function of importins as neces-
sary cofactors for replication activity. Previously, the PB2muta-
tionD701N (now known to be located in this domain) had been
shown to facilitate adaptation of an avian virus to mice (78).
This effect is apparently explained by the observation that
D701N enhances binding to importin �1 in mammalian cells
but not avian cells, with a resultant increase in PB2 nuclear
accumulation (79). In vivo, D701N enhancesmammalian infec-
tivity of viruses with avian-like PB2 Glu-627, normally charac-
teristic of low pathogenicity, both in guinea pigs (80) and in
humans (81), being similar in its compensatory effect to the
G590S andQ591R doublemutation of the adjacent 627 domain
(73). Thus, the importin-PB2 association may be one mecha-
nism by which mutations can lead to host adaptation, by mod-
ulating either nuclear localization or polymerase activity in a
host-specific manner.
In recent years, high throughput proteomic approaches and

yeast two-hybrid (Y2H) and genome-wide RNA interference
(RNAi) screens have increased manyfold the list of putative
polymerase partners, most of which still need to be properly
validated. Tandem affinity purification (TAP) strategies using
polymerase (82, 83) and RNPs (83) have been employed to iso-
late physically interacting host factors from cells, identifying
various heat shock proteins and nuclear import factors. To a
similar end, individual polymerase subunit baits were screened
against a high quality human ORFeome library by Y2H, result-
ing in the description of a wide and diverse network of interac-
tors (84). Despite screening for direct association, many inter-
actions identified from TAP tag and Y2H experiments are
difficult to rationalize from a biological perspective. Genome-
wide RNAi screens in Drosophila (85) and human (86–88) cell
lines have not aimed to identify direct influenza protein inter-

FIGURE 4. Residues at the C terminus of PB2 implicated in host adapta-
tion. a, the PB2 627-NLS domain comprises two independently folded
domains, the 627 domain (dark gray) and the NLS domain (light gray), inter-
acting via a polar interface (57). Residues implicated in host adaptation (67)
are shown in yellow. b, the crystal structures show electrostatic surface poten-
tials of the human 627 domain with Lys-627 (left) and a point mutant with the
avian-like Glu-627 residue (right). Formation of a large basic surface occurs
upon host adaptation that is mediated almost universally by an E627K
mutation.
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actors per se but have revealed hundreds of host cell proteins
whose presence appears to be essential for virus replication.
Some overlap is observed between the host factor lists from
these studies, e.g. the V-ATPase ATP6AP1 and COPI vesicle
transport proteins are found in all RNAi screens using human
cell lines, but there is also a significant variation between the
different datasets (reviewed in Ref. 89). Despite the limited
agreement between the proteins identified in these high
throughput experiments, it may be that a subset of the binders
identified in the interaction screens (TAP tag and Y2H) or the
virus-associated host factors from the genome-wide RNAi
screens might bind directly to the polymerase subunits in a
mannermodulated by their surface-exposed host-adaptive res-
idues. The availability of well behaved, purifiable domains and
their structures should help validate these interactions and
explain at a molecular level the effects of polymerase-induced
genetic mutations on polymerase interactions in the cellular
environments of different host species.
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The interferon-inducible MxA GTPase is a key mediator of
cell-autonomous innate immunity against a broad range of
viruses such as influenza and bunyaviruses. MxA shares a simi-
lar domain structurewith thedynamin superfamily ofmechano-
chemical enzymes, including an N-terminal GTPase domain, a
central middle domain, and a C-terminal GTPase effector do-
main . Recently, crystal structures of a GTPase domain dimer of
dynamin 1 and of the oligomerized stalk of MxA (built by the
middle and GTPase effector domains) were determined. These
data provide exciting insights into the architecture and antiviral
function of the MxA oligomer. Moreover, the structural knowl-
edge paves the way for the development of novel antiviral drugs
against influenza and other highly pathogenic viruses.

Mx proteins are key mediators of the interferon (IFN)2-in-
duced antiviral response in vertebrates and hence of great bio-
logical interest and medical importance (1). Their discovery
dates back to early studies on genetically determined inborn
resistance of mice to influenza viruses (2, 3). The mouse Mx1
protein was originally found in influenza virus-resistant mice
(4) and was shown to have intrinsic antiviral activity (5). It is
encoded by the Mx1 gene (for myxovirus resistance gene 1),
which is located on the distal part of chromosome 16 and is
structurally altered in influenza virus-susceptible mice. Most
inbred laboratory strains carry large deletions or nonsense
mutations, indicating that they share parts of chromosome 16
with an ancestor founder mouse (6, 7). The mouse genome
contains a second Mx gene, designated Mx2, which is closely

linked toMx1 on chromosome 16 and is also defective in inbred
mouse strains (8). Both Mx genes are, however, intact in wild
mice and in some laboratory strains derived from them (9, 10).
The first evidence for Mx proteins in humans was obtained
when amonoclonal antibody (2C12) against mouseMx1 cross-
reacted with an IFN-induced protein in human cells (11). Two
proteins calledMxA (myxovirus resistance protein 1) andMxB
(myxovirus resistance protein 2) were found to be encoded by
closely linked genes on the long arm of chromosome 21 (map
position 21q22.3) that is syntenic with mouse chromosome 16
(12, 13). IFN-inducibleMx genes were subsequently identified
in many vertebrates. They can be grouped into several sub-
groups according to their sequence similarities (Fig. 1). These
comprise the fish, avian, and rodent subgroups as well as an
MxA-like and MxB-like subgroup (for a review, see Ref. 1).
Some polymorphisms have been reported, in particular for
chicken and porcine Mx genes (14, 15), but their significance
remains unclear (16).
The critical role ofmouse andhumanMxproteins inmediating

the antiviral activity of IFNs against specific viruses became evi-
dentearlyon. IFNhadalmostnoprotectiveeffectagainst influenza
viruses in mice and cell cultures lacking Mx1 (17, 18). However,
constitutive expression of recombinant mouse Mx1 or human
MxA protein protectedMx1-deficient cells against infection with
Mx-sensitive viruses (5, 19). Also, when monoclonal antibody
2C12 was microinjected intoMx1-carrying cells, IFN lost its pro-
tective activity against influenza virus but could still protect the
injected cells against unrelated viruses (20). Likewise, microinjec-
tion of this antibody neutralized the antiviral activity of human
MxA against Thogoto virus (THOV), an exquisitely MxA-sensi-
tive influenza-like orthomyxovirus (21). The power of human
MxAasanefficient in vivohostdefensemechanismwas illustrated
in experiments with MxA transgenic mice. These animals were
produced in such a way that they constitutively expressed the
humanMxAprotein in all tissues butwereunable to express func-
tional IFNtype I (�/�) receptors forgenetic reasons.Theysurvived
an otherwise lethal infection with MxA-sensitive viruses despite
their inability to mount a type I IFN response (22). These early
experiments clearly demonstrated that themouse and humanMx
proteins have intrinsic antiviral activity and act in an auton-
omous way without the need for other type I IFN-induced
factors. The nature of Mx proteins remained unclear until
sequence analyses revealed that Mx proteins contain putative
guanine nucleotide-binding sites (23), and an Mx-related pro-
tein, Vps1p (vacuolar protein sorting 1 protein), was discovered
in yeast and shown to perform an essential function in vacuolar
protein sorting (24). Also, molecular cloning of rat dynamin
revealed extensive homology to Vps1p andMx1, establishing a
new family of GTP-binding proteins (25).
It is now clear that Mx proteins form a distinct subclass within

the dynamin superfamily of GTPases.MxGTPases have amolec-
ular mass of �75,000 Da and, like dynamins, display a relatively
low affinity for GTP and a high intrinsic rate of GTP hydrolysis.
They consist of three domains, namely an N-terminal GTPase
domain (G domain) that binds and hydrolyzes GTP, a middle
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domain (MD) that mediates self-assembly and oligomerization,
and a C-terminal GTPase effector domain (GED) that is involved
in viral target recognition (26, 27) and also self-assembly (Fig. 2A)
(28).Unlikedynamin,Mxproteinsdonothaveapleckstrinhomol-
ogy (PH) domain, which is implicated in membrane binding of
classical dynamin. They also lack a proline/arginine-rich domain,
which is involved in dynamin-protein interactions, but feature
short N-terminal extensions of 25–90 residues of unknown func-
tion. Of note, the C terminus of mouseMx1 but not humanMxA
has a stretch of basic amino acids that constitutes a nuclear local-
ization signal and mediates nuclear accumulation (5, 29). The G
domains of MxA and dynamin share 40% overall sequence iden-
tity, whereas the MDs and GEDs are 20% identical, suggesting a
similar fold and basic catalytic machinery of these types of
GTPases. A common feature of dynamin-like GTPases is their
ability to self-assemble into highly ordered oligomers and to show
cooperativity in GTP hydrolysis. Biochemical analysis suggested
that the GED of Mx GTPases folds back to the G domain and
regulates their GTP-hydrolyzing activity (30). In dynamin, the
structural details of this intramolecular interactionhave nowbeen
elucidated. An �-helix at the very C terminus of the GED binds
into ahydrophobic groove formedby two�-helices preceding and
following theG domain. Together, they form a three-helix bundle
called the “bundle signaling element,” which was suggested to
transmit signals between theGdomain and theMD/GED(31, 32).
Purified Mx proteins form high molecular mass homo-oligomers
and self-assemble into helical arrays at high protein and low salt
concentrations (Fig. 3,A andB) (33–35).MxA binds to negatively

charged membranes and oligomerizes in ring-like structures
around liposomes much in the same way as dynamin, inducing
liposome tubulation (Fig. 3C) (35, 36). In IFN-treated cells, mouse
Mx1 accumulates in distinct nuclear dots in close proximity to
promyelocytic leukemianuclearbodies (37),whereashumanMxA
forms punctate granula in the cytoplasm,which partially co-local-
izes with COPI-positive membranes of the smooth endoplasmic
reticulum-Golgi intermediate compartment (38). These cellular
Mx assemblies appear to provide an intracellular storage form
from where Mx proteins can be recruited (39). Both human and
mouse Mx proteins have a half-life of �24 h, suggesting that oli-
gomerizationmost likely prevents their rapiddegradation (40, 41).
Although self-assembly of Mx proteins was found to be crit-

ical for GTPase activity and presumably protein stability, it was
not known whether oligomerization is also crucial for recogni-
tion of viral target structures and antiviral activity. Despite
tremendous efforts, previous attempts to obtain structural
information for Mx GTPases by x-ray crystallography were
unsuccessful. However, the crystal structure of GBP1 (guany-
late-binding protein 1) represented the first structure of a large
GTPase within the dynamin superfamily (42). Later, structures
of monomeric G domains of rat dynamin and Dictyostelium
discoideum dynamin A were determined (43, 44). In contrast,
the organization and architecture of the MD and GED of
dynamin andMxA remained elusive. Low resolution cryo-elec-
tron microscopy (EM) structures suggested that the MD and
GED of dynamin-like GTPases constitute a stalk that mediates

FIGURE 1. Phylogenetic tree of Mx proteins. The Mx proteins are grouped
into five subgroups according to sequence similarities. Sequences were
obtained from GenBankTM and aligned with ClustalW Version 1.81. The tree
was constructed using the DrawGram function of Biology WorkBench 3.2. The
following sequences were used for the alignment: human (hu) MxA and MxB;
canine (ca) Mx1 and Mx2; porcine (po) Mx1; bovine (bo) Mx1; ovine (ov) Mx;
murine (mu) Mx1 and Mx2; rat Mx1, Mx2, and Mx3; chicken (ch) Mx; duck (du)
Mx; Atlantic salmon (as) Mx1, Mx2, and Mx3; and Atlantic halibut (hh) Mx. This
figure was adapted from Ref. 1.

FIGURE 2. Structure and domain composition of human MxA. A, schematic
diagram of human MxA and human dynamin 1 (Dyn). MxA consists of three
domains: the G domain (blue), the MD (red), and the GED (green). The MD and
GED form the MxA stalk. Dynamin features two additional domains, namely a
PH domain (yellow) and a proline/arginine-rich domain (PRD; magenta).
B, structure of the MxA stalk composed of the MD and GED (amino acids
366 – 633) combined with the N-terminal globular G domain (blue). The
unstructured loops L2 and L4 are indicated by dashed lines. The positions of
the antibody 2C12-binding site (positions 432– 471) in loop L2 (47) and the
proteinase K cleavage site at position 564 (PK, asterisk) in loop L4 (30) are
indicated. This figure was adapted from Ref. 46.
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oligomerization and transmits conformational changes from
the G domain to the target structure (45).

Structure of the MxA Stalk

Early modeling of MxA protein folding was based on bio-
chemical data and the known structure of human GBP1 (39).
All available evidence indicated that the Mx GTPases had an
N-terminal large globular G domain followed by a bundle of

elongated antiparallel �-helices
built from the MD and GED. The
molecular architecture of the MD
and GED has now been solved
(46). The resulting x-ray structure
encompasses nearly the complete
MD and the N-terminal part of the
GED, which together form an anti-
parallel four-helix bundle, the stalk
of MxA (Fig. 2B). Two major loops,
L2 and L4, at the opposite position
of the G domain were not resolved
in the crystal structure. Loop L2
(amino acids 438–447) is the target
of monoclonal antibody 2C12, which
neutralizes the antiviral activity of
human and mouse Mx proteins
when injected into living cells (20,
21, 47). The 41-amino acid long
loop L4 (residues 532–572) is at the
equivalent sequence position as the
PH domain of dynamin and may
serve a similar function in lipid/tar-
get binding. Loop L4 is predicted to
be unstructured and is known to
harbor a proteinase K cleavage site
(Fig. 2B) (30). The stalk of MxA
structurally differs from the corre-
sponding domains of other dynamin
superfamily members such as
human GBP1 (42), BDLP (bacterial
dynamin-like protein) (48), and
EHD2 (Esp15 homology domain-
containing protein 2) (49), but its
structure is consistent with predic-
tions for the stalk of dynamin (46).
From an overall perspective, the
MxA stalk connects the globular G
domain (the “head”) to the two
intrinsically disordered loops L2
and L4 (the “legs”), which reach out
of the four-helix bundle at the oppo-
site side (Fig. 2B) and might consti-
tute target interaction sites, as
briefly discussed below.

MxA Self-assembles in a
Crisscross Pattern into Highly
Ordered Oligomers

Initially, the self-assembly prop-
erties of purified MxA protein were assessed using EM tech-
niques developed to study the oligomerization of dynamin by
the group of J. E. Hinshaw (50, 51). When incubated with GDP
or GDP�S, MxA formed rod- and ring-like structures resem-
bling the structures formed by dynamin (Fig. 3, A and B) (34,
35). Addition of GTP�S changed the oligomerization state of
MxA, leading to the appearance of spirals and stacks of rings
(34, 35) as originally also reported for mouse Mx1 (52). It was

FIGURE 3. Oligomerization and liposome binding of human MxA. A–C, cryo-transmission EM images of
purified MxA dialyzed against low salt buffer in the presence of 1 mM GMP-PCP. Self-assemblies show rings and
open arcs (A); higher magnification of the rings reveals a structure of two parallel sets of electron-dense
globular domains (B, double arrowheads); and incubation with phosphatidylserine-containing liposomes in the
presence of GTP shows MxA ring formation and tubulation (C) (36). Scale bars � 50 nm. D, shown is a model of
oligomeric MxA composed of the MxA stalks connected to the G domains of dynamin. Side and front views are
shown. E, a complete MxA ring composed of 16 MxA dimers was designed according to cryo-EM reconstruc-
tions of dynamin as described previously (46) but with an angle of only 23° between the associating stalks to
accomplish formation of a 41-nm oligomeric ring.
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therefore of great interest to elucidate the molecular basis of
MxA oligomerization to understand the structural changes
induced by nucleotide binding and hydrolysis. Interestingly,
each MxA stalk in the obtained crystals was assembled in a
crisscross pattern, resulting in a linear oligomer (Fig. 3D). This
arrangement involves three distinct interfaces and one loop in
each stalk and agreeswell with the proposed crisscross arrange-
ment of the dynamin stalks deduced by EM reconstructions
(45, 53). Furthermore, this stalk arrangement pattern allows the
G domains to be located on one side of the MxA oligomer,
whereas the putative membrane- or virus-binding sites in L2
and L4 are located on the opposite side (Fig. 3, D and E).

Analytical ultracentrifugation experiments demonstrated
that wild-typeMxA is a stable tetramer in solution (46), similar
to dynamin (54). Each of the three interfaces contributes to the
native assembly of full-length MxA, as demonstrated by muta-
tional analyses and protein-protein interaction experiments.
Strikingly, individual mutations at two positions in interface 2
(M527D in the MD and F602D in the GED) led to a complete
disruption of the tetramer, resulting in a predominantly mono-
meric form. Consequently, these mutants eluted as monomers
in analytical gel filtration experiments and did not interact with
wild-type MxA in co-immunoprecipitation assays or in an in
vivo co-translocation assay (46). It was reported previously that
substitution of lysine for leucine at position 612 (L612K)
resulted in monomeric MxA (28) and that the mutant was still
antivirally active (41). The crystal structure now reveals that
Leu-612 is located between interfaces 1 and 2 andpoints toward
the hydrophobic core of the stalk but does not directly partici-
pate in intermolecular interactions. However, a mutation to
lysine is likely to destabilize the stalk, leading to disruption of
interface 2. Other mutations in interfaces 1 and 3 and the two
loops also led to the disruption of the tetramer but resulted
predominantly in a dimeric form of the protein. Interestingly,
the correspondingmutations in yeast dynaminDNM1 (G385D)
and in dynamin 1 (e.g. R361S and R399A) also generated stable
dimers (54, 55). These results demonstrated that mutations
involving interfaces 1 and 3 and L4 disrupt tetramerization and
induce a stable dimeric form of MxA, whereas mutations in
interface 2 are completely disruptive, leading to monomeric
MxA. They further suggest that equivalent interfaces exist in
dynamin and additional dynamin-like proteins.
Previous EM studies of full-length MxA and dynamin re-

vealed the formation of ring-like oligomers of various diameters
(Fig. 3, A–C) (34–36). Importantly, the linear oligomeric stalk
model ofMxAcould be fitted into anEMreconstructionmapof
oligomerized dynamin (45) by introducing a simple rotation in
interface 1 (Fig. 3, D and E). This finding supported the notion
that oligomers of MxA and dynamin have a similar three-di-
mensional architecture. The oligomeric model accounts for the
“T-bar” shape seen in side views of oligomerized dynamin (45)
and MxA (Fig. 3, C and D) (36). Furthermore, it illustrates the
connectivity of the G domain with the PH domain in oligomer-
ized dynamin and is in agreement with the formation of a bun-
dle signaling element involving the C-terminal part of the GED
as mentioned above (32).
As in the case of dynamin and other dynamin-related

GTPases, GTP hydrolysis of MxA is regulated by oligomeri-

zation and exhibits cooperative stimulation with increasing
protein concentrations (46, 56). The structure of the G
domain dimer of dynamin demonstrated that GTP hydrolysis
of dynamin-like proteins is activated by direct contacts between
the G domains (32). In the oligomeric MxA model, the G
domains of one MxA ring are not in contact with other G
domains of the same ring but are pointing away from the central
stalk of the ring and facilitate inter-ring contacts (Fig. 3, D and
E). Consequently, we propose that MxA oligomerization ini-
tially proceeds via association of the stalks, until a complete ring
is formed. Only then can G domains from neighboring rings
approach each other, and nucleotide hydrolysis is stimulated in
a coordinated fashion.

MxA Oligomerization and Antiviral Activity

Themolecular basis of the antiviral activity ofMxGTPases is
still poorly understood. MxA inhibits a diverse range of viruses
that represent distinct RNA and DNA virus families (for a
review, see Ref. 1). Among them are influenzaA, B, andC virus-
es; influenza-likeTHOV; LaCrosse virus (LACV); and alsoAfri-
can swine fever virus (57). Most studies were performed with
influenza A virus. Early work indicated that overexpression of
the influenza polymerase subunit PB2 abolishes the antiviral
effect of mouse Mx1, suggesting that PB2 might be a putative
Mx1 target (58, 59). However, such a role for PB2 could not be
substantiated in subsequentwork based on reverse genetics and
minireplicon systems. These new approaches demonstrated
that the nucleoprotein (NP) rather than PB2 was theMx target.
NP is associated with the viral genome and, together with the
viral polymerase complex, forms the nucleocapsid structure
of influenza and influenza-like viruses. Influenza virus
strains were shown to differ in their sensitivity to the antiviral
effect of Mx proteins in cultured cells and minireplicon assays
(60). Artificial reassortments between relatively susceptible and
relatively resistant strains demonstrated that Mx sensitivity
clearly segregated with the viral NP and not PB2 or any other
viral component (60). Importantly, a physical interaction of
MxA with the viral NP was demonstrated for influenza A virus
(61) and THOV (62). Furthermore, nucleocapsid recognition
was demonstrated in co-sedimentation assays using glycerol
gradient centrifugation: when MxA-containing cell lysates
were mixed with THOV nucleocapsids, MxA co-sedimented
with the nucleocapsids into fractions of higher density, suggest-
ing a tight association of MxA with these viral structures (62).
Recognition of viral nucleocapsids also occurs in intact living
cells. MxA blocked the movement of viral nucleocapsids into
the nucleus, where they normally accumulate after microinjec-
tion into the cytoplasm (21). This transport block could be
released by anti-Mxmonoclonal antibody 2C12 whenmicroin-
jected along with the nucleocapsids (21).
The capacity of MxA to relocate viral components has been

extensively studied also in bunyavirus-infected cells (63) as well
as in cells infected with African swine fever virus (57).MxAwas
demonstrated to bind to the nucleocapsid protein N of LACV
and to form intracellular complexes with N (63). The interac-
tion ofMxAwith viralNoccurred onmembranes of the smooth
endoplasmic reticulum-Golgi intermediate compartment and
led to a depletion of N protein from the viral replication sites
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(64). EM revealed that stacks of filamentous bundles were accu-
mulating near the nuclear membrane. Labeling with specific
antibodies demonstrated that these filaments were composed
of both MxA and viral N protein (63). It is conceivable that
intracellular membranes serve as a scaffold to facilitate the
interaction between MxA and viral target structures, but the
role of lipid binding for antiviral activity of MxA is not clear at
present.
Mutational analyses revealed that the stalk region of MxA is

involved in target interaction (26), but the structural require-
ments for antiviral activitywere unknown.Therefore, wild-type
and assembly-deficientmutant forms ofMxAwere assessed for
their inhibitory activity against influenza virus in a minirepli-
con reporter assay (Fig. 4A). The minireplicon system mimics

infection and is amenable to experimental modifications: coex-
pression of a luciferase reporter minigenome together with the
three subunits of the viral polymerase and the viral NP gener-
ates nucleocapsids that transcribe and replicate the mini-
genome. In this reporter assay, luciferase production correlates
with the transcriptional and replicative activity of the viral
polymerase and is sensitive to inhibition by the MxA GTPase.
Although wild-type MxA inhibited viral polymerase activity by
80%, mutations in each of the three interfaces identified by the
structural analysis or deletions in loop L4 abolished antiviral
activity almost completely (Fig. 4B). Likewise, assembly-defi-
cient MxA proteins lost their antiviral activity against LACV
and failed to form complexes with the viral N protein (46).
In summary, these findings demonstrate that proper assem-

bly of the MxA stalk is essential for the antiviral function.
Whereas tetramers appear to constitute the cytoplasmic inac-
tive form ofMxA, oligomerization of tetramers around the tar-
get structure induces the formation of functional ring-likeMxA
units. A straightforward scenario postulates that MxA forms
oligomeric rings around the tubular structure of viral nucleo-
capsids, thereby blocking their function. As a consequence,
MxA may immobilize nucleocapsids or direct them to special
sites in the cytoplasm where they will eventually be degraded.

Future Prospects

The structural characterization of the MxA stalk provides
new insights into the formation of higher order MxA assem-
blies and demonstrates that multimerization is required for
antiviral activity, as discussed here. Together with recent pro-
gress in dynamin, it allows the conclusion that these GTPases
are built of three structural entities that do not strictly reflect
the predicted domain organization, namely the G domain, the
bundle signaling element (consisting of the C-terminal portion
of the GED and two helices connected with the G domain), and
the stalk (composed of the MD and the N-terminal part
of the GED). Further structural studies should help to clarify
the basic setup of the antiviral machinery, which is presently
not understood. It will be important to characterize the viral
target recognition site ofMxA. The present model features two
unstructured loops that might represent ideal target-binding
sites due to their position in the oligomericMxA rings. Detailed
molecular knowledge of the interaction betweenMxA and viral
target structures should provide a starting point to develop low
molecular mass compounds with antiviral activity as a new
strategy to combat influenza and other highly pathogenic
viruses.
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Transcriptional networks orchestrate complex developmen-
tal processes. Suchnetworks are commonly instigated bymaster
regulators of development. Considerable progress has been
made in elucidating GATA factor-dependent genetic networks
that control blood cell development. GATA-2 is required for the
genesis and/or function of hematopoietic stem cells, whereas
GATA-1drives thedifferentiationof hematopoietic progenitors
into a subset of the blood cell lineages. GATA-1 directly
repressesGata2 transcription, and this involvesGATA-1-medi-
ated displacement of GATA-2 from chromatin, a process
termed a GATA switch. GATA switches occur at numerous loci
with critical functions, indicating that they are widely utilized
developmental control tools.

The actions of diverse signaling and regulatory factors
must be intricately interwoven to ensure the flawless execu-
tion of complex developmental processes. Major efforts are
ongoing to dissect how such networks are established and
remodeled. This is particularly challenging given the large
number of variables involved, as a complete inventory of
relevant signals/factors is often unavailable. Furthermore,
the necessity to consider the dynamics of the underlying
mechanisms creates formidable obstacles. With the major
progress in dissecting mechanisms underlying hematopoie-
sis, in which stem cells differentiate into multipotent pro-
genitors, lineage-committed progenitors, and ultimately
diverse blood cell types (Fig. 1), this is a particularly attrac-
tive system for addressing these issues.
Hematopoiesis is controlled by numerous transcription and

signaling factors with tightly integrated functions (1). Founda-
tional studies defined the involvement of members of a family
of developmental regulators, the GATA transcription factors
(2–6). GATA-1, GATA-2, and GATA-3 are termed the hema-
topoietic GATA factors, based on their important activities to
control distinct and overlapping aspects of hematopoiesis (7).
GATA-1 is expressed in erythroid precursors, megakaryo-
cytes, eosinophils, and mast cells, as well as testis (3, 4, 8–10).

GATA-2 is expressed in hematopoietic stem cells (HSCs),3
multipotent hematopoietic progenitors, erythroid precursors,
megakaryocytes, eosinophils, and mast cells (11–13). Beyond
the hematopoietic system, GATA-2 is expressed in differenti-
ated endothelial cells (5, 14) and in specific neurons (15–17).
GATA-3 is expressed in HSCs, T-lymphocytes, neurons, kid-
ney, and mammary gland (18–20). GATA-4, GATA-5, and
GATA-6 are expressed in endoderm- and mesoderm-derived
tissues and control such critical processes as heart and lung
development (21, 22). Analogous to their shared and unique
biological roles, GATA factors have both common and distinct
biochemical attributes.

GATA Factor-dependent Transcriptional Control

Foundational Studies—GATA factors have a characteristic
dual zinc finger module that is highly conserved among the six
mammalian proteins (23). The C-terminal finger mediates
sequence-specific DNAbinding (24–26), whereas theN-termi-
nal finger modulates DNA binding and contacts DNA with
sequence specificity in certain contexts (Fig. 2) (24, 27, 28). The
zinc fingers interact with multiple coregulators, which are dis-
cussed below. By contrast to the highly conserved fingers,
GATA factor N and C termini are divergent. The N and C
termini confer differential stabilities to GATA-1 and GATA-2,
with GATA-1 being more stable than GATA-2 (29). GATA-1,
but not GATA-2, contains sequences within the N terminus
that bind the retinoblastoma protein (30). The GATA-1 N ter-
minus is differentially required for the control of distinct target
genes (31). Within the GATA-1 N terminus is a sumoylation
site (Lys137) (32) that facilitates GATA-1-mediated activation
and repression of select target genes (33). However,many ques-
tions remain unanswered regarding how theN andC termini of
different GATA factors function.
The molecular principles underlying GATA factor function

have emerged largely from studies of GATA-1 and GATA-2.
Pioneering work by Evans and Felsenfeld identified a common
DNAmotif (WGATAR) present at cis-regulatory elements that
activate transcription in an erythroid cell-specific manner (2).
These studies laid the foundation for the cloning of GATA-1,
the founding member of the GATA factor family (3, 4). Elegant
functional analyses utilizing knock-out ES cells and mutant
mouse strains unequivocally established a role for GATA-1 in
controlling red blood cell, megakaryocyte, mast cell, and eosin-
ophil development (34–41). The cloning of GATA-1 ushered
in the discovery of additional GATA factor family members.
Coregulator Usage—Having established the GATA factor

family and implicated GATA factors as critical regulators of
specific developmental processes, a paramount question was
whether they function through canonical transcriptional
mechanisms, or if their mechanisms differ fundamentally from
conventional transcription factors. Yeast two-hybrid screening

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK50107 and DK68034. This minireview will be reprinted in the
2010 Minireview Compendium, which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: ehbresni@wisc.edu.
2 Supported by an American Heart Association predoctoral fellowship.

3 The abbreviations used are: HSC, hematopoietic stem cell; NuRD, nucleo-
some remodeling and deacetylase; CtBP, C-terminal domain-binding pro-
tein; CBP, cAMP-responsive element-binding protein-binding protein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 41, pp. 31087–31093, October 8, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 8, 2010 • VOLUME 285 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 31087

MINIREVIEW This paper is available online at www.jbc.org



revealed a cell type-restricted coregulator designated FOG-1
(friend of GATA-1), which, like GATA-1, is required for eryth-
ropoiesis and megakaryopoiesis (42, 43). Using a novel mam-
malian suppressor mutation approach, the functional impor-
tance of the GATA-1/FOG-1 interaction was established (44).
Even mutation of a single residue (Val205) in the GATA-1
N-terminal zinc finger sufficed to reduce FOG-1 binding to
GATA-1, and strikingly, Val205 mutations characterize a
human hematopoietic disorder, familial dyserythropoietic ane-
mia and thrombocytopenia (45). Although numerous GATA-1
target genes are activated or repressed via a FOG-1-dependent
mechanism (44), several have been shown to be activated or
repressed without FOG-1 (33, 46, 47).
Although FOG-1 has nine zinc fingers, they have not been

shown to have intrinsic DNA binding activity. At least one of
their functions is to mediate GATA-1 binding, as four fingers
contact the GATA-1 N-terminal finger (48, 49). FOG-1 facili-

tates GATA-1 occupancy of a subset of its chromatin target
sites (50, 51) and GATA-1-dependent chromatin looping (52).
Because GATA-1-instigated looping requires GATA-1 chro-
matin occupancy, FOG-1-induced loopingmay be secondary to
its facilitation of GATA-1 chromatin occupancy or may repre-
sent a novel pro-looping activity. In aggregate, it appears that
GATA-1 utilizes a non-canonical transcriptional mechanism.
However, FOG-1 contains an N-terminal sequence that binds
the NuRD chromatin-remodeling complex (53), raising the
possibility that FOG-1 also functions via a conventional mech-
anism tomediate recruitment of chromatin-remodeling and/or
chromatin-modifying components. Analyses of knock-in mice
lacking this NuRD-binding region indicated its importance for
regulating erythropoiesis and megakaryopoiesis (54, 55). The
mutant mice are viable, however, and defects are not as pro-
nounced as those of GATA-1- and FOG-1-null mice. FOG-1
also contains a sequence that binds the corepressor CtBP (56),
which associates with the histone demethylase LSD1 (lysine-
specific demethylase 1) (57). A knock-in mouse bearing a dele-
tion of the CtBP-binding sequence lacks a phenotype (58),
although the CtBP interaction was not completely abolished by
the mutation (59). Because FOG-1 translational isoforms dif-
ferentially bind CtBP (59), a further assessment of the func-
tional importance of this interaction is warranted.
Besides FOG-1 binding, the zinc finger module of GATA-1

binds the histone acetyltransferase CBP/p300 (60), which com-
monly mediates trans-acting factor function (61), and the
Mediator complex subunit MED1 (62). GATA-1 recruits CBP/
p300 (47, 63, 64), MED1 (65), and the chromatin remodeler
BRG1 (66) to chromatin sites in a context-dependent manner.
Unlike FOG-1 binding, the molecular underpinnings of these
interactions are unresolved. Studies with BRG1 knock-out
mice indicate that BRG1 mediates chromatin looping at the
�- and �-globin loci and confers maximal transcriptional
activity of the adult globin genes (47, 66–68). Knockdown
studies suggest that MED1 modestly contributes to GATA-1
activity at endogenous loci (65), whereas the relative impor-
tance of CBP/p300 binding for GATA-1 function in vivo
remains unclear.
Negotiating Chromatin—As literally millions of WGATAR

motifs reside in complex genomes, this raises the question of
whether GATA-1 occupies the majority or minority of these
sites in vivo (69). With the development of ChIP assays to mea-
sure GATA-1 and GATA-2 chromatin occupancy, it became
clear that only a small subset of the WGATAR motifs (even
when evolutionarily conserved) are occupied in cells (70–73).
Recent genome-wide analyses confirmed that GATA-1 (74–
76) and GATA-2 (74) discriminate exquisitely among highly
abundantWGATARmotifs in genomes. In erythroid precursor
cells, GATA-1 and GATA-2 share many chromatin sites,
although GATA-1- and GATA-2-selective sites also exist (74).
GATA-1/2 occupancy sites commonly reside distal to promot-
ers, indicative of a canonical long-rangemechanism, although a
minority (�10%) of the sites are promoter-localized (74). De
novo motif finding with GATA-1 genomic data sets led to the
refinement of the GATA-1-binding sequence WGATAR to
yield (CG)(AT)GATAA(GAC)(GAC) (74). Although GATA-1
occupies a significantly greater percentage of these extended

FIGURE 1. GATA-1 directly represses the Gata2 locus during hematopoi-
esis. GATA-2 occupies multiple regulatory regions (GATA switch sites) at its
own locus (71–73). Upon induction of GATA-1 expression, GATA-1 displaces
GATA-2 (GATA switch), instigating transcriptional repression. Although the
GATA switch is depicted to occur in the erythroid lineage, GATA-1 is also
expressed in megakaryocytes, eosinophils, and mast cells, but mechanistic
analyses of GATA switches are incomplete in these systems. CLP, common
lymphoid progenitor; GMP, granulocyte-monocyte progenitor; BFU-E, burst-
forming unit-erythroid; CFU-E, colony-forming unit-erythroid; CMP, common
myeloid progenitor; MEP, megakaryocyte-erythroid progenitor; Pro Ery, pro-
erythroblast; Poly, polychromatic normoblast; Ret, reticulocyte.

FIGURE 2. Functional attributes of GATA-1. Murine GATA-1 sequences
within its N terminus are implicated in conferring transactivation. These
sequences include the sumoylation site Lys137 (32), which facilitates GATA-1
activity in a context-dependent manner (33). Met83 represents an alternative
translation start site that yields a leukemogenic GATA-1 protein in acute
megakaryoblastic leukemia (87). As described in the text, the C-terminal fin-
ger mediates binding to GATA motifs, whereas the N-terminal finger stabi-
lizes DNA binding and mediates sequence-specific DNA binding in certain
contexts. The zinc fingers (ZnF) mediate multiple protein/protein interac-
tions, with the FOG-1 interaction with the N-terminal finger being particularly
critical. EKLF, erythroid Krüppel-like factor.
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versusWGATAR motifs, the percent of occupied motifs is still
low, indicating the importance of parameters distinct from the
motif itself.
What additional mechanisms facilitate and/or preclude

GATA factor chromatin occupancy? FOG-1 facilitates
GATA-1 chromatin occupancy (50, 51), but this mechanism is
operational only at certain sites. Another parameter likely to be
important is nearest-neighbor cis-elements. Genomic analyses
revealed enrichments of several cis-elements at GATA-1 occu-
pancy sites (74, 77), albeit the sequences lacked strong predic-
tive power. Finally, the chromatin environment in which
GATAmotifs reside is almost certainly critical. The epigenetic
landscape at GATA-2-occupied and GATA-2-unoccupied
conserved GATA motifs differs greatly (77). Diacetylated H3
andH3-dimeK4 are enriched at occupied sites, whereas H3-tri-
meK9 andH3-trimeK27 are often under-represented. Unoccu-
pied sites are characterized by high-level H3-trimeK9 or
H3-trimeK27 (and occasionally both) and are often devoid of
the active marks (77). Genome-wide comparisons of GATA-1
occupancy and histone marks also revealed distinct patterns at
GATA-1-bound versus GATA-1-unoccupied sites. The dis-
tinctive histone marks may be primary determinants of GATA
factor occupancy, perhaps through direct interactions with one
or more GATA factor complex components. Alternatively,
GATA factors may recruit the respective chromatin-modifying
components that establish and/or maintain the specific pat-
terns. Distinguishing between these possibilities will be essen-
tial to understand how GATA factors select chromatin sites.

Integrating GATA Factor Mechanisms via GATA Switches

GATA Switch Model—Studies of GATA factor mechanisms
revealed compelling similarities between the actions of differ-
ent GATA factors. GATA-1 and GATA-2 bind chromatin sites
with high selectivity and share themajority of target sites in the
cells studied (64, 71, 73, 74). Their mode of chromatin recogni-
tion appears to be nearly identical, at least based on the precise

sequences of the GATAmotif at the
shared sites, consistent with their
highly similar DNA-binding do-
mains. As GATA-1 and GATA-2
function redundantly to support the
genesis and/or survival of primitive
erythroblasts (41), this is consistent
with the finding that both factors
share a large cohort of target genes.
Furthermore, either the GATA-1 or
GATA-2 interaction with FOG-1 is
sufficient to support megakaryopoi-
esis (78).
In certain contexts, GATA-1 and

GATA-2 exert distinct activities.
GATA-2 uniquely regulates early
hematopoiesis by controlling the
genesis and/or survival of HSCs
and/or multipotent progenitors (11,
12, 79). GATA-2, but not GATA-1,
knock-out hematopoietic precur-
sors are competent to undergo

erythroid and myeloid terminal differentiation (12). In a
GATA-1 knock-out context in which erythropoiesis is blocked,
GATA-2 is up-regulated, and this is insufficient to support
erythropoiesis (80, 81). GATA-2, but notGATA-1, is crucial for
mast cell development (12). Based on these differences, it is
attractive to propose that GATA-1 and GATA-2 function dis-
tinctly in different regulatory milieus. Given the common shar-
ing of target sites, either GATA-1 and GATA-2 function dis-
tinctly through common sites, thereby yielding different
biological activities, orGATA-1- andGATA-2-selective targets
underlie the unique biological outputs.
The concept that GATA factors can function differently

through shared chromatin sites emerged from studies on how
GATA-1 represses transcription (23, 71). Although GATA-1
and GATA-2 were known to be expressed reciprocally during
erythropoiesis (8, 80, 81), mechanisms underlying these pat-
terns were unclear. We demonstrated that GATA-1 directly
represses Gata2 transcription using a complementation assay
in the GATA-1-null proerythroblast-like cell G1E (71). GATA-
1-mediated Gata2 repression was associated with GATA-1
occupancy at five dispersed regions of the Gata2 locus (�77,
�3.9,�2.8,�1.8, and�9.5 kb relative to the 1S promoter tran-
scription start site), broad histone deacetylation, and RNA
polymerase II expulsion (72, 73, 82). GATA-2 associates with
these identical sites when Gata2 is transcriptionally active.
Studies in zebrafish revealed that, although GATA-2 is
expressed earlier than GATA-1 during embryogenesis,
GATA-1 andGATA-2 are expressed in primitive blood precur-
sors (83). Only loss of GATA-1 induces a fate switch involving
conversion of primitive blood precursors into myeloid cells
rather than predominant red blood cells (84). In addition, evi-
dence was provided for GATA-1-specific and GATA-1/2-
shared target genes in this system.
We proposed the GATA switch model, in which GATA-1

displaces GATA-2 from chromatin sites, often (but not always)
instigating a distinct transcriptional output (Fig. 3) (23, 71, 85).

FIGURE 3. GATA switch model. In early-stage erythroblasts, GATA-2 and FOG-1 colocalize at chromatin sites,
and upon elevation of GATA-1 levels as erythropoiesis proceeds, GATA-1 displaces GATA-2. FOG-1 facilitates
GATA-1 occupancy and GATA switches, but in certain contexts, GATA-1 chromatin occupancy appears to be
FOG-1-independent. As the GATA-1 N-terminal zinc finger can contact multiple FOG-1 zinc fingers (48, 49), we
predict that GATA-1 enters the GATA-2�FOG-1 complex, creating a transient biochemical intermediate in which
both GATA factors engage distinct FOG-1 zinc fingers simultaneously. Proteasome inhibitors stabilize GATA-2
and impair GATA switches (29), and therefore, the low stability of GATA-2 appears to ensure efficient GATA
switches. However, whether the proteasome acts on chromatin-bound GATA-2 in unknown. An additional key
aspect of the mechanism that requires additional study is to establish the precise precursor during hemato-
poiesis in vivo in which GATA-1 levels rise sufficiently to gain a competitive advantage over GATA-2 bound to
chromatin target sites. Given the role of FOG-1 in promoting switches, presumably mechanisms that increase
or decrease FOG-1 activity and/or alter FOG-1 levels control GATA switches, but this possibility has not yet been
experimentally tested.
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Of note, we define “GATA switch” as the replacement of one
GATA factor by another at a chromatin site and not the loss of
expression of a GATA factor concomitant with expression of a
distinct GATA factor. This is an important difference because
the expression of specific GATA factors changes during devel-
opment, and such changes are often measured in cell popula-
tions. Thus, a change in GATA factor expression in a cell pop-
ulation may not necessarily reflect a switch in the expression of
specific GATA factors in the same cell, and therefore, in this
scenario, a GATA factor would not have the opportunity to
displace a distinct GATA factor from a common chromatin
target site. Furthermore, although GATA factor concentra-
tions are certainly important determinants of switches, as
noted below, other factors can be critical regulators of the
switch in chromatin site occupancy. A change in factor con-
centration therefore may be insufficient to instigate a bona
fide switch at a target gene. GATA switches occur in primary
cells and in vivo (55, 86). Three aspects of this proposed
mechanism are of considerable interest. First, GATA factors
have the capacity to function differently through identical
chromatin sites. Second, because GATA switches occur at
genes encoding critical regulators of hematopoiesis (e.g.
Gata2), the switches may drive hematopoiesis. Finally, given
mutations of GATA-1 and GATA-2 in human leukemias (87,
88), such alterations may impede GATA switches as a key
step in hematologic malignancies.
Molecular Determinants of GATA Switches—In the context

of naked DNA, the capacity of a protein to displace another
from a common binding site is dictated by well defined bio-
physical parameters of the binding reactions. However, given
the unpredictable influence of chromatin on DNA-binding site
affinities, the residence of DNA-binding components in large
multiprotein complexes, and poorly understood forces exerted
by the subnuclear environment, defining the biophysical
attributes of a displacement reaction, such as a GATA switch,
in vivo is fraught with difficulties. Despite this formidable
hurdle, progress has been made in dissecting GATA switch
mechanisms.
The initial studies onGATA switches utilized a conditionally

active GATA-1 protein containing the estrogen receptor
ligand-binding domain expressed at a level similar to that of
endogenous GATA-1 in erythroleukemia cells and erythro-
blasts (71, 73). Estrogen receptor/GATA-1 displacement of
GATA-2 from chromatin increases in a graded fashion upon
increasing the ligand concentration or time in the presence of a
maximally effective ligand concentration. Thus, the ratio of the
concentrations of active GATA-1 toGATA-2 is a critical deter-
minant of GATA switches.
Although both GATA-1 and GATA-2 are degraded by the

proteasome, GATA-2 is considerably less stable than GATA-1
(t1⁄2 � �1 h versus �4 h, respectively) (29). We reasoned that
GATA-2 instability might be an important determinant of the
GATA switch. Proteasome inhibitors increase GATA-2 stabil-
ity, and under these conditions, GATA-1 has less efficacy to
displace GATA-2 from chromatin (29). The proteasome inhib-
itor opposition to GATA switches may reflect a higher steady-
state level of GATA-2, a requirement for rapid GATA-2 turn-
over to expel it from chromatin, or an indirect influence on

another target that controls the GATA switch. To distinguish
among these possibilities, it will be instructive to test whether
stabilized GATA-2 mutants are refractory to GATA-1-medi-
ated expulsion from chromatin.
Studies in FOG-1-null hematopoietic precursors expressing

endogenous GATA-1 and GATA-2 revealed that expressing
estrogen receptor/GATA-1 �30-fold higher than endogenous
GATA-1 is insufficient to displace GATA-2 from chromatin
(51). As GATA switches are rescued by expressing FOG-1,
FOG-1 promotes GATA switches. This activity might reflect
FOG-1 chromatin occupancy facilitator activity, which
enhances GATA-1 chromatin occupancy at select sites (51), or
its role in mediating GATA-1-dependent chromatin looping
(52). Regardless, FOG-1 is a determinant of GATA switches.
Is the FOG-1 activity to promote GATA switches intrinsic to

FOG-1, or does it require associated components, perhaps with
specific enzymatic activities? Because FOG-1 co-purifies with
theNuRDcomplex(53),theFOG-1activitymightrequireNuRD-
dependent chromatin remodeling and/or other activities.
Knock-in mice have been generated in which endogenous
FOG-1 was replaced with N-terminal mutants defective in
NuRD binding (e.g. FOG-1R3K5A) (54, 55). Although these mice
do not precisely phenocopy GATA-1- or FOG-1-null mice,
they exhibit defective erythropoiesis and megakaryopoiesis,
consistent with impaired GATA-1 function. As GATA-2
expression is elevated in megakaryocytic and erythroid precur-
sors from FOG-1R3K5A mice, the authors concluded that
FOG-1 binding to NuRD is required for GATA switches that
repress Gata2 transcription (55). The biochemical underpin-
nings of this requirement are unclear, but importantly, the
mechanism by which a trans-acting factor utilizes coregulators
to displace a related protein with distinct activities from a chro-
matin site represents a new paradigm.
In the context of molecular endocrinology, steroidal or non-

steroidal small molecule ligands bind to nuclear receptors,
inducing a switch in receptor binding to corepressors or coac-
tivators (89). Although GATA switches are not instigated by
ligands, whether GATA switches share common attributes
with these ligand-dependent switches requires further investi-
gation. As GATA-1 recruits additional coregulators, including
MED1 (62), BRG1 (64, 66), andCBP/p300 (60), it will be impor-
tant to determine whether the FOG-1/NuRD requirement for
GATA switches is unique or if any coregulator that promotes
GATA-1 activity also facilitates GATA switches.

GATA Switches beyond Red Blood Cell Development

Because multiple GATA factors can be expressed in the
same cell type and/or distinct cells in a cell lineage and have
a common naked DNA binding specificity, distinct GATA
factors may commonly compete for identical chromatin
sites. If different GATA factors exert qualitatively or quan-
titatively distinct activities, this would be analogous to the
erythroid GATA switch. Although this is largely unexplored,
evidence has emerged consistent with GATA switches in
mast cells, megakaryocytes, and trophoblasts.
Analogous to the erythroid GATA-1/2 switch, a similar

switch has been described in mast cells (90). FOG-1 expres-
sion in mast cell precursors blocks their maturation into
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mast cells and reprograms precursors into cells with ery-
throid, megakaryocytic, and granulocytic phenotypes (90).
Similar to expressing FOG-1 in FOG-1-null erythroid precur-
sors (51), FOG-1 expression in mast cell precursors induces a
GATA switch at theGata2 locus �2.8 kb site (90). This GATA
switch-associated Gata2 repression was proposed to underlie
the FOG-1-dependent reprogramming of mast cell precursors.
GATA switches can involve additionalGATA factors besides

GATA-1 and GATA-2. Evidence for a GATA-2/3 switch
emerged from studies of placental development. GATA-2 and
GATA-3 are expressed in trophoblast giant cells and regulate
the expression of placental hormones (91). Although knock-
outs of either gene individually do not block giant cell differen-
tiation, both factors coordinately regulate genes involved in
giant cell differentiation (92, 93). The GATA-2 knock-out
exerted a greater inhibitory influence on placental angiogenesis
versus the GATA-3 knock-out, highlighting quantitative differ-
ences in their activities to control angiogenesis. Studies in a
cultured trophoblast cell line indicate that GATA-2 and
GATA-3 can also exert qualitatively distinct functions (91). In
trophoblast precursors, GATA-3 occupies two regulatory
regions of the Gata2 locus, �3.9 and �9.5 kb relative to the
promoter, which correlates with Gata2 repression (91). In
a differentiation-dependent manner, GATA-2 displaces
GATA-3, which is linked to Gata2 transcriptional activation.
Thus, analogous to the erythroidGATA switch, GATA-2 occu-
pancy appears to reflect positive autoregulation, whereas dis-
tinct GATA factors functioning through GATA switch sites
confer repression (GATA-1 andGATA-3 in erythroid cells and
trophoblast precursors, respectively). GATA-3 (followed by
GATA-2) expression has also been observed during the ontog-
eny of the allantois (94), although the functional implications of
this expression pattern are unclear.
Whereas there are compelling examples of cells expressing

multiple GATA factors, additional work is required to assess
whether GATA switches occur in these systems. GATA-2/3/
4/6 are expressed in human hepatocytes (95). GATA-3 re-
presses erythropoietin expression in murine hepatocytes,
whereas GATA-4 induces erythropoietin expression in human
hepatocytes (95). It was proposed that GATA-4 functions
through the erythropoietin promoter in fetal hepatocytes to
activate transcription, and the lack of GATA-4 in adult hepato-
cytes and/or the function of GATA-2/3 might confer repres-
sion in the adult. By contrast to these qualitatively distinct
activities, GATA-4 and GATA-6 function cooperatively to
induce expression of cardiac genes in cardiomyocytes (96).
Endothelial cells expressmultipleGATAfactors, andGATA-

3 is implicated in activating transcription of Tie2 (97), which
encodes a tyrosine kinase receptor for the angiopoietin-1 ligand
(98). The activation mechanism involves GATA-3 binding to
sites within the 5�-untranslated region. GATA-2 has been
implicated as a mediator of mechanosignaling-dependent
angiogenesis, and this is associated with induction of VEGFR2
transcription (99). Elucidating the dynamics of GATA factor
expression and chromatin occupancy in endothelial cells in vivo
will provide important insights into the role of GATA switches
in controlling angiogenesis and other critical endothelial cell-
dependent processes.

Perspective

The further dissection of GATA switch mechanisms has
potential to yield critical mechanistic, biological, and patho-
physiological insights. Key unresolved issues include the fol-
lowing. 1) Because different GATA factors can exert qualita-
tively distinct functions through an identical chromatin site,
whatmolecular attributes underlie the unique identities of indi-
vidual GATA factor family members? 2) Although GATA fac-
tor concentrations, FOG-1, and proteasome-sensitive factor(s)
control GATA switches, how important are these and other
parameters in vivo? 3)What are the functional consequences of
GATA switches at endogenous loci in vivo? Although cis-ele-
ment functionality is commonly inferred based on transfection
and transgenic studies, it is critical to assess function at their
endogenous chromosomal sites. Using a cis-element knock-out
approach,we demonstrated that theGata2�1.8 kb site is selec-
tively required to maintain repression in late-stage erythro-
blasts in vivo (100). This conclusion would not have emerged
from other modes of functional analysis. 4) Because GATA
switches occur at a host of important regulatory genes, do
GATA switches dominantly establish and/or orchestrate
genetic networks that drive developmental processes? 5) Do
GATA switches occur synchronously upon achieving the req-
uisite concentration of a given GATA factor or asynchronously
over a spectrum of GATA factor concentrations, dependent on
the chromosomal environment and subnuclear neighborhood
in vivo? 6) As noted above, GATA switches occur in distinct
cellular contexts, raising the question as towhat is the spectrum
of GATA switch-dependent developmental processes, and
does incorporating GATA switches into a developmental reg-
ulatory mechanism endow it with unique regulatory proper-
ties? 7) Although we have discussed binary GATA switches,
because more than two GATA factors can be expressed in cer-
tain cell types, in principle, complex iterations of GATA
switches may involve greater than two factors. Do ternary or
even higher order GATA switches occur? 8) GATA-1 and
GATA-2 function distinctly through certain common chroma-
tin sites, raising the question as to what extent do GATA
switches induce qualitative differences in the transcriptional
and biological outputs? 9) Can the GATA switch concept be
generalized to other transcription factor families, including the
highly related Ets and/or Krüppel-like transcription factors? As
exemplified by the shear number and broad scope of these
unresolved issues, future efforts will almost certainly yield a
rich set of discoveries that impact upon many fields.

REFERENCES
1. Orkin, S. H., and Zon, L. I. (2008) Cell 132, 631–644
2. Evans, T., Reitman, M., and Felsenfeld, G. (1988) Proc. Natl. Acad. Sci.

U.S.A. 85, 5976–5980
3. Evans, T., and Felsenfeld, G. (1989) Cell 58, 877–885
4. Tsai, S. F., Martin, D. I., Zon, L. I., D’Andrea, A. D., Wong, G. G., and

Orkin, S. H. (1989) Nature 339, 446–451
5. Wilson, D. B., Dorfman, D.M., andOrkin, S. H. (1990)Mol. Cell. Biol. 10,

4854–4862
6. Yamamoto, M., Ko, L. J., Leonard, M. W., Beug, H., Orkin, S. H., and

Engel, J. D. (1990) Genes Dev. 4, 1650–1662
7. Orkin, S. H. (1992) Blood 80, 575–581
8. Leonard, M., Brice, M., Engel, J. D., and Papayannopoulou, T. (1993)

Blood 82, 1071–1079

MINIREVIEW: GATA Factor Mechanisms

OCTOBER 8, 2010 • VOLUME 285 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 31091



9. Martin, D. I., Zon, L. I., Mutter, G., and Orkin, S. H. (1990) Nature 344,
444–447

10. Ito, E., Toki, T., Ishihara, H., Ohtani, H., Gu, L., Yokoyama, M., Engel,
J. D., and Yamamoto, M. (1993) Nature 362, 466–468

11. Tsai, F. Y., Keller, G., Kuo, F. C., Weiss, M., Chen, J., Rosenblatt, M., Alt,
F. W., and Orkin, S. H. (1994) Nature 371, 221–226

12. Tsai, F. Y., and Orkin, S. H. (1997) Blood 89, 3636–3643
13. Minegishi, N., Ohta, J., Yamagiwa, H., Suzuki, N., Kawauchi, S., Zhou, Y.,

Takahashi, S., Hayashi, N., Engel, J. D., and Yamamoto, M. (1999) Blood
93, 4196–4207

14. Lee, M. E., Temizer, D. H., Clifford, J. A., and Quertermous, T. (1991)
J. Biol. Chem. 266, 16188–16192

15. Nardelli, J., Thiesson, D., Fujiwara, Y., Tsai, F. Y., and Orkin, S. H. (1999)
Dev. Biol. 210, 305–321

16. Zhou, Y., Yamamoto, M., and Engel, J. D. (2000) Development 127,
3829–3838

17. Craven, S. E., Lim, K. C., Ye, W., Engel, J. D., de Sauvage, F., and
Rosenthal, A. (2004) Development 131, 1165–1173

18. Kobayashi-Osaki, M., Ohneda, O., Suzuki, N., Minegishi, N., Yokomizo,
T., Takahashi, S., Lim, K. C., Engel, J. D., and Yamamoto, M. (2005)Mol.
Cell. Biol. 25, 7005–7020

19. Lim, K. C., Lakshmanan, G., Crawford, S. E., Gu, Y., Grosveld, F., and
Engel, J. D. (2000) Nat. Genet. 25, 209–212

20. Kouros-Mehr, H., Slorach, E. M., Sternlicht, M. D., and Werb, Z. (2006)
Cell 127, 1041–1055

21. Charron, F., and Nemer, M. (1999) Semin. Cell Dev. Biol. 10, 85–91
22. Molkentin, J. D. (2000) J. Biol. Chem. 275, 38949–38952
23. Bresnick, E. H.,Martowicz,M. L., Pal, S., and Johnson, K. D. (2005) J. Cell.

Physiol. 205, 1–9
24. Martin, D. I., and Orkin, S. H. (1990) Genes Dev. 4, 1886–1898
25. Ko, L. J., and Engel, J. D. (1993)Mol. Cell. Biol. 13, 4011–4022
26. Merika, M., and Orkin, S. H. (1993)Mol. Cell. Biol. 13, 3999–4010
27. Newton, A., Mackay, J., and Crossley, M. (2001) J. Biol. Chem. 276,

35794–35801
28. Pedone, P. V., Omichinski, J. G., Nony, P., Trainor, C., Gronenborn,

A. M., Clore, G. M., and Felsenfeld, G. (1997) EMBO J. 16, 2874–2882
29. Lurie, L. J., Boyer, M. E., Grass, J. A., and Bresnick, E. H. (2008) Biochem-

istry 47, 859–869
30. Kadri, Z., Shimizu, R., Ohneda, O., Maouche-Chretien, L., Gisselbrecht,

S., Yamamoto, M., Romeo, P. H., Leboulch, P., and Chretien, S. (2009)
PLoS Biol. 7, e1000123

31. Johnson, K. D., Kim, S. I., and Bresnick, E. H. (2006) Proc. Natl. Acad. Sci.
U.S.A. 103, 15939–15944

32. Collavin, L., Gostissa, M., Avolio, F., Secco, P., Ronchi, A., Santoro, C.,
and Del Sal, G. (2004) Proc. Natl. Acad. Sci. U.S.A. 101, 8870–8875

33. Lee, H. Y., Johnson, K. D., Fujiwara, T., Boyer, M. E., Kim, S. I., and
Bresnick, E. H. (2009)Mol. Cell 36, 984–995

34. Pevny, L., Simon, M. C., Robertson, E., Klein, W. H., Tsai, S. F., D’Agati,
V., Orkin, S. H., and Costantini, F. (1991) Nature 349, 257–260

35. Simon, M. C., Pevny, L., Wiles, M. V., Keller, G., Costantini, F., and
Orkin, S. H. (1992) Nat. Genet. 1, 92–98

36. Pevny, L., Lin, C. S., D’Agati, V., Simon, M. C., Orkin, S. H., and Costan-
tini, F. (1995) Development 121, 163–172

37. Fujiwara, Y., Browne,C. P., Cunniff, K., Goff, S. C., andOrkin, S.H. (1996)
Proc. Natl. Acad. Sci. U.S.A. 93, 12355–12358

38. Yu, C., Cantor, A. B., Yang, H., Browne, C.,Wells, R. A., Fujiwara, Y., and
Orkin, S. H. (2002) J. Exp. Med. 195, 1387–1395

39. Hirasawa, R., Shimizu, R., Takahashi, S., Osawa,M., Takayanagi, S., Kato,
Y., Onodera,M.,Minegishi, N., Yamamoto,M., Fukao, K., Taniguchi, H.,
Nakauchi, H., and Iwama, A. (2002) J. Exp. Med. 195, 1379–1386

40. Migliaccio, A. R., Rana, R. A., Sanchez, M., Lorenzini, R., Centurione, L.,
Bianchi, L., Vannucchi, A. M., Migliaccio, G., and Orkin, S. H. (2003) J.
Exp. Med. 197, 281–296

41. Fujiwara, Y., Chang, A. N.,Williams, A.M., andOrkin, S. H. (2004)Blood
103, 583–585

42. Tsang, A. P., Visvader, J. E., Turner, C. A., Fujiwara, Y., Yu, C., Weiss,
M. J., Crossley, M., and Orkin, S. H. (1997) Cell 90, 109–119

43. Tsang, A. P., Fujiwara, Y., Hom, D. B., and Orkin, S. H. (1998)Genes Dev.

12, 1176–1188
44. Crispino, J. D., Lodish, M. B., MacKay, J. P., and Orkin, S. H. (1999)Mol.

Cell 3, 219–228
45. Nichols, K. E., Crispino, J. D., Poncz,M.,White, J. G., Orkin, S. H., Maris,

J. M., and Weiss, M. J. (2000) Nat. Genet. 24, 266–270
46. Johnson, K. D., Boyer,M. E., Kang, J. A.,Wickrema, A., Cantor, A. B., and

Bresnick, E. H. (2007) Blood 109, 5230–5233
47. Kim, S. I., Bultman, S. J., Jing, H., Blobel, G. A., and Bresnick, E. H. (2007)

Mol. Cell. Biol. 27, 4551–4565
48. Fox, A. H., Liew, C., Holmes, M., Kowalski, K., Mackay, J., and Crossley,

M. (1999) EMBO J. 18, 2812–2822
49. Cantor, A. B., Katz, S. G., and Orkin, S. H. (2002) Mol. Cell. Biol. 22,

4268–4279
50. Letting, D. L., Chen, Y. Y., Rakowski, C., Reedy, S., and Blobel, G. A.

(2004) Proc. Natl. Acad. Sci. U.S.A. 101, 476–481
51. Pal, S., Cantor, A. B., Johnson, K. D., Moran, T. B., Boyer, M. E., Orkin,

S. H., and Bresnick, E. H. (2004) Proc. Natl. Acad. Sci. U.S.A. 101,
980–985

52. Vakoc, C. R., Letting, D. L., Gheldof, N., Sawado, T., Bender, M. A.,
Groudine, M., Weiss, M. J., Dekker, J., and Blobel, G. A. (2005)Mol. Cell
17, 453–462

53. Hong,W.,Nakazawa,M., Chen, Y. Y., Kori, R., Vakoc, C. R., Rakowski, C.,
and Blobel, G. A. (2005) EMBO J. 24, 67–78

54. Miccio, A., Wang, Y., Hong, W., Gregory, G. D., Wang, H., Yu, X., Choi,
J. K., Shelat, S., Tong,W., Poncz,M., and Blobel, G. A. (2010)EMBO J. 29,
442–456

55. Gao, Z., Huang, Z., Olivey, H. E., Gurbuxani, S., Crispino, J. D., and
Svensson, E. C. (2010) EMBO J. 29, 457–468

56. Turner, J., and Crossley, M. (1998) EMBO J. 17, 5129–5140
57. Shi, Y. J., Matson, C., Lan, F., Iwase, S., Baba, T., and Shi, Y. (2005)Mol.

Cell 19, 857–864
58. Katz, S. G., Cantor, A. B., and Orkin, S. H. (2002) Mol. Cell. Biol. 22,

3121–3128
59. Snow, J. W., and Orkin, S. H. (2009) J. Biol. Chem. 284, 29310–29319
60. Blobel, G. A., Nakajima, T., Eckner, R., Montminy, M., and Orkin, S. H.

(1998) Proc. Natl. Acad. Sci. U.S.A. 95, 2061–2066
61. Goodman, R. H., and Smolik, S. (2000) Genes Dev. 14, 1553–1577
62. Stumpf, M., Waskow, C., Krötschel, M., van Essen, D., Rodriguez, P.,

Zhang, X., Guyot, B., Roeder, R. G., and Borggrefe, T. (2006) Proc. Natl.
Acad. Sci. U.S.A. 103, 18504–18509

63. Letting, D. L., Rakowski, C., Weiss, M. J., and Blobel, G. A. (2003) Mol.
Cell. Biol. 23, 1334–1340

64. Im, H., Grass, J. A., Johnson, K. D., Kim, S. I., Boyer, M. E., Imbalzano,
A. N., Bieker, J. J., and Bresnick, E. H. (2005) Proc. Natl. Acad. Sci. U.S.A.
102, 17065–17070

65. Pope, N. J., and Bresnick, E. H. (2010) Nucleic Acids Res. 38, 2190–2200
66. Kim, S. I., Bultman, S. J., Kiefer, C.M., Dean,A., andBresnick, E.H. (2009)

Proc. Natl. Acad. Sci. U.S.A. 106, 2259–2264
67. Bultman, S. J., Gebuhr, T. C., and Magnuson, T. (2005) Genes Dev. 19,

2849–2861
68. Kim, S. I., Bresnick, E. H., and Bultman, S. J. (2009)Nucleic Acids Res. 37,

6019–6027
69. Bresnick, E. H., Johnson, K. D., Kim, S. I., and Im, H. (2006) Prog. Nucleic

Acids Res. Mol. Biol. 81, 435–471
70. Johnson, K. D., Grass, J. A., Boyer, M. E., Kiekhaefer, C. M., Blobel, G. A.,

Weiss, M. J., and Bresnick, E. H. (2002) Proc. Natl. Acad. Sci. U.S.A. 99,
11760–11765

71. Grass, J. A., Boyer, M. E., Pal, S., Wu, J., Weiss, M. J., and Bresnick, E. H.
(2003) Proc. Natl. Acad. Sci. U.S.A. 100, 8811–8816

72. Martowicz, M. L., Grass, J. A., Boyer, M. E., Guend, H., and Bresnick,
E. H. (2005) J. Biol. Chem. 280, 1724–1732

73. Grass, J. A., Jing, H., Kim, S. I., Martowicz,M. L., Pal, S., Blobel, G. A., and
Bresnick, E. H. (2006)Mol. Cell. Biol. 26, 7056–7067

74. Fujiwara, T., O’Geen, H., Keles, S., Blahnik, K., Linnemann, A. K., Kang,
Y. A., Choi, K., Farnham, P. J., and Bresnick, E. H. (2009) Mol. Cell 36,
667–681

75. Cheng, Y.,Wu,W., Kumar, S. A., Yu, D., Deng,W., Tripic, T., King, D. C.,
Chen, K. B., Zhang, Y., Drautz, D., Giardine, B., Schuster, S. C., Miller,

MINIREVIEW: GATA Factor Mechanisms

31092 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 41 • OCTOBER 8, 2010



W., Chiaromonte, F., Zhang, Y., Blobel, G. A.,Weiss,M. J., andHardison,
R. C. (2009) Genome Res. 19, 2172–2184

76. Yu, M., Riva, L., Xie, H., Schindler, Y., Moran, T. B., Cheng, Y., Yu, D.,
Hardison, R., Weiss, M. J., Orkin, S. H., Bernstein, B. E., Fraenkel, E., and
Cantor, A. B. (2009)Mol. Cell 36, 682–695

77. Wozniak, R. J., Keles, S., Lugus, J. J., Young, K. H., Boyer, M. E., Tran,
T.M., Choi, K., and Bresnick, E. H. (2008)Mol. Cell. Biol. 28, 6681–6694

78. Chang, A. N., Cantor, A. B., Fujiwara, Y., Lodish, M. B., Droho, S.,
Crispino, J. D., and Orkin, S. H. (2002) Proc. Natl. Acad. Sci. U.S.A. 99,
9237–9242

79. Ling, K.W., Ottersbach, K., van Hamburg, J. P., Oziemlak, A., Tsai, F. Y.,
Orkin, S. H., Ploemacher, R., Hendriks, R. W., and Dzierzak, E. (2004) J.
Exp. Med. 200, 871–882

80. Weiss, M. J., Keller, G., and Orkin, S. H. (1994)Genes Dev. 8, 1184–1197
81. Weiss,M. J., Yu, C., andOrkin, S.H. (1997)Mol. Cell. Biol.17, 1642–1651
82. Wozniak, R. J., Boyer,M. E., Grass, J. A., Lee, Y., andBresnick, E.H. (2007)

J. Biol. Chem. 282, 14665–14674
83. Heicklen-Klein, A., McReynolds, L. J., and Evans, T. (2005) Semin. Cell

Dev. Biol. 16, 95–106
84. Galloway, J. L., Wingert, R. A., Thisse, C., Thisse, B., and Zon, L. I. (2005)

Dev. Cell 8, 109–116
85. Kim, S. I., and Bresnick, E. H. (2007) Oncogene 26, 6777–6794
86. Lugus, J. J., Chung, Y. S., Mills, J. C., Kim, S. I., Grass, J., Kyba, M.,

Doherty, J. M., Bresnick, E. H., and Choi, K. (2007) Development 134,
393–405

87. Wechsler, J., Greene, M., McDevitt, M. A., Anastasi, J., Karp, J. E., Le
Beau, M. M., and Crispino, J. D. (2002) Nat. Genet. 32, 148–152

88. Zhang, S. J.,Ma, L. Y., Huang,Q.H., Li, G., Gu, B.W., Gao, X. D., Shi, J. Y.,
Wang, Y. Y., Gao, L., Cai, X., Ren, R. B., Zhu, J., Chen, Z., and Chen, S. J.
(2008) Proc. Natl. Acad. Sci. U.S.A. 105, 2076–2081

89. Perissi, V., Aggarwal, A., Glass, C. K., Rose, D. W., and Rosenfeld, M. G.
(2004) Cell 116, 511–526

90. Cantor, A. B., Iwasaki, H., Arinobu, Y., Moran, T. B., Shigematsu, H.,
Sullivan, M. R., Akashi, K., and Orkin, S. H. (2008) J. Exp. Med. 205,
611–624

91. Ray, S., Dutta, D., Rumi, M. A., Kent, L. N., Soares, M. J., and Paul, S.
(2009) J. Biol. Chem. 284, 4978–4988

92. Ng, Y. K., George, K.M., Engel, J. D., and Linzer, D. I. (1994)Development
120, 3257–3266

93. Ma, G. T., Roth, M. E., Groskopf, J. C., Tsai, F. Y., Orkin, S. H., Grosveld,
F., Engel, J. D., and Linzer, D. I. (1997) Development 124, 907–914

94. Caprioli, A., Minko, K., Drevon, C., Eichmann, A., Dieterlen-Lièvre, F.,
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A long-standing goal of computational protein design is to
create proteins similar to those found in Nature. One moti-
vation is to harness the exquisite functional capabilities of
proteins for our own purposes. The extent of similarity
between designed and natural proteins also reports on how
faithfully our models represent the selective pressures that
determine protein sequences. As the field of protein design
shifts emphasis from reproducing native-like protein struc-
ture to function, it has become important that these models
treat the notion of specificity in molecular interactions.
Although specificity may, in some cases, be achieved by optimi-
zation of a desired protein in isolation, methods have been
developed to address directly the desire for proteins that exhibit
specific functions and interactions.

The field of computational protein design pursues two goals.
One is practical and regards the products of the design pro-
cess: we desire the ability to engineer proteins for arbitrary
functions. The second goal emphasizes scientific, rather
than engineering, aims. This goal is concerned with themod-
els that serve as input for the process: we desire a quantita-
tive description of the principles that influence the selection of
natural proteins. The extent to which designed proteins resem-
ble natural proteins serves to evaluate how well our models
simulate the selective pressures for natural proteins. This mini-
review is concerned with efforts to endow designed proteins
with the specificity observed in naturally occurring proteins.
Excellent reviews of other aspects of computational protein
design have also appeared recently (1, 2).
Advances in molecular modeling have expanded the inven-

tory of protein properties that can be reproduced by computa-
tional design. Early computational efforts sought only to repli-
cate native-like packing arrangements for hydrophobic protein
cores (3). It was found that this was achievable using a simple
energy potential to enforce close packingwithout steric clashes.
The structural representation used was a fixed backbone from
an experimentally determined structure and a discrete set of
commonly observed side chain conformations. More complete
energy potentials enabled the complete redesign of a protein (4)
and the construction of novel hydrogen-bonding networks (5).
The incorporation of backbone relaxation techniques was

important for the redesign of loop conformations (6). Finally,
the design of the Top7 protein achieved the milestone goal of
constructing a protein for which neither backbone topology
nor amino acid sequence was derived from any naturally occur-
ring protein (7). However, continuing differences in the prop-
erties of designed and natural proteins provide evidence (if any
was needed) that the pressures applied by protein design poten-
tials incompletely simulate those of natural selection (8).
The improvements in energy functions and conformational

sampling described above enhance the precision and correct-
nesswithwhich single protein structures or complexes are eval-
uated. However, specificity requires consideration of multiple
outcomes for a protein, both desired and undesired. The selec-
tion of a protein sequence that is optimal for a desired structure
or interaction is termed “positive design,” whereas the selection
of sequence elements to discourage undesired structures, or
complexes, is termed “negative design” (9). Multistate design
algorithms simultaneously consider both desired and undes-
ired outcomes when selecting sequences. In the following, I
describe the biological parallels for the functional specificity we
seek to encode in the protocols of protein design, describe tech-
niques for achieving specificity both with and without explicit
multistate design, and finally discuss recent algorithmic ad-
vances likely to advance the field in the near future.

Natural Exemplars for Biomolecular Specificity

Specificity is crucial for the proper flow of information
and energy through signal transduction, metabolic, and
transcriptional pathways. At the same time, duplication and
reuse of modular interaction domains are prevalent in the
assembly of these systems. Consequently, a single cell may
contain dozens of interacting partners drawn from a partic-
ular family of modular interactions. How is specificity main-
tained when interacting partners must coexist, but not inter-
fere, with family members that possess significant structural
and sequence similarity? Differing patterns of subcellular
localization or developmental expression may ensure that
undesired partners never meet, but often the specificity of
the physical interaction alone is sufficient to restrict success-
ful complex formation to cognate pairs.
In certain systems, specificity has been shown to be both

independent of context and shaped by considerations of nega-
tive design. Zarrinpar et al. (10) studied the interactions be-
tween the 27 SH32 domains in the yeast proteome and the Pbs2
peptide (the ligand for the Sho1 SH3 domain). They found no
binding between the Pbs2 peptide and the 26 non-cognate yeast
SH3 domains. However, 6 of 12 non-yeast SH3 domains were
able to bind the peptide. This suggests that the Pbs2 peptide has
been optimized to maintain specificity only with respect to
the relevant competing yeast SH3 domains. When confronted
with “extra-proteomic” SH3 domains, the peptide was broadly
cross-reactive. A large-scale study of PDZ domains in the* This minireview will be reprinted in the 2010 Minireview Compendium,

which will be available in January, 2011.
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mouse proteome suggests that negative selection has served to
minimize cross-reactivity in this system as well (11).
There are two lessons here for protein design. The first is that

specificity, for at least some families of interactions, is encoded
solely in the sequences of the interacting partners themselves.
For these interactions, specificity is not dependent on spatial or
temporal co-localization. This indicates that the engineering of
such a family falls within the scope of protein design. The sec-
ond lesson is that it is crucial to understand and enumerate the
relevant undesired partners in any interaction. This will be
entirely dependent on the context in which a protein is ex-
pected to function. Interactions between a small number of
purified components in a test tubewill require fewer competing
states than a protein that is expected to operate in a cell.

Specificity without Negative Design

As a rule of thumb, negative design considerations may be
omitted when competing states are structurally distinct (Fig.
1A). There are many examples of computationally designed
interactions that achieved specificity considering only the
desired complex as a target. These include the stabilization of
the open and closed forms of an integrin I domain (12), the

construction of novel protein interfaces (13), the redesign of
protein-DNA specificity (14), the design of small molecule-
binding receptors (15), and the tightening of specificity for a
protein with multiple partners (16).
In well characterized systems, a few key residues may suf-

fice to enforce specificity. These may be selected by hand,
with the remainder of the protein sequence determined in an
automated fashion. Carefully placed charged residues have
been used to destabilize undesired helical bundle arrange-
ments (17), favor heterospecificity inmeganuclease association
(18), and convert an amyloid-like fibril into a monomeric pro-
tein (19). Ambroggio and Kuhlman (20) used a common zinc-
binding motif to drive a conformational change between two
alternate backbone folds for a single sequence.
However, some design tasks require explicit negative de-

sign states. For instance, Grigoryan et al. (21) sought to
design coiled-coil inhibitors of basic leucine zipper (bZIP)
proteins thatwere specific to individual bZIP proteins and bZIP
families. Another common design goal requiring negative
design is the conversion of a homodimeric protein to an obli-
gate heterodimeric pair (22, 23). The related goal of converting
one homodimer scaffold to two or more distinct, non-interact-
ing homodimers cannot even be formulated in a single-state
design framework. The neglected negative heterodimeric state
is required to tie together what would be otherwise uncon-
nected (and presumably identical) homodimeric designs.

Models for Specificity in Computational Protein Design

Specificity may be conferred upon a protein by a carefully
constructed design process. For the limited goal of conforma-
tional, rather than functional, specificity, one approach is
to iterate between sequence and structural optimization. This
process converges upon mutually optimal sequence-structure
pairs for which any local conformation change or mutation
is predicted to decrease the value of the scoring function. This
procedure has been quite successful, generating proteins with a
novel backbone topology and novel loop conformations veri-
fied by structural characterization (6, 7).
Specific protein-protein interfaces can be designed using the

“second-site suppressor” strategy (Fig. 1B) (24). In this two-step
approach, both partners in a protein interface are mutated to
generate a novel pair of proteins that do not interact with the
wild-type proteins. First, destabilizing mutations across the
interface are identified, ensuring that complexes between wild-
type and designed partners are energetically unfavorable. Next,
compensatorymutations are found in the interacting partner to
construct a novel interface. By construction, the newcomplex is
predicted to have both high affinity and specificity against
the formation of wild-type/mutant hybrids. This approach has
been successfully demonstrated in three experimental systems.
The first application by Kortemme et al. (24) was the redesign
and structural characterization of a novel colicinDNase-immu-
nity protein pair with a specificity switch from the wild-type
complex. Recently, Sammond et al. (25) applied the method to
two systems: the G-protein component G�i1-RGS14 GoLoco
motif complex and the complex between UbcH7 and the ubiq-
uitin ligase E6AP. A common finding for both groups is that
the most successful designs utilize mutations to hydrophobic

FIGURE 1. Computational strategies for achieving specificity. A, positive
design only. When the desired and undesired states are structurally distinct,
as shown for hypothetical open and closed states for a protein, positive
design may be sufficient, and negative design states may be ignored (dashed
box on the right side of the equilibrium). B, second-site suppressor strategy
for redesigning protein-protein interfaces. Negative and positive design ele-
ments may be added sequentially. Here, the design proceeds in two steps.
First, point mutations are identified on both partners in the interaction that
destabilize the native complex. Second, compensatory mutations are identi-
fied that restore affinity while accommodating the specificity-conferring
amino acids. C, explicit multistate design. Here, a symmetric homodimer
(shown in red) is converted into an obligate heterodimer (green and purple).
The protein sequence is simultaneously selected both to stabilize the het-
erodimeric positive design state (left side of the equilibrium) and to destabi-
lize the homodimeric negative design states.
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amino acids and that lowered affinities are observed in com-
plexes containing engineered polar networks.
The prevalence of hydrophobic interactions over hydrogen-

bonding interactions in these designed complexes could be due
to at least three causes. First, the amino acids initially selected
to destabilize the template interface are often large hydropho-
bic residues that create steric clashes. In the subsequent design
step, these amino acids aremore likely to nucleate the selection
of hydrophobic clusters than polar networks, with which they
can participate only weakly. Second, the introduction of polar
networks may require a larger number of concerted mutations
than are typically included in a design calculation. Finally, the
conformational resolution provided by standard design proto-
cols may be sufficient for modeling hydrophobic interactions
but not for hydrogen-bonding interactions, resulting in a bias
toward hydrophobic interfaces. Along these lines, it is notewor-
thy that the use of multiple-backbone models in the design of a
colicin DNase-immunity protein interface (which results in an
effectively higher resolution) yielded a novel hydrogen-bonding
network, whereas single-backbone designs in the same system
resulted primarily inmutations to hydrophobic amino acids (5).

Explicit Specificity via Multistate Design

Specificity may be explicitly demanded in a design calcu-
lation by including both positive and negative design states
(Fig. 1C) (9). This was first demonstrated experimentally with
coiled coils. Both the homodimeric and heterodimeric states
for two distinct peptides were structurally modeled, and in sep-
arate designs, amino acid sequences were selected that shifted
the equilibrium toward either state. Four pairs of obligate het-
erodimers and four pairs of non-interacting homodimers were
experimentally validated (23). Barth et al. (26) combined this
method with iterative structural relaxation to design a specific
coiled-coil inhibitor targeting ametastable coiled-coil region in
the yeast septin Cdc12p. Bolon et al. (22) studied the trade-offs
between stability and specificity in the design and biophysical
characterization of obligate heterodimeric mutants of the
Haemophilus influenzae SspB protein. They concluded that
negative design was necessary for association specificity in this
system, where competing states possess significant structural
similarity. Boas andHarbury (27) utilized amultistate approach
to require both stability and affinity from a protein ligand-bind-
ing site. The most extensive use of negative design comes from
a computational and experimental tour de force fromGrigoryan
et al. (21), who designed peptides to target each of 46 different
human bZIP coiled-coil regions taken from 20 different bZIP
families, using 20 negative design states (examples from each of
19 other families as well as the undesired homodimeric state).
The experimental characterization was similarly comprehen-
sive, as specificities were determined using a coiled-coil array
consisting of all possible partners, demonstrating that most of
the designs were successful.

Insights from Multistate Design

The scientific motivation for protein design is to codify and
test our understanding of macromolecular function, in partic-
ular the pressures that determine the sequences of natural pro-
teins. The limitations in current scoring functions and confor-

mational sampling notwithstanding, the amino acid sequences
selected by a design calculation report back upon the models
that are used as input. By comparing designed proteins with
natural proteins, we can assess the completeness (or otherwise)
of our understanding of the requirements placeduponproteins.
In what way does the inclusion of explicit models for specificity
improve the match between designed and natural proteins?
One fruitful line of inquiry involves multispecific proteins,

proteins that serve as hubs in regulatory networks and interact
with multiple partners. In the parlance of computational de-
sign, these proteins must accommodate multiple positive de-
sign states. An interesting result is that when the interacting
surfaces of these proteins are redesigned under the require-
ment that they bind well with multiple partners, the selected
sequences are significantly more native-like than if they are
required to bind only one of their partners (28). This indicates
that the introduction of a model for (multi)specificity into pro-
tein design results in a more realistic description of how the
sequences of proteins are selected by evolution and, by exten-
sion, that utilizing such amodel for futurede novodesign efforts
will generate proteins that behave in a more natural way. An
experimental application of multispecificity is the design of the
Sw2 protein, whose amino acid sequence was designed to be
compatible with both the coiled-coil and zinc finger folds (with
the protein switching between the folds in a zinc-dependent
fashion) (20).
The insight into specificity gained fromprotein design can be

contrasted with knowledge-based approaches. Data-derived
recognition codes (29) and covariance data (30) can suggest
ways tomix andmatch previously observed interactions to con-
struct hybrid interaction specificities. However, structure-
based protein design holds out the promise of generating gen-
uinely novel proteins and interactions. For instance, the design
of Top7, an engineered protein with a previously unobserved
topology, demonstrated that Nature has not exploited the
entirety of allowable fold space (7). Similarly, the redesign of
specific interfaces has revealed motifs for specificity that have
not yet been observed in naturally occurring proteins. This is
even true for interaction families with many known examples,
such as the coiled-coil regions of the bZIP transcription factor
family (21, 23).

Future Directions

Computational protein design is a technology-driven field,
and it is reasonable to survey current algorithmic development
as a prelude to future experimental work. Recent advances in
several areas will contribute to an improved ability to engi-
neer specific proteins. Most directly, there has been an
increased interest in new algorithms for explicit multistate
design. Standard techniques for single-state design find opti-
mal combinations of protein side chain conformations and are
not transferrable to multistate design, where the desired pro-
tein sequences may adopt different conformations in positive
and negative design states. Early work inmultistate design used
genetic algorithms and Monte Carlo optimization to search
sequence space, with structural optimization performed for
each state using standard repacking algorithms. An impressive
large-scale demonstration ofmultistate design in the bZIP fam-
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ily of transcription factors has been reported using integer lin-
ear programming to select optimal protein sequences (31). In
addition, novel multistate design methodologies based on
dead-end elimination (32) and the FASTER algorithm for side
chain optimization (33) have been described. The evaluation of
these alternative approaches will require thorough experimen-
tal characterization of designed proteins but will be invaluable
for identifying tractable and effective approaches for specific
protein design.
A second area of recent activity with implications for pro-

tein design is the treatment of protein backbone flexibility.
Both positive and negative designs benefit from conforma-
tional flexibility because the allowable sequence space is
expanded as additional low-energy conformations become
accessible. Algorithms that combine dead-end elimination
with side chain “backrub” moves (34) and cluster expansions
that incorporate template backbone diversity (35) have been
reported to provide this benefit. An additional benefit of these
methods is that the mismatch between the coarse sampling of
protein structure and the steep spatial dependence of certain
energy terms of molecular mechanics potentials is reduced.
This is particularly important for negative design states, which
are selectively destabilized during the design process. Often the
interactions that are predicted to destabilize these states (such
as steric clashes) are easily alleviated bymodes of relaxation not
permitted when the fixed backbone and side chain approxima-
tions are used.
Larger scale flexibility in loop regions is important primarily

for positive design states. When the goal of a design is to
repurpose a protein for a novel function, the conformation of
the starting template protein is unlikely to be optimal. One
remedy for this problem involves generating a set of native-
like loops and selecting the best loop (or combination of loops)
from this set. A robotics-inspired algorithm has been reported
recently that can generate large numbers of native-like loops,
frequently sampling loop reconstructions �1.0-Å C� root
mean square deviation from the native conformation (36). To
take advantage of this development, the ability to identify opti-
mal loops by energy and to efficiently incorporate loop sam-
pling into design algorithms must be improved. Along these
lines,Murphy et al. (37)were able to remodel a protein loop and
switch the substrate specificity of an enzyme by requiring that
the loop accommodate a specified functional amino acid in the
active site. The use of functional constraints for individual
amino acids, or sets of amino acids taken from a library of anal-
ogous interactions, is an attractive approach to guiding the
selection of optimal loops from a large set of possibilities (38).
A third component of protein design that has received a

second look is the scoring function. In the vast majority of
design calculations, the scoring function for selecting an opti-
mal protein sequence is based upon a molecular mechanics
potential (39). Although additional knowledge-based terms
are often included, the resolution of the energy potential in a
design calculation is generally that of an all-atommodel. The
cluster expansion method for expressing macromolecular
energies as a function of sequence alone breaks from this tradi-
tion. In this method, a sequence-based energy model is trained
by evaluating a large set of random sequences using a structural

model (31). A concern with sequence-only models is that they
“average out” all structural information. In a design calculation,
a combination of amino acids may be erroneously scored as
favorable if it containsmultiple sequence level interactions that
cannot be realized by any single conformation. In the cluster
expansion framework, higher order (e.g. three-body) interac-
tions provide corrections for this type of error and have been
shown to be necessary for describing proteins with compact
folds (31). Nevertheless, the advantages of evaluating energies
from sequence alone are striking: the decrease in computa-
tional burden enabled the inclusion of an unprecedented num-
ber of states in a multistate design calculation involving coiled
coils (21). Whether the cluster expansion method proves as
successful for other folds remains to be seen, but the intentional
reassignment of computational resources from scoring func-
tions to multiple negative design states underscores the grow-
ing importance of specificity in protein design.

Conclusions

A remarkable property of naturally occurring proteins is
the specificity with which they process information, energy,
and matter in living cells. In constructing models for protein
design, we try both to mimic this property to engineer useful
molecules and to understand how the underlying energetic and
statistical principles combine to encode this property in protein
sequences. A number of computational methods have been
developed that have generated proteins that participate in some
specific molecular interaction, and experimental results have
been encouraging. The rising interest in this aspect of protein
design and the current innovation in novel computational
approacheswill greatly increase our ability to design proteins as
elegant as those in Nature.
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The intracellular fatty acid-binding proteins (FABPs) are
abundantly expressed in almost all tissues. They exhibit high
affinity binding of a single long-chain fatty acid, with the excep-
tion of liver FABP, which binds two fatty acids or other hydro-
phobicmolecules. FABPs have highly similar tertiary structures
consisting of a 10-stranded antiparallel �-barrel and an N-ter-
minal helix-turn-helixmotif. Research emerging in the last dec-
ade has suggested that FABPs have tissue-specific functions
that reflect tissue-specific aspects of lipid and fatty acid
metabolism. Proposed roles for FABPs include assimilation
of dietary lipids in the intestine, targeting of liver lipids to
catabolic and anabolic pathways, regulation of lipid storage
and lipid-mediated gene expression in adipose tissue and
macrophages, fatty acid targeting to �-oxidation pathways in
muscle, andmaintenance of phospholipidmembranes in neural
tissues. The regulation of these diverse processes is accompa-
nied by the expression of different and sometimes multiple
FABPs in these tissues andmaybedrivenbyprotein-protein and
protein-membrane interactions.

The fatty acid-binding proteins (FABPs)3 are abundant intra-
cellular proteins expressed in almost all tissues; nine separate
genes have been identified in mammals. FABPs were named
after the tissue in which they were discovered or are promi-
nently expressed. This nomenclature can be misleading
because several FABPs are expressed in more than one tissue,
and a numerical nomenclature for the various FABPs has been
introduced (1–3). All FABPs exhibit high affinity binding of a

single saturated or unsaturated long-chain fatty acid (LCFA;
�14 carbons), with the exception of liver FABP (LFABP;
FABP1), which binds two fatty acids or other hydrophobicmol-
ecules. Binding affinities correlate directly with fatty acid
hydrophobicity (1–4). These small proteins (�15 kDa) show
onlymoderate amino acid sequence homology, ranging from20
to 70%, yet they have highly similar tertiary structures. All have
in common a 10-stranded antiparallel �-barrel structure. The
ligand-binding pocket is located inside the �-barrel and is
framedonone side by anN-terminal helix-turn-helixmotif that
is thought to act as the major portal for LCFA entry and exit
(Fig. 1) (1–3).
Why are there multiple FABPs, then, when all have a similar

fold and all bind LCFA? Other classes of lipid-binding proteins
are typically ubiquitously expressed from a single gene. As will
be discussed below, recent research has suggested that the
FABPs have individual functions in their specific tissues.
Although all FABPs are involved in fatty acid disposition, it is
likely that the diverse nature of fatty acid function is reflected in
the diversity of FABP expression in different tissues. These
divergent functions may be driven, in part, by protein-protein
and protein-membrane interactions that are tissue specific.
This minireview will present hypotheses regarding the func-
tions of FABPs in different tissues, evaluating the evidence
obtained from cultured cells, structure-function analyses, and
gene knock-out mice.

Tissue-specific FABP Functions

Adipose Tissue—Adipose tissue is the major reservoir of
stored calories in the form of triacylglycerol (TG). It has
become increasingly apparent that adipose tissue is also an
important endocrine organ, releasing many bioactive mole-
cules, including cytokines involved in inflammation. Therefore,
adipose tissue metabolism has important effects on systemic
energy metabolism and inflammatory processes. Adipocytes
express very high levels of the adipocyte FABP (AFABP; FABP4)
and very low levels of the skin-type FABP (KFABP; FABP5).
Studies of AFABP support a role in both the TG storage and

inflammatory functions of the adipose tissue. Ablation of
AFABP expression results in marked up-regulation of KFABP
expression (5–7) and is accompanied by relatively minor met-
abolic alterations in the adipose tissue, likely due to the similar
ligand binding and in vitro transport properties of the two
FABPs (6, 8). However, simultaneous deletion of both AFABP
and KFABP reveals their importance in systemic energy bal-
ance, with double-null animals displaying a marked protection
against the development of insulin resistance and themetabolic
syndrome and against a variety of inflammatory diseases (9).
Emerging research points to several mechanisms of action of

the adipose FABPs. AFABP has been shown to interact with the
hormone-sensitive lipase (HSL), with charged residues in the
helix-turn-helix domain of AFABP interacting with oppositely
charged residues on HSL (10). Although a role in stimulating
lipolysis by relieving lipase end product inhibition was initially
proposed, only the holo-AFABP was found to interact with
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HSL.Moreover, theAFABP�HSL complex is present both in the
cytosol, where HSL is inactive, and on the surface of lipid drop-
lets, where the lipase is active (10).
AFABPmay also function by regulating the fatty acid species

profile in plasma. Higher levels of the low abundance palmi-
toleate (C16:1�9) were reported in the adipose tissue and plasma
of AFABP/KFABP double-null mice, and incubation of cul-
tured liver and muscle cells with palmitoleate, in comparison
with the saturated palmitate (PA; C16:0), led to changes consis-
tent with protection against insulin resistance (11). The mech-
anism of palmitoleate action and a direct comparison of palmi-
toleate with oleate (OA; C18:1�9) remain to be investigated (1).
AFABP may also function in adipose tissue at the level of

gene transcription. AFABP binding of specific ligands leads to
subtle conformational changes in the helical domain that pro-
mote nuclear localization and subsequent binding to the
nuclear transcription factor PPAR� (12). Nuclear localization
and PPAR� interaction occur only for those ligands that acti-
vate PPAR� target gene transcription (12, 13).
Macrophages—Unlike adipose tissue, differentiated macro-

phages express high levels of both AFABP and KFABP, and
macrophage KFABP levels remain unchanged following
AFABP ablation, suggesting that the two proteins are likely to
have distinct functions in this tissue. Macrophage-specific
knockdown of AFABP in the apoE-deficient mouse offers
dramatic protection against development of diet-induced
atherosclerosis, even though animals remain hypercholes-
terolemic (5, 14).
It is likely that alterations in inflammatory cytokine produc-

tion underlie the beneficial effects of AFABP knockdown.
Recently, it was demonstrated that macrophage inflammatory
responses leading to cytokine production via JNK (c-JunN-ter-
minal kinase) andAP1 (activator protein-1) requireAFABP, the
transcription of which is in turn mediated by JNK (15). AFABP
has also been shown to be necessary for macrophage endoplas-
mic reticulum (ER) stress response to inflammatory signals (5).
Asmentioned above forAFABP,KFABPhas also been shown to
exhibit a subtle conformational change in the helical domain

that reveals a cryptic nuclear localization signal upon binding
of a PPAR�-activating ligand, resulting in translocation and
PPAR�-mediated transcriptional activation (12, 13).
Muscle—Fatty acids contribute a large portion of the energy

required in cardiac and skeletal muscles. The major FABP in
muscle tissues is heart FABP (HFABP; FABP3). HFABP expres-
sion is up-regulated during cardiomyocyte differentiation and
is associated with the inhibition of cardiomyocyte prolifera-
tion (16). A marked decrease in PA oxidation was observed in
HFABP-null cardiac muscle, although �-oxidation capacity
was not affected, suggesting that HFABP is required for LCFA
transport to maintain efficient mitochondrial �-oxidation.
HFABP ablation also causes a dramatic switch in cardiac fuel
selection from LCFA to glucose, resulting in reduced tolerance
to exercise and cardiac hypertrophy in older animals. HFABP-
null mice displayed alterations in both cardiac LCFA uptake
and esterification into TG and phospholipids (PLs) (2, 17, 18).
Relative levels of PAwere increased in the heart PL pool relative
to the TG pool. Although arachidonic acid (AA; C20:4�6) incor-
poration into both TG and PLs was decreased, the phospha-
tidylinositol and phosphatidylserine pools were not affected,
implying thatHFABPhelpsmaintain specific PL pools thatmay
be linked to lipid-mediated signal transduction (2, 17, 18).
The up-regulation of HFABP expression during skeletal

muscle differentiation is correlatedwith increased utilization of
LCFA for both �-oxidation and esterification (2, 19). HFABP-
null mice showed a decrease in the rate of muscle fatty acid
uptake; however, the skeletal muscle had an increased mito-
chondrial density compared with wild-type mice and could
therefore maintain efficient LCFA utilization (2, 19). Glucose
oxidation was either increased or inhibited in HFABP-null
soleus muscle depending on physiological conditions; thus, the
effects of HFABP loss are not as acute in the skeletal compared
with cardiac muscle (2, 19).
The effects of HFABP on LCFA utilization have been pro-

posed to occur at the substrate level, to enhance LCFA supply,
and also at the regulatory level, by interactingwith allosterically
modulated enzymes as well as transcription factors (2). The
HFABP �-helical domain is involved in the collision-mediated
transfer of LCFA from HFABP to acidic membranes, and sim-
ilar interactions could take place between HFABP and acidic
peptide domains to facilitate protein-protein interactions (20).
HFABP may also interact with PPAR�, a nuclear receptor, to
induce the expression of mitochondrial and peroxisomal �-ox-
idation pathways (12).
Nervous System—Neural membrane PLs contain abundant

long-chain polyunsaturated fatty acids (PUFAs), such as doco-
sahexaenoic (DHA; C22:6�3) and AA, as well as saturated PA.
The central nervous system expresses HFABP in the adult
brain, whereas brain FABP (BFABP; FABP7) and KFABP are
detected mainly in the pre- and perinatal brain, respectively,
with lower levels in the adult brain (3). In contrast,myelin FABP
(myelin P2, FABP8) is found predominantly in the peripheral
nervous system (21).
In human brain, the concentration of HFABP is �10 times

higher than that of BFABP in each part of the brain (3, 22),
suggesting that HFABP expression may be associated with the
maintenance of the differentiation status of adult brain cells (3).

FIGURE 1. Crystal structure of human HFABP containing an oleic acid
ligand (Protein Data Bank code 1HMS). The protein structure is similar for
all the FABPs and shows the �-barrel domain and the N-terminal helix-turn-
helix motif (56).
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Studies with HFABP-null mice have shown that HFABP
expression is necessary to maintain the �6/�3-PUFA balance
in adult brain cells and that decreased HFABP expression low-
ers the incorporation of AA into brain PLs, in particular phos-
phatidylinositol (23). An imbalance in the �6/�3 ratio of brain
membranes is thought to be a factor in the pathogenesis of
several neurological and psychiatric disorders (24), and
decreased HFABP expression is found in the brains of patients
with Down syndrome and Alzheimer disease, providing indi-
rect evidence of a connection betweenHFABPandneurological
function (25–27).
Neurogenesis includes three contiguous phases, namely

proliferation, migration and differentiation, and maturation
and integration of the precursor cells (28). The expression of
BFABP is highest in the midterm embryonic stages of develop-
ment and is associated with the proliferation of neural progen-
itor cells during early cortical development (3). The up-regula-
tion of BFABP (and also KFABP) is likely related to the
proliferation and initial differentiation of neural cells, rather
than their maturation and integration (28). BFABP preferen-
tially binds �3-PUFA, e.g.DHA (29–31). DHA is a major com-
ponent of brain phosphatidylethanolamine and phosphatidyl-
serine and is highly enriched in the PLs of the synaptic plasma
membrane and synaptic vesicles (32). An increase in BFABP
expression is directly correlated with DHA utilization, and
BFABP-null mice display decreased DHA incorporation into
PLs, with an increase in AA and PA incorporation (3). Interest-
ingly, BFABP expression levels are increased in schizophrenia,
bipolar disorder, andDown syndrome andhave been associated
with increased anxiety and depression and altered emotional
behavior (3, 25); these disorders are proposed to be linked to
�3-PUFA deficiency via alterations in dopaminergic and sero-
tonergic processes (24).
KFABP is expressed mainly at the late embryonic stages, and

its expression is up-regulated during the differentiation of
human embryonic stem cells into motor neurons or astrocytes
as well as in various pathological conditions, including periph-
eral nerve injury (3, 33). Thus, KFABP may be required for the
mobilization of the LCFA substrates necessary for active syn-
thesis of lipids and membranes in the processes of neurite out-
growth, axon development, and neural cell regeneration (3). In
PC12 cells, neurite extension can be stimulated by the expres-
sion of KFABP and a simultaneous supply of AA and DHA,
supporting a role in membrane biogenesis during neurite out-
growth and axon development (34). It has been proposed that
KFABP exerts its cell- and tissue-specific roles via ligand bind-
ing and transport as well as ligand-specific interactions with
PPAR�/� (35). Indeed, KFABP has been shown to bind retinoic
acid (RA) and deliver this lipid hormone to PPAR�/�, thus par-
titioning RA away from the classical RA receptor and leading to
the transcription of genes related to cell survival rather than
growth inhibition (36).
Myelin FABP is expressed exclusively in the peripheral nerv-

ous system myelin sheath during development and is absent
from the central nervous system (21). It is proposed to be
important for the generation and maintenance of lipid compo-
sition of the myelin membranes (37).

Liver—The liver is the major site of very low density lipopro-
tein biogenesis and cholesterol synthesis as well as the site of
bile acid synthesis. Fatty acid oxidative pathways are also active
in the liver. It nevertheless expresses only a single FABP at a
high level, namely LFABP. This singular expression in such a
multifunctional organ may be related to the ligand binding
properties of LFABP, which are unique in the FABP family in
that two, rather than one, LCFAs are bound to LFABP, and
moreover, a variety of other hydrophobic ligands have been
shown to bind in its relatively large ligand-binding pocket
(4, 38).
LFABP-null mice show diminished hepatic fatty acid �-oxi-

dation in the fasted state that is not due to diminished oxidative
capacity or decreases in PPAR� or the expression of relevant
genes (2, 39–42), supporting the hypothesis that LFABP acts as
a LCFA transporter, specifically targeting ligand to �-oxidation
pathways. Although LCFA oxidation is decreased, the LFABP-
null mouse nevertheless does not develop hepatosteatosis fol-
lowing a high fat diet, indicating protection against develop-
ment of the metabolic syndrome (2, 39–41); however, others
have reported an exacerbation of obesity (42). Recently, it was
shown that LFABP-null mice were highly susceptible to the
development of cholesterol gallstones, with the effect likely sec-
ondary to increased liver cholesterol levels and increased
enterohepatic bile acid pool size (43).
LFABPmay, in part, be exerting its functional effects via reg-

ulation of gene transcription. Despite the absence of PPAR�
involvement in the diminished �-oxidative response to fasting
in the LFABP-null mouse (40, 41), several reports indicate
direct interactions between LFABP and PPAR� (44, 45), a
nuclear receptor involved in the induction of hepatic �-oxida-
tion, and it has been suggested that LFABP is specifically deliv-
ering LCFA or perhaps other ligands to the nucleus (45, 46).
Unlike what has been shown for AFABP and KFABP, however,
the LFABP helix-turn-helix domain does not appear to contain
structural information promoting nuclear localization; thus,
themolecular basis for LFABP delivery of ligand to the nucleus,
as well as the structural basis for the putative LFABP-PPAR�
association, remains to be determined.
Intestine—The small intestine is responsible for the assimila-

tion of dietary lipid as well as the reuptake of bile acids via the
enterohepatic circulation. Differentiated enterocytes of the
proximal small intestine express high levels of two FABPs,
LFABP and the intestine-specific form, intestinal FABP
(IFABP; FABP2). The distal small intestine expresses a third
member of the FABP family, ileal bile acid-binding protein
(ILBP; FABP6) (47, 48). There appears to be no compensatory
up-regulation of LFABP upon ablation of IFABP or vice versa,
again indicating unique functional roles. However, LFABP-null
mice display an increase in the mRNA levels of ILBP (43, 48),
which may be part of the mechanism underlying the increased
bile acid pool size and increased gallstone susceptibility.
A unique feature of LFABP in the intestine is its role in chy-

lomicron biogenesis. Cell-free transport studies demonstrated
that LFABP is necessary for the release of ER-generated vesicles
containing nascent TG-rich chylomicrons, the prechylomicron
transport vesicles (PCTVs). Budding of the PCTVs is depen-
dent on LFABP, which cannot be replaced by IFABP (49).
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Recently, the intestinal ER-derived PCTV budding machinery
was shown to be a �600-kDa complex containing LFABP as
well as VAMP7, apoB48, CD36, and COPII proteins (50). As
found in the liver, the LFABP-nullmouse also displays defective
fasting-induced fatty acid �-oxidation in the intestine. Total
mucosal oxidative capacity is not decreased, and there are no
changes in the expression of genes involved in �-oxidation;
thus, in the intestine as well as in the liver, LFABP is likely
playing a lipid transport/targeting role (51).
Certain unique roles for the two proximal enterocyte FABPs in

intracellular lipid metabolism have also been found. LFABP abla-
tion does not substantially alter the incorporation of LCFA into
TG or PLs, but monoacylglycerol (MG) metabolism is shifted
toward greater TG incorporation in the LFABP-nullmucosa, sug-
gesting that LFABP is involved in partitioning of MG toward PL
biosynthesis (51). In contrast, IFABP-null animals display no
changes inMGmetabolism, consistent with the lack ofMGbind-
ing by IFABP, but rather display a reduced incorporation of OA
into TG relative to PLs, suggesting that IFABP is involved in par-
titioning of LCFA towardTGsynthesis (52). In vitro studies of two
IFABP-transfected intestinal cell lines, Caco-2 and HIEC-6,
reported decreased TG secretion or no change in TG synthesis/
secretion, respectively (53, 54).A small effect onOAoxidationwas
also found; HIEC-6 cells with a 90-fold overexpression of IFABP
showed a 65% increase in OA oxidation (54).

As for LFABP, the actions of IFABP in the enterocyte may
lead to systemic metabolic effects, although reports are not
entirely consistent, and underlying mechanisms are not clear.
Under certain conditions related to age, gender, or diet, IFABP-
nullmice appear to bemore prone to developing obesity, hyper-
triglyceridemia, and increased liver TG accumulation (47, 48),
characteristics of the metabolic syndrome. A potential role for
IFABP in the development of the metabolic syndrome is also
supported by a single nucleotide polymorphism in the IFABP
gene that leads to the substitution of threonine for alanine at
position 54. TheThr54 isoformbinds LCFAwith greater affinity
than the Ala54 form, suggesting that the elevated postpran-
dial serum lipid levels in individuals carrying the Thr54 allele
and the increased lipid secretion found in Thr54 fetal
explants are not secondary to greater sequestration of LCFA
in the enterocyte but rather may be related to the aforemen-
tioned specific role of IFABP in intestinal TG synthesis
and/or transport (8, 55).

Summary and Perspective

The functions of fatty acids and other lipids are often highly
tissue-specific, and it is becoming clear that the FABPs function in
a tissue-specific manner as well (Table 1). The functions of fatty
acids and other lipids are often highly tissue-specific, and it is
becoming clear that the FABPs function in a tissue-specific man-

TABLE 1
FABP Tissue Distribution and Proposed Functional Roles

FABP expression Functional roles Physiological end points Refs.

Adipose tissue
AFABP (very high levels),

KFABP (very low
levels)

TG storage (interactions with HSL), regulation of fatty acid species
abundance, interaction with PPAR nuclear receptors,
inflammatory cytokine production

Insulin resistance, metabolic syndrome, inflammatory
diseases

1, 5–7, 9–13

Macrophages
AFABP and KFABP Inflammatory cytokine production, mediation of ER stress

response, interaction with PPAR� nuclear receptors, interaction
with JAK2 signaling pathway

Diet-induced atherosclerosis, other inflammatory
diseases

5, 12–15

Liver
LFABP LCFA transport linked to �-oxidation, interaction with PPAR�

nuclear receptors
Development of metabolic syndrome and exacerbation

of obesity, reduction of liver cholesterol and bile acid
pools

2, 39–46

Intestine
IFABP LCFA partitioning toward TG synthesis Protection against obesity, hypertriglyceridemia, liver

TG accumulation, and metabolic syndrome
8, 43, 47, 48, 52–55

ILBP Bile acid transport 47, 48
LFABP LCFA transport linked to �-oxidation. MG incorporation into PLs,

part of PCTV membrane budding complex
Chylomicron biogenesis 43, 49–51

Brain
Central nervous systema

BFABP Neural utilization of DHA in membrane synthesis and signaling Proliferation of neural progenitor cells and midterm
stages of embryonic development; initial
differentiation of neural cells; linked to schizophrenia,
bipolar disorder, Down syndrome, and emotional
behavior

3, 24, 25, 28–31

HFABP Incorporation of AA into brain PLs, maintenance of �6/�3-PUFA
balance

Maintenance of differentiation status of adult brain,
linked to Down syndrome, Alzheimer disease, and
neurological function

3, 22, 23, 25–27

KFABP LCFA supply and membrane biogenesis, interaction with nuclear
receptors (e.g. PPAR�/�), utilization of RA

Neurite outgrowth and axon development,
differentiation of neural cells, up-regulated under
pathological conditions (e.g. nerve injury)

3, 28, 33, 34, 36

Peripheral nervous system
MFABP LCFA supply and membrane biogenesis Development of myelin sheath 21, 37

Muscle tissue
Cardiac
HFABP LCFA transport linked to �-oxidation, trafficking of LCFA

to specific PL pools, interaction with nuclear receptors
(e.g. PPAR�)

Cardiomyocyte differentiation and inhibition of
cardiomyocyte proliferation, lipid fuel utilization

2, 12, 16–18

Skeletal
HFABP LCFA transport linked to �-oxidation and esterification,

interaction with nuclear receptors (e.g. PPAR�)
Skeletal muscle differentiation 2, 12, 19

a Expression of FABPs in the central nervous system shows spatiotemporal distribution patterns, as described in the text.
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neraswell.Thus,despite similar ligandbindingcharacteristics and
highly homologous tertiary structures, each FABPappears to have
unique functions in specific tissues.Overall, theFABPs functionas
intracellular LCFA trafficking proteins between particular subcel-
lular sites. The transport properties of the FABPs are governed in
part by specific protein-protein and protein-membrane interac-
tions, and the helix-turn-helix domain of the FABPs is critical
although likely not exclusive in specifying these interactions. Sev-
eral of the FABPs have been shown to deliver their ligands to
nuclear transcription factors, thus modulating gene expression in
a tissue-specific manner. Cellular changes in gene expression and
lipid metabolism brought about by the FABPs lead to changes in
whole body energy homeostasis. Given the role of aberrant lipid
metabolism inmost if not all of themetabolic syndromedisorders,
the FABPs may be envisioned as central regulators of lipid dispo-
sition at the cell and tissue levels that have a profound impact on
systemic energy metabolism.
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Phosphatidyl-myo-inositol mannosides (PIMs) are unique
glycolipids found in abundant quantities in the inner and outer
membranes of the cell envelope of all Mycobacterium species.
They are based on a phosphatidyl-myo-inositol lipid anchor car-
rying one to six mannose residues and up to four acyl chains.
PIMs are considered not only essential structural components
of the cell envelope but also the structural basis of the lipogly-
cans (lipomannan and lipoarabinomannan), all important mol-
ecules implicated in host-pathogen interactions in the course of
tuberculosis and leprosy. Although the chemical structure of
PIMs is now well established, knowledge of the enzymes and
sequential events leading to their biosynthesis and regulation is
still incomplete. Recent advances in the identification of key
proteins involved in PIM biogenesis and the determination of
the three-dimensional structures of the essential phosphatidyl-
myo-inositol mannosyltransferase PimA and the lipoprotein
LpqWhave led to important insights into themolecular basis of
this pathway.

myo-Inositol, as a phospholipid constituent, was first
reported in mycobacteria by R. J. Anderson in 1930 (1). Subse-
quently, the presence of phosphatidyl-myo-inositol (PI)3 dim-

annosides (PIM2) and PI pentamannosides (PIM5) was recog-
nized in Mycobacterium tuberculosis (2, 3). Over the past 40
years, the structure of the complete family of PI mannosides
(PIM1–PIM6) in variousMycobacterium spp. and related Acti-
nomycetes has been defined, first as deacylated glycerophos-
phoryl-myo-inositol mannosides and later as the fully acylated
native molecules (4).
PIMs and metabolically related lipoglycans comprising lipo-

mannan (LM) and lipoarabinomannan (LAM) are nonco-
valently anchored through their PI moiety to the inner and
outer membranes of the cell envelope (5, 6) and play various
essential although poorly defined roles in mycobacterial physi-
ology. They are also thought to be important virulence factors
during the infection cycle ofM. tuberculosis. Aided by the avail-
ability of a growing number of genome sequences from lipogly-
can-producing Actinomycetes, developments in the genetic
manipulation of these organisms, and advances in our under-
standing of the molecular processes underlying sugar transfer
in Corynebacterianeae, considerable progress was made over
the last 10 years in identifying the enzymes associated with the
biogenesis of PIM, LM, and LAM (for recent review, see Refs. 7
and 8). The precise chemical definition of thesemolecules from
various Actinomycetes combined with comparative analyses of
their interactions with the host immune system also has shed
light on their structure-function relationships (9).
In this minireview, we present some key enzymatic, struc-

tural, and topological aspects of the biogenesis of PIMs, a path-
way that may represent a paradigm for that of other myco-
bacterial complex (glyco)lipids. The elucidation of this
pathway has helped in our understanding of the pathogene-
sis of tuberculosis and revealed new opportunities for drug
discovery.

Chemical Structure of PIMs: An Overview

The PIM family of glycolipids comprises PI mono-, di-, tri-,
tetra-, penta-, and hexamannosides with different degrees of
acylation. PIM2 and PIM6 are the two most abundant classes
found in Mycobacterium bovis bacillus Calmette-Guérin
(BCG),M. tuberculosisH37Rv, andMycobacterium smegmatis
607 (10). The presence of myo-inositol and mannose as sugar
constituents of phospholipids from M. tuberculosis was first
reported by Anderson in the 1930s (1, 11–13). Using similar
approaches 25 years later, Lee and Ballou arrived at a complete
structure of PIM2 from M. tuberculosis and Mycobacterium
phlei and provided evidence of the existence of mono-, tri-,
tetra-, and pentamannoside variants (2, 3, 14, 15). A reanalysis
of PIMs from M. smegmatis in their deacylated form later
revealed a structure based on that previously defined by Ballou
et al. but containing six Manp residues (PIM6) (16). The com-
plete chemical structures of the acylated native forms of PIM2
and PIM6 were later reinvestigated in M. bovis BCG and
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unequivocally established (Fig. 1A) (10, 17). PIM2 is composed
of twoManp residues attached to positions 2 and 6 of themyo-
inositol ring of PI. PIM6 is composed of a pentamannosyl
group, t-�-Manp(132)-�-Manp(132)-�-Manp(136)-
�-Manp(136)-�-Manp(13, attached to position 6 of themyo-
inositol ring, in addition to the Manp residue present at posi-
tion 2 (Fig. 1A). Brennan and Ballou (18) initially found that
PIM2 occurs in multiple acylated forms, where two fatty acids
are attached to the glycerol moiety, and two additional fatty

acids may esterify available hy-
droxyls on theManp residue and/or
the myo-inositol ring (Fig. 1A). The
tri- and tetraacylated forms of PIM2
and PIM6 (Ac1PIM2/Ac2PIM2 and
Ac1PIM6/Ac2PIM6) are the most
abundant. Ac1PIM2 and Ac1PIM6
fromM. bovis BCG showmajor acyl
forms containing two palmitic acid
residues (C16) and one tubercu-
lostearic acid residue (10-methyl-
octadecanoate, C19), where one fatty
acyl chain is linked to theManp res-
idue attached to position 2 of myo-
inositol, and two fatty acyl chains
are located on the glycerol moiety.
The tetraacylated forms, Ac2PIM2
and Ac2PIM6, are present pre-
dominantly as two populations
bearing either three C16/one C19
or two C16/two C19 (10, 17). Mass
spectrometry analyses have led to
the conclusion that the glycerol
moiety is preferentially acylated
with C16/C19. Other acylation po-
sitions are C3 of the myo-inositol
unit and C6 of Manp linked to C2
of myo-inositol.
Suggestive of a metabolic rela-

tionship, the reducing end of LM
and LAM shares structural similari-
ties with PIMs in that the myo-ino-
sitol residues of the PI of PIMs, LM,
and LAM are mannosylated at posi-
tions 2 and 6, and similar fatty acyl
chains esterify the glycerol moiety,
Manp linked to C2 of myo-inositol,
and the myo-inositol ring (16,
19–21).

PIM2 Biosynthesis

Ac1PIM2 and Ac2PIM2 are con-
sidered both metabolic end prod-
ucts and intermediates in the bio-
synthesis of Ac1PIM6/Ac2PIM6,
LM, and LAM. According to the
currently accepted model, PIM syn-
thesis is initiated by the transfer of
two Manp residues and one fatty

acyl chain onto PI on the cytosolic face of the plasma mem-
brane. The first step consists of the transfer of a Manp residue
from GDP-Manp to position 2 of themyo-inositol ring of PI to
form PI monomannoside (PIM1) (Fig. 1, A and B) (15). On the
basis of genetic, enzymatic, and structural evidence, we identi-
fied PimA from M. smegmatis (orthologous to Rv2610c
of M. tuberculosis H37Rv) as the �-mannosyltransferase
(�-ManT) responsible for this catalytic step and found this
enzyme to be essential for the growth ofM. smegmatismc2155

FIGURE 1. Proposed model for PIM biosynthesis and regulation. A, chemical structure of PIM. One Manp residue
(in beige) is attached to position 2 of myo-inositol (in red), whereas the total number of Manp residues attached to
position 6 may range from zero to five. In PIM2, the myo-inositol ring is glycosylated with a Manp unit at each of
positions 2 and 6 (beige). In PIM4, a dimannosyl unit, t-�-Manp(136)-�-Manp(136) (yellow), further extends the
Manp linked to position 6 of the myo-inositol ring of PIM2. PIM6 results from the elongation of PIM4 by the diman-
nosyl unit t-�-Manp(132)-�-Manp(132) (orange). AcylT, acyltransferase; n.d., not determined. B, topology model
for the biosynthesis of PIMs, LM, and LAM in mycobacteria. See text for details. The precise identity of the PIM
intermediate(s) translocated from the cytosolic to the periplasmic side of the plasma membrane, whether (Ac1/
2)PIM2, (Ac1/2)PIM3, or (Ac1/2)PIM4, remains to be determined. The biosynthesis of PIMs takes place on both sides of
the inner membrane. Synthesis is initiated on the cytoplasmic side, where Manp is transferred from GDP-Manp to PI,
followed by one to three additional Manp residues. On the periplasmic side, the mannolipid is extended by addi-
tional Manp residues up to PIM6. The enzymes involved belong to the GT-C fold family of GTs, which are predicted to
have between 8 and 13 transmembrane �-helices with the active site located on an extracytoplasmic loop. Subse-
quent mannosylation and arabinosylation steps in LM and LAM biosynthesis (light blue, Manp residues; dark blue,
Araf residues; white, Manp-capping residues) are thought to all take place on the periplasmic side of the plasma
membrane, requiring polyprenyl-phosphate-sugar donors. As an important part of the literature on the biosynthe-
sis of PIM, LM, and LAM refers to the M. tuberculosis H37Rv genes, the Rv numbers of the proteins required for the
different catalytic steps of the pathway are indicated. The M. tuberculosis CDC1551 nomenclature was used in the
case of pimC (MT1800), as this gene lacks an ortholog in H37Rv.
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and M. tuberculosis (22, 23).4 The second step involves the
action of the �-ManT PimB� (Rv2188c), also an essential
enzyme ofM. smegmatis, which transfers a Manp residue from
GDP-Manp to position 6 of the myo-inositol ring of PIM1 (23,
24). The essential character of both PimA and PimB� validates
these enzymes as therapeutic targets worthy of further
development.
Both PIM1 and PIM2 can be acylated with palmitate at posi-

tion 6 of the Manp residue transferred by PimA by the acyl-
transferase Rv2611c to form Ac1PIM1 and Ac1PIM2, respec-
tively. The disruption of Rv2611c abolishes the growth of
M. tuberculosis and severely alters that ofM. smegmatis partic-
ularly at low NaCl concentrations and when detergent (Tween
80) is present in the culture medium (25).4 Based on cell-free
assays, two models were originally proposed for the biosynthe-
sis of Ac1PIM2 in mycobacteria. In the first model, PI is man-
nosylated to form PIM1. PIM1 is then further mannosylated to
form PIM2, which is acylated to form Ac1PIM2. In the second
model, PIM1 is first acylated to Ac1PIM1 and then mannosy-
lated to Ac1PIM2. Recent cell-free assays using pure enzymes
alone or in combinationwithM. smegmatismembrane extracts
indicated that although both pathways might co-exist in myco-
bacteria, the sequence of events PI 3 PIM1 3 PIM2 3
Ac1PIM2 is favored (23). The acyltransferase responsible for the
transfer of a fourth acyl group to position 3 of themyo-inositol
ring has not yet been identified.
Amajor advance in our understanding of themolecular basis

of the biosynthesis of the PIM2 family was provided by the
structural characterization of PimA from M. smegmatis
mc2155 (26). PimA is not only a key player in the biosynthetic
pathway of PIM but also a paradigm of a large family of periph-
eral membrane-associated glycosyltransferases (GTs), the
molecular mechanisms of substrate/membrane recognition
and catalysis of which are poorly understood. The PimA
enzyme, which belongs to the ubiquitous GT4 family of retain-
ing GTs (CAZy (Carbohydrate-Active enZYmes) Database),
displays the typical GT-B fold of GTs (Fig. 2A) (26, 27). The
crystal structure of a PimA�GDP-Manp complex revealed that
the enzyme adopts a “closed” conformation in the presence of
GDP-Manp, with the GDPmoiety of the sugar donor substrate
making binding interactions predominantly with the C-termi-
nal domain of the protein (Fig. 2B). The three-dimensional
structure also provided clear insights into the architecture of
the lipid acceptor-binding site. Docking calculations and site-
directedmutagenesis validated the position of the polar head of
the lipid acceptor, myo-inositol phosphate, in a well defined
pocket with its O2 atom favorably positioned to receive the
Manp residue from GDP-Manp (Fig. 2B) (28).
More recently, experimental evidence based on structural,

calorimetric, mutagenesis, and enzyme activity studies indi-
cated that PimA undergoes significant conformational changes
upon substrate binding that seem to be important for catalysis.
Specifically, the binding of the donor substrate, GDP-Manp,
triggered an important interdomain rearrangement from an
“open” to a closed state that stabilized the enzyme and consid-

erably enhanced its affinity for the acceptor substrate, PI. The
interaction of PimA with the �-phosphate of GDP-Manp was
essential for this conformational change to occur. The open-to-
closedmotion brings together critical residues from the N- and
C-terminal domains, allowing the formation of a functionally
competent active site. In contrast, the binding of PI to the
enzyme had the opposite effect, inducing the formation of a
more relaxed complexwith PimA. It could be speculated that PI
binding allows the initiation of the enzymatic reaction and
induces the “opening” of the protein, allowing the product to be
released. Interestingly, GDP-Manp stabilized and PI destabi-
lized PimA by a similar enthalpic amount, suggesting that they
form or disrupt an equivalent number of interactions within
PimA complexes. Altogether, our experimental data support a
model wherein flexibility and conformational transitions con-
fer upon PimA the adaptability to the donor and acceptor sub-
strates required for catalysis (28). In this regard, PimA thus
seems to follow an orderedmechanism similar that reported for
other GT-B enzymes (29, 30).
Another key aspect of themode of action of PimA is its inter-

action with membranes. To perform their biochemical func-
tions, membrane-associated GTs interact with membranes by
two different mechanisms. Whereas integral membrane GTs
are permanently attached through transmembrane regions (e.g.
hydrophobic �-helices) (31), peripheral membrane-associated
GTs temporarily bind membranes by (i) a stretch of hydropho-
bic residues exposed to bulk solvent, (ii) electropositive sur-
face patches that interact with acidic phospholipids (e.g.
amphipathic �-helices), and/or (iii) protein-protein interac-
tions (32–35). A close interaction of the �-ManTs PimA and
PimB� with membranes is likely to be a strict requirement for
PI/PIM modification. Consistent with this hypothesis, the
membrane association of PimA via electrostatic interactions is
suggested by the presence of an amphipathic �-helix and sur-
face-exposed hydrophobic residues in the N-terminal domain
of the protein (Fig. 2B). Despite the fact that sugar transfer is
catalyzed between the mannosyl group of the GDP-Manp
donor and themyo-inositol ring of PI, the enzyme displayed an
absolute requirement for both fatty acid chains of the acceptor
substrate in order for the transfer reaction to take place. Most
importantly, although PimAwas able to bindmonodisperse PI,
its transferase activity was stimulated by high concentrations of
non-substrate anionic surfactants, indicating that the reaction
requires a lipid-water interface (26). Interestingly, critical resi-
dues and their interactions are preserved in PimA and PimB�,
strongly supporting conserved catalytic and membrane associ-
ation mechanisms (23).

Biosynthesis of PIM5, PIM6, LM, and LAM

Ac1PIM2 and Ac2PIM2 can be further elongated with addi-
tional Manp residues to form higher PIM species (such as
Ac1PIM3–Ac1PIM6/Ac2PIM3–Ac2PIM6), LM, and LAM (Fig.
1B). It has been proposed that the thirdManp residue of PIM is
added to Ac1PIM2 by the nonessential GDP-Manp utilizing
�-ManT PimC, identified in the genome of M. tuberculosis
CDC1551 (36). However, this enzyme is absent from other
mycobacterial genomes (e.g. M. smegmatis andM. tuberculosis
H37Rv), suggesting the existence of an alternative pathway.4 N. Barilone, G. Stadthagen, and M. Jackson, unpublished data.
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Likewise, the �-ManT (PimD) that catalyzes the transfer of the
fourthManp residue onto PI trimannosides remains to be iden-
tified. Ac1PIM4/Ac2PIM4 seems to be a branch point interme-
diate in Ac1PIM6/Ac2PIM6 and LM/LAM biosynthesis. The
addition of two �-1,2-linked Manp residues to Ac1PIM4/
Ac2PIM4, a combination not found in the mannan backbone of
LM and LAM, leads to the formation of the higher order man-
nosides Ac1PIM6 and Ac2PIM6 (31, 37, 38). PimE (Rv1159) has
been recently identified as an �-1,2-ManT involved in the bio-
synthesis of higher order PIMs. PimE belongs to the GT-C
superfamily of GTs, which comprises integral membrane pro-
teins that use polyprenyl-linked sugars as donors (7, 8, 27, 31). A
combination of phenotypic characterization ofM. tuberculosis
andM. smegmatis pimE knock-outmutants and cell-free assays
clearly indicated that PimE transfers aManp residue frompoly-
prenol-phosphate-mannose to Ac1PIM4 to form Ac1PIM5 at
the periplasmic face of the plasma membrane (Fig. 1, A and B)
(31).4 The �-1,2-ManT responsible for the formation of PIM6
from PIM5 is not yet known.
A screening for M. smegmatis transposon mutants with

defects in cell envelope synthesis led to the discovery of a
mutant harboring an insertion in the putative lipoprotein-en-
coding gene lpqW (orthologous to Rv1166 of M. tuberculosis
H37Rv). On complex media, the mutant formed small colonies
that producedmuch reduced quantities of LAMcomparedwith
the wild-type parent strain. This phenotype was unstable, how-
ever, as the mutant rapidly evolved to give rise to variants that
had restored LAM biosynthesis but failed to produce higher
PIMs and accumulated the branch point intermediateAc1PIM4
(39). Consistentwith the accumulation of this intermediate, the
restoration of LAM synthesis in the lpqW mutant was
accounted for by secondary mutations in the pimE gene affect-
ing the extracytoplasmic enzyme activity of this protein (40).
From these findings, it was proposed that LpqW is required to
channel PIM4 into LAM synthesis (Fig. 1B) and that loss of
PimE, which results in the accumulation of high levels of
Ac1PIM4 in the cells, bypasses the need for LpqW (40). The
crystal structure of LpqW (41) revealed an overall fold (Fig. 2C)

K81

α2

α4

GDM

IP

K78

R77

K80

58

71
Unstructured Loop

α5

Deep fissure

N-terminal
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C-terminal
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FIGURE 2. Structural basis of PimA and LpqW. A, overall structure of PimA.
The enzyme (42.3 kDa; shown in A and B in its closed conformation) displays
the typical GT-B fold of GTs, consisting of two Rossmann fold domains with a
deep fissure at the interface that includes the catalytic center. Met1–Gly169

and Trp349–Ser373 form the N-terminal domain of the protein (in yellow),
whereas the C-terminal domain consists of Val170–Asp348 (in orange). The core
of each domain is composed of seven parallel �-strands alternating with
seven connecting �-helices. Two regions of the structure have poor or no

electron density, indicating conformational flexibility. The conserved con-
necting loop �3–�2 (residues 59 –70) within the N-terminal domain and the
C-terminal extension of the protein (residues 374 –386) that is missing in
other mycobacterial PimA homologs is shown as dashed lines. B, model of
action for PimA. See text for details. The secondary structure of a selected
region of PimA (in a different orientation than in A) including the GDP-Manp
(GDM)- and myo-inositol phosphate (IP)-binding sites and the amphipathic
�2 helix involved in membrane association is shown. Membrane attachment
is mediated by an interfacial binding surface on the N-terminal domain of the
protein, which likely includes a cluster of basic residues and the adjacent
exposed loop �3–�2. Protein-membrane interactions stimulate catalysis by
facilitating substrate diffusion from the lipid bilayer to the catalytic site
and/or by inducing allosteric changes in the protein. C, overall structure and
proposed mode of action for LpqW. LpqW is predicted to be a monomeric
membrane-associated lipoprotein composed of 600 amino acids (62.9 kDa).
The crystal structure revealed that the protein is organized in two lobes. Three
structural domains (I, II, and III) can be identified, with domains I (magenta)
and II (orange) representing the “lower” lobe (lobe 1) and domain III (yellow)
representing the “upper” lobe (lobe 2). Although the structure of LpqW was
determined in the non-liganded state, the major periplasmic component of
PIM4 (t-�-Manp(136)-�-Manp(136)) was accommodated by using in silico
docking. It is proposed that LpqW functions at the divergence point of the
polar PIM and LM/LAM biosynthetic pathways to control the relative abun-
dance of these species in the mycobacterial cell envelope.
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that resembles those of a family of bacterial substrate-binding
proteins (42). A plausible model was suggested in which an
electronegative interdomain cavity in LpqW might bind the
Ac1PIM4 intermediate (Fig. 2C) to channel it into the LM/LAM
biosynthetic pathway, thus controlling the relative abundance
of higher PIMs and LM/LAM (Fig. 1B).

Compartmentalization of the PIM Biosynthetic Pathway
and Translocation of PIMs across the Cell Envelope

As evidenced by the nature of the GTs and sugar donors
involved and the asymmetrical PIM composition of the inner
and outer leaflets of the mycobacterial plasma membrane (43),
the biosynthesis of PIM, LM, and LAM is topologically com-
plex.Whereas the first twomannosylation steps of the pathway
at least involve GDP-Manp-dependent enzymes and occur on
the cytoplasmic face of the plasma membrane (22, 23, 38, 43),
further steps in the biosynthesis of the higher,more polar forms
of PIMs (PIM5 and PIM6 in their various acylated forms) and
metabolically related LMand LAMappear to rely upon integral
membrane GT-C-type GTs and to take place on the periplas-
mic side of themembrane (Fig. 1B) (7, 31, 43, 44).4 Thus, similar
to otherM. tuberculosis glycolipids, such as sulfolipid-I and the
linker unit of themycobacterial cell wall (for a recent review, see
Ref. 8), PIMs clearly display a compartmentalized biosynthetic
pathway organized around the inner and outer leaflets of the
plasma membrane. Such a compartmentalization implies the
translocation of PIM intermediates (i.e. PIM2, PIM3, and/or
PIM4) from the cytoplasmic to the periplasmic side of themem-
brane. Likewise, much like the lipid-linked oligosaccharides
involved in the biosynthesis of bacterial (lipo)polysaccharides
and peptidoglycan (45–47), it is expected that polyprenol-
phosphate-mannose is translocated to the periplasmic side of
the plasmamembrane to serve as theManp donor in the glyco-
syl transfer reactions catalyzed by PimE and subsequent GT-C-
type ManTs of the PIM, LM, and LAM pathway. Beyond the
plasma membrane, because two different populations of PIMs
(one associated with the inner membrane and the other associ-
ated with the outer membrane) have been described (2, 48),
transporters must exist that are responsible for their transloca-
tion across the periplasm and to the cell surface. None of the
transporters involved in these processes have yet been
identified.

Knowns and Unknowns of the Physiological Roles and
Biological Activities of PIMs

The role of PIMs in the physiology of mycobacteria remains
unclear. Because in M. bovis BCG PI and PIMs make up as
much as 56% of all phospholipids in the cell wall and 37% of
those in the plasmamembrane, thesemolecules have long been
thought to be essential structural components of the mycobac-
terial cell envelope (48). Drug susceptibility testing and uptake
experiments with norfloxacin or chenodeoxycholate per-
formed on recombinant M. smegmatis and M. tuberculosis
strains affected in their polar or apolar PIM contents clearly
implicated these glycolipids in the permeability of the cell enve-
lope to both hydrophilic and hydrophobic molecules (22, 31,
49). Recent electron microscopy studies on a pimE-deficient
mutant of M. smegmatis further pointed to a role of higher

order PIMs in cell membrane integrity and in the regulation of
cell septation and division (31). Somewhat supporting these
observations, polar and apolar PIM production was reported to
be affected by environmental factors known to impact replica-
tion rate and/or membrane fluidity, such as carbon/nitrogen
sources and temperature (50, 51). The amount of higher order
PIMs (PIM5 and PIM6) recovered from mycobacterial cells
increases with the age of the culture, probably at the expense of
the apolar forms (PIM1–PIM4), the synthesis of which was
shown to decrease in M. smegmatis when cultures enter sta-
tionary phase (43, 52, 53). The regulatorymechanisms involved
and the specific steps of the PIM pathway at which they act,
whether exclusively at the level of LpqW or otherwise, are not
known. Although higher order PIMs are dispensable molecules
in M. smegmatis, M. bovis BCG, and M. tuberculosis (31, 54),4
such is not the case with PIM1 and PIM2, the disruption of
which causes immediate growth arrest in both fast- and slow-
growing mycobacteria (22, 23). Interestingly, we found the dis-
ruption of the acyltransferase Rv2611c to be lethal toM. tuber-
culosis H37Rv and to result in severe growth defects in
M. smegmatis (25),4 emphasizing the critical physiological
impact of not only the degree ofmannosylation of PIMsbut also
their acylation state.
Much of what is known of the roles of PIMs in host-pathogen

interactions is derived from in vitro studies using various cell
models and purified PIM molecules or whole mycobacterial
cells (for recent reviews, see Refs. 9 and 55–57). PIMs aremajor
non-peptidic antigens of the host innate and acquired immune
responses. They are TLR-2 agonists and stimulate unconven-
tional �� T-lymphocytes in the context of CD1 proteins.
Importantly, PIMs are also recognized by the C-type lectins
mannose receptor, mannose-binding protein, and DC-SIGN
and, as such, play a role in the opsonic and non-opsonic binding
ofM. tuberculosis to phagocytic and non-phagocytic cells. The
higher forms of PIMs in particular, which contain two �-1,2-
linked Manp residues, identical to the dimannoside motif dec-
orating the nonreducing termini of the arabinosyl side chains of
mannosylated LAM, have been shown to share with mannosy-
lated LAM the ability to engage the mannose and DC-SIGN
receptors of phagocytic cells and, in so doing, to impact phago-
some-lysosome fusion in cultured human monocyte-derived
macrophages (54, 58). Both the fatty acyl appendages of PIMs
and their degree of mannosylation are important to their inter-
actions with host cells. However, a better understanding of
their roles in the pathogenesis of tuberculosis would greatly
benefit from the availability of M. tuberculosis mutants defi-
cient in either their synthesis (wherever possible) or transport
to the cell surface.

Concluding Remarks and Future Challenges

Considerable advances have beenmade over the last 10 years
in understanding the genetics and biochemistry of PIM synthe-
sis inM. tuberculosis. Foremost among these advances has been
the structural characterization of PimA (in fact, the very first
crystal structure of a GT involved in mycobacterial cell wall
biosynthesis) and the proposal of a model for interpreting the
conformational changes andmembrane interactions associated
with its catalytic mechanism. This model may represent a par-
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adigm for other cytosolic bacterial cell wall biosynthetic
enzymes working at the interface with the plasma membrane.
Our current knowledge of the molecular mechanisms of sub-
strate/membrane recognition by PimA and PimB� in turn
places us in an unprecedented position to identify inhibitors of
these enzymes and to develop new drugs with bactericidal
mechanisms different from those of presently available agents.
Yet considerable challenges remain to be overcome to fully
understand the biosynthetic machinery of PIMs, their translo-
cation to the cell surface, their roles in the physiology of myco-
bacteria, and their contribution to host-pathogen interactions.
Among the biochemistry challenges are (i) the identification of
the third and fourth �-1,6-ManTs of the pathway (PimC and
PimD), that of the �-1,2-ManT catalyzing the formation of
PIM6 fromPIM5, and that of the acyltransferase responsible for
the acylation of position 3 ofmyo-inositol; (ii) the elucidation of
the transport machinery responsible for the translocation of
PIM intermediates and lipid-linked sugars across the inner
membrane and for the transport of the presumably fully assem-
bled higher and lower forms of PIMs to the cell surface; (iii) the
elucidation of the crystal structure of PIM biosynthetic
enzymes in complex with PI or PIMs; and (iv) the discovery of
potent inhibitors of the PIM pathway that would not only pro-
vide bases for the rational design of novel drugs targetingM. tu-
berculosis but also be useful to probe the physiological func-
tions of PIM, LM, and LAM during in vitro growth and in the
course of host infection.

REFERENCES
1. Anderson, R. J. (1930) J. Am. Chem. Soc. 52, 1607–1608
2. Ballou, C. E., Vilkas, E., and Lederer, E. (1963) J. Biol. Chem. 238, 69–76
3. Lee, Y. C., and Ballou, C. E. (1964) J. Biol. Chem. 239, 1316–1327
4. Brennan, P. J. (1988) in Microbial Lipids (Ratledge, C., and Wilkinson,

S. G., eds) pp. 203–298, Academic Press Ltd., London
5. Ortalo-Magné, A., Lemassu, A., Lanéelle, M. A., Bardou, F., Silve, G.,
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8. Kaur, D., Guerin, M. E., Skovierová, H., Brennan, P. J., and Jackson, M.

(2009) Adv. Appl. Microbiol. 69, 23–78
9. Gilleron, M., Jackson, M., Nigou, J., and Puzo, G. (2008) in The Mycobac-
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Glycosyltransferases (GTs) control the synthesis and struc-
tures of glycans. Inactivation and intense allelic variation in
members of the GT6 family generate species-specific and indi-
vidual variations in carbohydrate structures, including histo-
blood group oligosaccharides, resulting in anti-glycan anti-
bodies that target glycan-decorated pathogens. GT6 genes are
ubiquitous in vertebrates but are otherwise rare, existing in a
few bacteria, one protozoan, and cyanophages, suggesting lat-
eral gene transfer. Prokaryotic GT6 genes correspond to one
exon of vertebrate genes, yet their translated protein sequences
are strikingly similar. Bacterial and phage GT6 genes influence
the surface chemistry of bacteria, affecting their interactions,
including those with vertebrate hosts.

The surfaces of cells are covered with carbohydrates, so gly-
cans have key roles in the interactions between cells and of cells
with the extracellular matrix, regulatory molecules, toxins,
viruses, and antibodies (1). In the intestines of mammals,
glycans of the outer membranes of Gram-negative bacteria
contribute to the ability of the host to distinguish between com-
mensal bacteria and pathogens, a key factor in intestinal home-
ostasis (2). Glycans can differ in structure between species and
between individuals within a species; the histo-blood groups
(HBGs)4A, B,AB, andO (see Fig. 1A) are awell studied example
of phenotypic variation between individuals that results in the
display of complex glycans with different structures on cell
membranes and extracellular glycoproteins (3, 4). Because gly-
cans are antigenic, individuals produce antibodies directed

against non-self-HBGs, withAorO individuals producing anti-
bodies against the B antigen and B or O individuals against the
A antigen. The presence of such antibodies indicates exposure
to exogenous HBG-like antigens (5). HBG polymorphism
appears to reflectmultiple selective effects, including resistance
to bacterial pathogens that bind to HBGs on host cells and
interactions of the immune system with enveloped viruses that
carry HBGs from a previous host (5).
Complex glycans are ubiquitous and have a greater potential

for structural variation than polypeptides and nucleic acids
because several different bonds can link pairs of adjacent
monosaccharides. Nevertheless, glycans have received less
attention than other macromolecules partly because they are
heterogeneous secondary gene products with structures deter-
mined by the specificities of glycosyltransferases (GTs). Besides
being antigenic, glycans have vital roles in biological systems
encompassing protein folding and stability, cell adhesion,
molecular trafficking and clearance, and signal transduction
(6). Their biological and biomedical significance is reflected in
the 1–2% of the open reading frames in all domains that encode
enzymes involved in their synthesis and in the many diseases
linked to aberrations in glycosylation (6, 7). The Carbohydrate-
Active enZymes (CAZy) Database classifies GTs into 89 differ-
ent families (92 listed but families 36, 46, and 86 are deleted)
based on sequence interrelationships (8, 9). In this minireview,
we discuss the properties and evolution of the GT6 family,
which includes those responsible for the synthesis of HBGs.
Genomedatabases indicate that theGT6 family has an irregular
distribution, diagnostic of a nonlinear evolutionary history;
GT6 enzymes are more remarkable for their non-functionality
than activity in humans and some other primates. The products
of the GT6 family are of particular biomedical interest because
of their role in interactions of the immune systems of verte-
brates with beneficial and pathogenic prokaryotes.

Mammalian GT6 Enzymes

The HBG locus on chromosome 9 has three alleles, A, B, and
O. The A and B alleles encode active GTs (HBGTA and
HBGTB) that catalyze the transfer of N-acetylgalactosamine
and galactose, respectively, from their UDP derivatives into an
�-linkage with the 3-OH group of a galactosyl residue on a
glycan containing an H antigen (Fig. 1A). In the O allele, a
frameshift mutation generates an inactive GT (10). HBGTA
and HBGTB are closely similar in structure, differing in only 4
of 354 residues (10). Although the A, B, and O alleles predom-
inate, giving rise to A, B, AB, and O phenotypes, �100 other
variants have been described with mutations in the coding and
noncoding regions, generating additional phenotypes (www.
ncbi.nlm.nih.gov/projects/gv/mhc/xslcgi.cgi). The expression
of HBGs is also modulated by fucosyl-�1,2-transferases (FTs)
that catalyze the synthesis of the H antigen. Although the FT in
erythrocytes (H-type FT) is present in most individuals, secre-
tor FT, which catalyzes H antigen production in saliva, gastro-
intestinal secretions,milk, and epithelial cells, is inactive in 20%
or more of the population (11). Non-secretors (secretor FT-
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negative individuals) have HBGs only on erythrocytes and their
precursors. The Bombay phenotype, found in a minority of
individuals, results from inactivity in both H-type and secretor
FTs. Although all HBGs are lacking, in these individuals, they
are generally healthy (12). The protective or other role of the
ABO system is therefore subtle, but correlations have been
found between various diseases, including pancreatic cancer,
and blood groups (e.g. Refs. 3, 5, and 13).
Mammals have genes for three additional GT6 family mem-

bers that catalyze the transfer of �-galactose or GalNAc to the
3-OH group of a �-linked galactose or GalNAc in an acceptor
substrate (14). These genes encode a �-galactosyl-�1,3-galac-
tosyltransferase (�3GT) that catalyzes the synthesis of the
xenoantigen or �-Gal epitope, a �-Gal-�1,3-galactosyl entity
(15), Forssman glycolipid synthase (FS) (16), and isogloboside 3
synthase (iGb3S) (17) (Fig. 1A). �3GT and iGb3S both catalyze
the formation of a similar structure but in glycoproteins and
glycolipids, respectively. In humans, the enzymes expressed
from the�3GT, FS, and iGb3S genes are inactive as the result of
frameshift and missense mutations (14–17). The lack of active
�3GT and iGb3S results in the absence of �-Gal epitopes in
human tissues and the presence of antibodies (�1–3% of the
IgG) against the�-Gal epitope in the circulations of all humans.
Our closest relatives among the primates, including chimps,
gorillas, and orangutans, also produce inactive forms of these

three GTs, but other mammals have active enzymes (14, 18).
The inactivation of �3GT and iGb3S is thought to have been an
evolutionary adaptation that confers resistance to enveloped
viruses derived from mammalian hosts that carry �-Gal
epitopes on their cell membranes. FS is also inactivated in
humans and our closer relatives among the primates (19); this
may be linked to the effects of Forssman antigen on vulnerabil-
ity to toxins (16, 20). The inactivation of FS preceded the diver-
gence of the chimpanzees, orangutans, macaques, and rhesus
monkeys, and it has been suggested that the catalytically inac-
tive protein may have acquired a new function (19).

Structural Basis of Specificity and Catalysis in
Mammalian GT6 Enzymes

Like most GTs from vertebrates, GT6 family members are
type 2 membrane proteins with N-terminal cytosolic domains,
a transmembrane helix, a stem, and a C-terminal catalytic
domain (14). Their catalytic domains have a GT-A fold, one of
the two predominant fold types (GT-A and GT-B) of the cata-
lytic domains of structurally characterized GTs. Both folds
encompass two Rossmann-like�/�-domains; in theGT-A fold,
these are closely associated through a large interaction inter-
face, but in theGT-B fold, they aremore distinct and are flexibly
linked. Lairson et al. (21) have recently published a comprehen-
sive review of the structures and mechanisms of GTs.

FIGURE 1. Structure of the catalytic domain of mammalian GT6 and acceptor substrates and products. A, chemical structures of the type 1 H antigen (i),
type 1 HBG A (ii), type 1 HBG B (iii), �-Gal epitope (xenoantigen) (iv), and Forssman glycolipid (v). Monosaccharides are color-coded as follows: Gal, red; GalNAc,
purple; Fuc, green; GlcNAc, blue; and Glc, black. B, schematic representation of superposition of the �3GT apo-form in cyan (Protein Data Bank code 2JCO) and
�3GT in complex with UDP-Gal in brick red (code 2VS5) showing the C-terminal (color-coded) flexible loop. The two invariant Arg and Glu residues are shown
in the inset.
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Crystallographic studies have provided extensive informa-
tion about the structure and interactions of HBGTA and
HBGTB (22–25) and �3GT (26–32) (Fig. 1B), revealing strong
conservation of structure and structure-function relationships
within the GT6 family. Like most GT-A fold GTs, both require
a divalentmetal ion (Mn2�) for catalytic activity (33). The inter-
actions of HBGTA/B and �3GT with donor substrates and
metal cofactor are closely similar. Their N-terminal domains
interact with the uracil, ribose, and diphosphatemoieties of the
UDP-sugar (donor) substrate. An essential Asp-Val-Asp (DVD)
sequencemotif (present as aDXDmotif inmostGT-A foldGTs
(21)) at the junction of the two domains (Fig. 2A, region C)
interacts directly with the ribose moiety and indirectly, via the
Mn2�, with theUDP phosphates. The binding of UDP or donor
substrate increases order in two sections of the polypeptide
chain, a region close to the active site and the C-terminal 10
residues of both enzymes (Fig. 1B) (25, 27, 28, 31). These
changes organize the binding site for acceptor substrates; con-
formational changes in disordered loops adjacent to the active
site are a shared feature of many GTs (see Ref. 25). Most of the

interactions with the Gal or GalNAc of the donor substrate
involve residues of the C-terminal domain, except for an invari-
ant Arg of the N-terminal domain (Figs. 1B and 2A, region B)
that interacts with the 3-OH group of the donor monosaccha-
ride and may be important for galacto versus gluco specificity.
Residues that function in acceptor substrate binding and catal-
ysis are located in the C-terminal domain, including an invari-
ant Glu within a highly conserved region of sequence (Figs. 1B
and 2A, region F) and two basic residues close to the C terminus
(Fig. 2B, region G). GT6 enzymes catalyze a sequential bi-bi
ordered mechanism in which the UDP-sugar binds, prior to
acceptor, to an enzyme-Mn2� complex (28). Inverting GTs are
thought to utilize a single displacement Sn2-like mechanism,
but themechanisms of retainingGTs are controversial (see Ref.
21). The expected mechanism is a double displacement reac-
tion involving two inversions in which the monosaccharide is
initially transferred to a nucleophile, such as a protein carboxyl
group, and subsequently to the acceptor (21). Much evidence
indicates that GT6 familymembers do not use this mechanism,
but one that is analogous to that of the well characterized gly-

FIGURE 2. Relationship between eukaryotic, bacterial, and phage GT6 enzymes. A, amino acid sequence alignment of selected proteins: HBG A (HuA),
bovine �3GT (Bova), C. owczarzaki (Cap), cyanophage P-SSM2 (PSSM2), P. acanthamoebae (Parach), GT6a and GT6b from B. ovatus (BoA and BoB), Bacteroides
stercoris (Bs), and Bacteroides caccae (Bc). B, alignment of C-terminal regions from the putative metal-dependent GTs listed above together with dog FS. The
boxed sequences labeled A–G correspond to regions that interact with substrates in mammalian GT6 enzymes.
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cogen phosphorylases (34, 35), involving cleavage of the UDP–
galactose bond, with all substrates present in the active site,
generating a planar cationic oxycarbenium ion that is stabilized
by anionic groups. A conformational change in the active site
(21) may shift the location of this reactive species in the active
site, possibly via Mn2� or basic residues in the C-terminal
region that interact with UDP. The 3-OH group of the terminal
galactose of the acceptor is deprotonated byUDP, and a bond is
formed between this oxygen and the oxycarbenium moiety to
generate the product.
A key region in donor substrate specificity is region E in Fig.

2A (HAAI in �3GT); the corresponding sequences in HBGTA
and HBGTB, LGGF and MGAF, respectively, determine their
respective specificities for UDP-GalNAc and UDP-Gal (22).
The dominant role of this region in donor substrate specificity
in �3GT was demonstrated by the identification of a mutant
that is specific for UDP-GalNAc rather than UDP-Gal by
screening a library of mutants with alternative sequences for
residues 280–288. This mutant had the sequence AGGL
replacing HAAI; structural studies suggested that the smaller
side chains generate a pocket on the protein surface that can
accommodate the 2-acetamido group of GalNAc (36).
Turcot-Dubois et al. (14) have investigated genes encoding dif-

ferent GT6 family members in non-mammalian vertebrates.
These species have genes that may be orthologs of blood group
enzymes andothers that encodeFS-like or iGb3S/�3GT-likeGTs.
Atypical members of the GT6 family in mammals were identified
that have substitutions for highly conserved active-site residues,
including theDXDmotif (14).Twoof thesewereexpressedbutdid
not display GT activity, so their functions are presently unknown
(14). It is possible that they are pseudogenes or encode proteins
that have lost catalytic activity, becoming binding proteins (lec-
tins) like somemembers of glycoside hydrolase family 18 in verte-
brates and invertebrates (37).

GT6 Family Members from Other Eukaryotes and
Prokaryotes

With new information from genome sequences, genes were
identified that encode members of the GT6 family in two non-
vertebrate eukaryotes, Branchiostoma floridae (an amphioxus)
and Capsaspora owczarzaki (a unicellular opisthokont that is a
symbiont of a snail) (38), plus 16 species of bacteria and the
cyanophage P-SSM2 (supplemental Table 1); many other
homologs are also in the human intestinal and marine metage-
nomes (39). The distribution pattern in eukaryotes is puzzling
because the amphioxus is a chordate like the vertebrates, but
C. owczarzaki represents an early branch from the line leading
to metazoa and fungi. If the genes from eukaryotes, bacteria,
and phages were related to vertebrate GT6 genes by the normal
evolutionary process (vertical gene transfer), the GT6 family
would have a broad distribution in eukaryotes and prokaryotes.
However, GT6 genes are absent in currently sequenced
genomes of a wide array of other invertebrates, plants, fungi,
protozoa, archaea, andmost bacteria. Thus, outside of the chor-
dates, the GT6 family has a sporadic distribution, suggesting
the horizontal transfer of GT6 genes between eukaryotes and
prokaryotes aswell as between bacteria. It is interesting to com-
pare the distribution of GT6 family members with that of

another retaining GT family, GT8. These enzymes catalyze the
formation of Gal-�1,4, Gal-�1,3 and Glc-�1,2 linkages and
include GTs from plants, fungi, vertebrates, invertebrates, pro-
tozoa, bacteria, and viruses. The GT8 family encompasses gly-
cogenin and bacterial �1,4-galactosyltransferases related to
LgtC (40). The GT8 family has a continuous distribution, con-
sistent with evolution through vertical gene transfer.
Comparisons of the catalytic domain sequences of eukary-

otic GT6 family members with the complete sequences of their
prokaryotic counterparts show a high level of identity, up to
35% in some pairwise comparisons. Many, but not all, highly
conserved sites are components of the active sites in the struc-
turally characterized mammalian enzymes (Fig. 2A). The bac-
terial and phage GT6 enzymes lack the non-catalytic domains
of the vertebrate proteins and are also truncated relative to the
minimal functional mammalian catalytic domains by �47 res-
idues. In fact, with a single exception, the coding sequences of
the prokaryotic GT6 enzymes correspond closely to the final
exon in the genes for the vertebrate enzymes, consistent with
horizontal transfer of this exon of the vertebrate gene (38). Phy-
logenetic trees constructed using GT6 protein sequences indi-
cate that they form two clades, one containing the phage,
eukaryotic, and Parachlamydia acanthamoebae GT6 enzymes
and the second containing the other bacterial GT6 enzymes
(Fig. 3).
The significance of the 47 extra residues in the vertebrate

catalytic domains is unclear; an extension of similar length is
present in GT6 from C. owczarzaki, but it is not significantly
similar in sequence to the extension in the vertebrate catalytic
domains. Therefore, although this part of the mammalian GT6
catalytic domains is well structured and tightly associated with
the rest of the domain, it does not appear to be functionally
important.

Properties and Structure-Function Relationships of
Bacterial GT6 Enzymes

At present, little information is available on the properties of
prokaryotic GT6 family members. Wang and co-workers (41)
first expressed GT6 from Escherichia coli strain O86 and found
that it is a galactosyltransferase that catalyzes the synthesis of
HBG B antigens. This enzyme was shown to catalyze a step in
the synthesis of the bacterial O antigen because gene disruption
modified its structure (42). The same group cloned GT6 from
Helicobactermustelae and showed that it is a GalNAc-transfer-
ase that can produce HBG A antigen structures (43). These
enzymes were found to be useful for efficient enzymatic glycan
synthesis and were applied for this purpose in the presence of
Mn2� ions, as used with mammalian enzymes.

Comparison of the sequences of the bacterial and mamma-
lian GT6 enzymes shows some striking differences (Fig. 2A).
First, the DXD motif of the eukaryotic GTs is replaced in the
bacterial proteins by NXN, with the single exception of GT6
from P. acanthamoebae; also cyanophage P-SSM2 GT6 retains
the DXD motif. In the mammalian enzymes, the aspartates of
the DXD motif are essential for activity (24, 33). The genome
of Bacteroides ovatus, a Gram-negative commensal bacterium
of the distal mammalian gut, encodes two GT6 family mem-
bers; Tumbale and Brew (39) expressed one of these (desig-
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nated BoA) (Fig. 2) and found it to be a GalNAc-transferase
with a specificity similar to human blood group GTA. This
enzyme does not require a divalent metal ion for activity and is
not inhibited by EDTA. It was suggested that the change of the
DXD sequence to NXN in the bacterial GTs may be associated
with a loss of metal ion dependence. In mammalian GT6, the
metal ion functions in substrate binding and catalysis, suggest-
ing that the bacterial enzymes may differ in catalytic mecha-
nism. However, the effects of mutating selected residues (Fig.
2A, regions C and E–G) in the B. ovatus enzyme suggest that
there are strong similarities in structure-function relationships
with the mammalian GT6 group (39).
At present, BoA is the only bacterial GT6 that has been char-

acterized with regard to structure-function relationships.
Based on the replacement of the DXD motif by NXN in these
bacterial enzymes, it appears that, apart from the Parachlamy-
dia enzyme, all may be metal-independent, whereas cyanoph-
age GT6 and its close relatives from the marine metagenome
database are expected to be metal-dependent. Although func-
tional studies of more bacterial enzymes are needed, their
apparent metal independence suggests that their catalytic
mechanisms differ from those of the well studied metal-depen-
dent enzymes frommammals or that the metal ion is function-

ally replaced by a substructure of the protein. The strong con-
servation of mammalian active-site residues in the bacterial
enzymes suggests that the active-site structures in these groups
are similar, consistent with the results of mutational studies
with B. ovatus GT6 (39).

A second unique feature of the bacterial GT6 enzymes (other
than that from Parachlamydia) is that the C-terminal regions
of their sequences align poorly with those of other familymem-
bers and also with each other (Fig. 2, compare A and B). This
region has a distinctive composition with high proportions of
basic and nonpolar amino acids; truncation of this region in
BoA shows that it is not required for activity (39). These fea-
tures are reminiscent of previous observations with the unre-
lated bacterial GT8 enzymes. The C-terminal regions of bacte-
rial GT8 enzymes show little similarity to each other apart from
having a high content of basic and aromatic amino acids. In two
of these enzymes, LgtC andWaaJ, the C-terminal regions were
found to have a role in interactions with the bacterial cell mem-
brane, and they appear to form amphipathic�-helices that bind
to the cell membrane (40, 44). Although the bacterial GT6
enzymes do not have a high content of aromatic residues, pro-
tein-membrane interactions can also be mediated by unstruc-
tured regions of polypeptide that typically have basic-hydro-
phobic-basic (BHB) amino acid sequence motifs (45). Brzeska
et al. (46) have identified BHB lipid-binding regions in various
proteins, including myosin I from Acanthamoebae and Dictyo-
stelium; their web-based program (helixweb.nih.gov/bhsearch)
uses the Wimley and White hydrophobicity scale (47) to scan
protein sequences for BHBmembrane-binding regions. Analy-
sis of bacterial GT6 sequences indicates that their C-terminal
regions contain such motifs, suggesting that bacterial GT6
enzymes may interact with the cytoplasmic face of the cell
membrane through these regions. This is consistent with the
role ofGT6 enzymes fromGram-negative bacteria in catalyzing
steps in the synthesis of theO antigen component of the lipopo-
lysaccharide component of the outer membrane; this is synthe-
sized on the cytosolic side of the cell membrane prior to assem-
bly with the lipid A-core oligosaccharide intermediate (48).

Functions of GT6 Family Members across the
Evolutionary Spectrum

Bacterial glycans display greater diversity and have little sim-
ilarity in chemical structure compared with eukaryotic glycans.
Nevertheless, somebacteria have surface structures that resem-
ble those frommammals and other vertebrates and are thought
to facilitate their survival in eukaryotic hosts. TheO antigens of
Gram-negative bacteria are highly variable in structure, gener-
ating variations in the chemistry of the bacterial surface
between different species and strains and within a single strain
under different conditions (48). Changes in the complement of
GTs and other enzymes are the ultimate source of these differ-
ences in structure and can arise from evolutionary changes in
GT specificity, gene loss or inactivation, and the acquisition of
new GT genes by horizontal gene transfer (HGT). The GT6
genes in bacteria appear to be an example of a GT gene of
probable vertebrate origin participating in O antigen synthesis
and enhancing molecular mimicry of host glycans. Based on
current information on three bacterial GT6 enzymes, it appears

FIGURE 3. Phylogenetic tree constructed using amino acid sequences of
GT6 family members from diverse sources. The tree was generated using
the Phylogeny.fr Web site using standard settings apart from the use of
MrBayes (100,000 generations) for constructing the phylogenetic tree (60).
The tree is displayed in radial style, and the sequences from the bacterial
species that have NXN rather than DXD motifs are enclosed in the shaded area.
Eukaryotes: bovine �1,3 galactosyltransferase (Boa), C. owczarzaki ATCC
30864 (Cap), dog FS, and human HBG A synthase (HuA); bacteria: Acineto-
bacter calcoaceticus (Ac), Acinetobacter johnsonii (Aj), B. caccae (Bc), B. ovatus
GT1 (Bo1), B. ovatus GT2 (Bo2), B. stercoris (Bs), E. coli Wcmb (Ec), Francisella
philomiragia (Fp), H. mustelae (Hm), Haemophilus somnus 2336 (Hs), P. acan-
thamoebae (Parach), Psychrobacter sp. PRwf-1 (Ps), S. deleyianum (Sd), and two
GTs from Subdoligranulum variabile (Sv1 and Sv2); and phage: Prochlorococcus
phage P-SSM2 (PSSM2). The sources of the sequences are given in supple-
mental Table 1.
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that they catalyze the synthesis of either HBG A or B-like gly-
cans; current knowledge of structure-function relationships in
the GT6 family suggests that the other bacterial GT6 enzymes
have similar specificities. Consequently, their mimicry of host
glycans and avoidance of immune responses will be confined to
hosts that carry the corresponding HBG phenotype. Therefore,
eluding immune responses from the host may not be the pri-
mary role of GT6 genes in commensal bacteria (5, 7). As dis-
cussed previously, the polymorphism of ABOHBGs in humans
has been suggested to arise from selective pressure to protect
the species against pathogens that utilize a particularHBGanti-
gen as a receptor combined with protection, via antibodies
against other HBGs, against enveloped viral pathogens that
carry HBGs from another host (5). HBGs have othermore indi-
rect effects; for example, A or B antigens can modulate sialic
acid-mediated interactions between pathogens, including
malarial parasites and eukaryotic cell membranes (49). The
selective advantage to a bacterium of carryingA or B antigens is
less clear, but it may be linked to mutualism. For example, they
may represent a major source of non-self-HBG antigens that
promote the production of anti-HBG antibodies that protect
their hosts from enveloped viruses and other pathogens. The
recognition of commensal bacteria by their host is mutually
beneficial, and perturbation of their cell surface chemistry can
lead to inflammatory bowel disease (50); glycans such as HBG
antigens appear to contribute to this recognition process (2).
Also, some enteric pathogens, including noroviruses (51) and
E. coli heat-labile and cholera-derived toxins (52–54), initially
bind to HBGs on mammalian intestinal cells, and it may be
advantageous for HBG-decorated intestinal bacteria to protect
their hosts by acting as decoy receptors.
Cyanophage P-SSM2 GT6 is part of an array of P-SSM2

genes for enzymes involved in LPS synthesis that are absent in
the genomes of twoother cyanophages, P-SSM4andP-SSM7. It
has been suggested that in P-SSM2, they affect infection and
establishment of the prophage stage by altering the surface of its
host cyanobacterium to prevent other phages from binding
(55). Many GT6 genes similar to that of P-SSM2 are found in
the Environmental Samples Database, mostly in the marine
metagenome. Their sequences group into two clades: one that
is 60–84% identical in protein sequence to P-SSM2 GT6,
whose members are probably from currently unidentified cya-
nophages, and one that consists of GT6 family members that
are �40% identical to those from P-SSM2. Based on sequences
in key substrate interaction regions, themembers of each group
appear to be similar in substrate specificity to each other,
whereas the two groups may differ in both donor and acceptor
substrate specificity; whether the second group is from phage
and/or bacterial sources is unclear. Other homologs in the
human intestinalmetagenome have sequence characteristics of
bacterial GT6 enzymes (39).
Members of the GT6 family fall into several evolutionary

subgroups. One consists of the vertebrate enzymes with dis-
tinct multidomain structures, and a second consists of the bac-
terial enzymes, apart from P. acanthamoebae, which have BHB
membrane-binding and NXN sequence motifs. Phylogenetic
trees constructed using sequences from all available sources,
including environmental databases, show a clear division into

two principal clades with DXD andNXN sequencemotifs, with
the deepest branches in the DXD group leading to cyanophage
P-SSM2, P. acanthamoebae, andC. owczarzaki. These analyses
do not provide a robust answer regarding whether the ancestor
of the GT6 family was from the metal-dependent or metal-
independent GT6 groups. GT6 from P. acanthamoebae strain
Hall’s coccus is unique among the bacterial enzymes in having a
DXD motif. This bacterium normally infects free-living amoe-
bae but can also infect humanmacrophages, pneumocytes, and
lung fibroblasts (56) and has been linked to pneumonia and
other diseases (57). It has aGT6 that ismost similar to cyanoph-
age P-SSM2GT6, and its products maymediate interactions of
this Parachlamydia strain with mammalian and other hosts.
GT6 from Sulfurospirillum deleyianum is, at present, an
anomaly because it is from a species that does not inhabit the
gastrointestinal tract or skin of vertebrates but is from a sulfur-
reducing bacterium that is found in mud, lake material, and
subsurface ground water (58).
The features of the GT6 family reviewed here indicate that

HGT involving eukaryotes, bacteria, and phages occurred dur-
ing their evolutionary development; although it seems likely
that the direction is eukaryote to prokaryote, the evidence is not
conclusive. Examples of HGT from eukaryotes to prokaryotes
have been reported previously, including a fructose-bisphos-
phate aldolase gene between red algae andmarine cyanophages
(59). It is interesting that the deeper branches in sequence-
based phylogenetic trees (Fig. 3) lead to endosymbionts with
potential for mediating HGT: P. acanthamoebae, associated
with acanthamoebae and humans, and C. owczarzaki, a symbi-
ont of the snail Biomphalaria glabrata, which is also an inter-
mediate host of Schistosoma mansoni, the causative agent of
schistosomiasis. Capsaspora is a predator of S. mansoni (38).
The presence of many GT6 homologs from uncharacterized
species in the marine metagenome indicates that there is more
to be discovered about the distribution and evolution of the
GT6 family.
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Although a connection between breast cancer and the
ovary was made by Sir George Beatson in 1896 and estrogen
was purified in 1920, it remained puzzling as to how the hor-
mone exerted its biological effects. In the late 1950s, when
Elwood Jensen delved into this problem by asking, essentially,
“What does tissue do with this hormone?” little did he know
that his quest would lead to the establishment of the nuclear
receptor field. The late 1950s was the era of intermediary me-
tabolism and enzymology, when steroid hormones were con-
sidered likely substrates in the formation of metabolites that
functioned as cofactors in an essential metabolic pathway.
The biological responses to estrogens and other steroids were
thought to be mediated by enzymes. Against this background
and prevailing dogma, Jensen and colleagues defined the bio-
chemical mechanisms by which steroid hormones exert their
effects. While working at the University of Chicago’s Ben May
Institute for Cancer Research, they synthesized tritium-la-
beled estradiol and concurrently developed a new method to
measure its uptake in biological material. These tools enabled
them to determine the biochemical fate of physiological
amounts of hormone. They discovered that the reproductive
tissues of the immature rat contain characteristic hormone-
binding components with which estradiol reacts to induce
uterine growth without itself being chemically changed. From
the close correlation between the inhibition of binding and
inhibition of growth response, Jensen established that the
binding substances were receptors. Thus, we saw the birth of
the first member of the nuclear receptor family (known as the
estrogen receptor). These findings stimulated the search for
other physiological receptors, and the pioneering works by
Pierre Chambon, Ronald Evans, Jan-Åke Gustafsson, Bert
W. O’Malley, and Keith Yamamoto led to the discoveries of
the glucocorticoid receptor (GR),2 progesterone receptor,
retinoic acid receptor, and orphan receptors. In a rather
short span of time, the nuclear receptor family has grown
into a 49-member-strong “superfamily.” This is a family
whose members, functioning as sequence-specific tran-
scription factors, have defined the many intricacies of the
mechanism of transcription. These ligand-dependent tran-
scription factors generally possess similar “domain organi-
zations,” of which the DNA-binding domain and the li-
gand-binding domain are critical in amplifying the

hormonal signals via the receptor target genes. The nuclear
receptor family is divided into four groups: (i) Group 1 is
composed of steroid hormone receptors that control target
gene transcription by binding as homodimers to response
element (RE) palindromes; (ii) in Group 2, the nuclear re-
ceptors heterodimerize with retinoid X receptor and gen-
erally bind to direct repeat REs; (iii) Group 3 consists of
those orphan receptors that function as homodimers and
bind to direct repeat REs; and (iv) orphan receptors in
Group 4 function as monomers and bind to single REs.
Since the early demonstration by Jack Gorski and Jensen

that the estrogen receptor (ER) activates transcription, the
nuclear receptor field has come a long way. In addition to the
first cloning of the polymerase II transcription factors (GR
and ER cDNAs), of note is the discovery of steroid receptor
coactivators (SRCs), a truly major piece of the transcriptional
jigsaw puzzle, described by the laboratories of O’Malley and
Myles Brown. The induction of coactivators and corepressors
in the transcriptional machinery has expanded tremendously
our understanding of this complex process. We now know
that ligand binding to the respective receptors triggers a fasci-
nating chain of events, including the translocation of the re-
ceptors to the nucleus, ligand-induced changes in the recep-
tor conformations, receptor dimerization, interaction with the
target gene promoter elements, recruitment of coactivators
(or corepressors), chromatin remodeling, and subsequent in-
teraction with the polymerase II complex to initiate
transcription.
By virtue of their abilities to regulate a myriad of human

developmental and physiological functions (reproduction,
development, metabolism), nuclear receptors have been im-
plicated in a wide range of diseases, such as cancer, diabetes,
obesity, etc. Not surprisingly, drug companies are spending
billions of dollars to develop medicines for cancer and meta-
bolic disorders that involve nuclear receptors. More than 50
years after the discovery of the ER, the scientific community
owes Jensen and other founding members of the nuclear re-
ceptor family much gratitude, for they have taken us through
a remarkable expedition filled with eureka moments to under-
stand how hormones and other ligands function!
This thematic minireview series will cover a range of topics

in the nuclear receptor field. The minireviews include the cur-
rent studies of identifying subtypes of the GR. Different re-
ceptors arise from alternative mRNA splicing and from the
use of different promoter start sites and post-translational
modifications, such as phosphorylation. The series covers the
physiological roles of the different GRs. The field of orphan
nuclear receptors and the search for possible ligands also are

* This minireview will be reprinted in the 2010 Minireview Compendium,
which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: jlingrel@asbmb.org.
2 The abbreviations used are: GR, glucocorticoid receptor; RE, response ele-

ment; ER, estrogen receptor; SRC, steroid receptor coactivator; PPAR, per-
oxisome proliferator-activated receptor.
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reviewed. One minireview concentrates largely on the follow-
ing nuclear receptors: peroxisome proliferator-activated re-
ceptor (PPAR) �, PPAR�, Rev-erb�, and retinoic acid recep-
tor-related orphan receptor �. ER� was the first identified
and has been studied the most, whereas ER� has not been
studied in the same detail. ER� is very important, and one of
the minireviews provides a summary of the new biological
functions that are being ascribed to it. Also, the development
of small molecule inhibitors for the ER will be considered. An
important aspect of nuclear receptor function is how these
receptors function in transcription. The role of transcrip-
tional coactivators in nuclear receptor gene regulation will be
reviewed as well as how signal amplification and interaction
are involved in transcription regulation by steroids. The SRC/
p160 family of coregulators includes SRC-1, SRC-2, and
SRC-3, and the latter has been shown to act as an oncogene,

particularly in breast cancer. Molecular analysis of its role in
breast cancer progression and metastasis will be the focus of
one of the minireviews. In addition, interactions of nuclear
receptors with the genome will be reviewed, as will the role of
the homeodomain protein HoxB13 in specifying the cellular
response to androgens. Mining nuclear receptor cistromes
and how nuclear receptors reset metabolism also will be con-
sidered. The association of nuclear receptors (e.g. PPAR�)
with physiological functions, such as circadian rhythm and
muscle functions, will also be addressed. Finally, the role of
nuclear receptors in disease using the retinoid X receptor �/�
knock-out and transgenic mouse model skin syndromes and
asthma will be reviewed. These are diverse and important
topics that are critical in understanding the regulation of nu-
clear receptors and the biological roles they play in normal
function and disease.
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The three members of the p160 family of steroid receptor
coactivators (SRC-1, SRC-2, and SRC-3) steer the functional
output of numerous genetic programs and serve as pleiotropic
rheostats for diverse physiological processes. Since their dis-
covery �15 years ago, the extraordinary sum of examination of
SRC function has shaped the foundation of our knowledge for
the now 350� coregulators that have been identified to date.
In this perspective, we retrace our steps into the field of co-
regulators and provide a summary of selected seminal work
that helped define the SRCs as masters of systems biology.

A Stroll Down Memory Lane

More than half a century ago, Britten and Davidson first
proposed their theory of master genes (1). Since then, count-
less attempts have been made to crown genes as master regu-
lators. However, the criteria set forth by Britten and David-
son, that a true master gene integrates the transcription of
many “producer” genes in response to a single molecular
event, has been satisfied only by an incredibly finite set of
genes. Now, more than a decade and a half after the discovery
of the first steroid receptor coactivator (SRC),2 we believe that
the genes that encode the coregulators have evolved as bona
fidemaster genes of physiology in eukaryotes.

Our own journey into the field of coregulators began in the
early 1970s, when we discovered that nuclear receptors (NRs)
bound to nuclear DNA as a complex associated with proteins
that we coined “acceptor proteins” (2). These acceptor pro-
teins were first identified in non-histone nuclear fractions,
and we originally viewed them as simple adapter molecules
that did not bind ligand themselves but rather accepted the
NR-ligand complex into chromatin and facilitated the down-
stream transcriptional actions of the receptor. At the time, we
hypothesized there were a limited number of these adapter
proteins that served to bridge the basal transcriptional ma-
chinery to the liganded receptor. Our extensive efforts to pu-
rify an acceptor protein via size and charge exclusion chroma-
tography produced numerous perplexing peaks, and we

eventually abandoned the project. Around this time, the labo-
ratory of Murray and Towle made similar observations work-
ing with the thyroid receptor, which associated differentially
with proteins from tissue nuclear extracts in response to li-
gand (3). Little did we know at the time that, taken together,
these complex observations would come to represent the vast
heterogeneity of NR coregulators that are now known to exist
in mammalian cells.
Our contributions to the field of coregulator function and

NR biology are undoubtedly built upon the efforts and find-
ings of numerous laboratories. Here, we provide our account
of our work on the SRC family of coregulators that shaped our
thinking and honed our understanding of coregulator func-
tion in general. From the mid-80s to the early 90s, our labora-
tory continued to work on NR action in cell-free transcription
systems. We were consistently forced to revisit these elusive
acceptor proteins when we realized that they were not only
sufficient to promote NR activity but were required for opti-
mal receptor activation. A further motivation to identify these
acceptor proteins came when Ma and Ptashne published that
yeast Gal80, an inhibitor of Gal4, could be transformed from a
transcriptional repressor to an activator by inserting an acidic
activating sequence (4). In 1991, studies followed in Drosoph-
ila showing that TATA-binding protein-associated factors
interact through TATA-binding protein to regulate basal pro-
moter activity (5). A year later, the Roeder laboratory found
that OCA-B (Oct coactivator from B cells) stimulated tran-
scription from an IgH promoter with Oct-1/2 (6). Impor-
tantly, two additional studies from our laboratory in 1992 de-
fined a ligand-controlled repressor domain in the C terminus
of NRs that suppresses its transcriptional activity (7, 8). In line
with these results, our laboratory described the concept of a
“transcriptional switch” in yeast when we found that SSN6
binds to and suppresses the activation domain of estrogen
(ER) and progesterone receptors (9). Subsequently, the
Yamamoto laboratory reported that a derivative of the glu-
cocorticoid receptor coprecipitated with the SWI3 complex,
substantiating that NRs are part of a regulatory protein com-
plex (10). Collectively, these studies helped to set the stage for
the ensuing race to clone and characterize transcriptional
coregulators.
Almost 2 years later in 1994, the Goodman laboratory iden-

tified the first general coregulator, cAMP-response element-
binding protein-binding protein (CBP) (11) and went on to
identify p300 as a functional homolog of CBP (12). Although
the activities of CBP and p300 are consistent with the ac-
cepted functions of a coactivator, these proteins are now con-
sidered to be ubiquitous integrative components of virtually
every eukaryotic transcription complex (13, 14). The Brown
laboratory followed with the identification of ERAP160, which
they identified as a ligand-dependent ER-associated protein in
gel-fractionated cell extracts (15). At that time, our laboratory
was working on a potential coactivator termed Spt6 in yeast.
SPT6 bound to and activated the ER via its TAF2 domain,
which helped us to define in part the criteria for a transcrip-

* This is the first article in the Thematic Minireview Series on Nuclear Recep-
tors in Biology and Diseases. This minireview will be reprinted in the
2010 Minireview Compendium, which will be available in January, 2011.

1 To whom correspondence should be addressed. E-mail: berto@bcm.edu.
2 The abbreviations used are: SRC, steroid receptor coactivator; NR, nuclear

receptor; ER, estrogen receptor; CBP, cAMP-response element-binding
protein-binding protein; PTM, post-translational modification; PPAR�,
peroxisome proliferator-activated receptor �.
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tional coactivator (16). Conversely, that same month we pre-
sented biochemical evidence for the first NR corepressor,
which allowed us to publish the now accepted mechanistic
concept of coregulator function: that ligand-induced activa-
tion of NRs mediates the exchange of corepressor for coacti-
vator to initiate transcription (17). Subsequent publications
from the Glass/Rosenfeld and Evans laboratories confirmed
the existence of corepressors with the cloning of SMRT (si-
lencing mediator of retinoid and thyroid receptor) (18) and
the NR corepressor, respectively (19).
Simultaneously, with our biochemical characterization of

NR corepressors (17), the missing pieces of the inductive
transcriptional machinery that exchanged and opposed their
function were being identified. Also in 1995, our laboratory
cloned an authentic NR coactivator with the discovery and
characterization of SRC-1 (20). The findings from this semi-
nal work established the criteria to which all future coactiva-
tors would be held. Published studies in 1996 from the Stall-
cup and Gronemeyer laboratories independently identified
SRC-2 (TIF2, GRIP1) as the second member of the SRC fam-
ily (21, 22). Two months later, Meltzer et al. published their
findings on the amplification of three genes in human breast
carcinomas, one of which, termed AIB1, turned out to be
SRC-3 (23). Five laboratories subsequently characterized
SRC-3 as a bona fide coactivator (ACTR, RAC-3, pCIP,
TRAM-1), thus substantiating the ternion of the SRC family
(24–28).

We now realize that our original prediction of the existence
of only a handful of coregulators was a gross underestimate of
the �350� coregulators reported to date. Fig. 1 illustrates the
explosion in NR publications in relation to important discov-
eries and key technologies, beginning with the uncovering of
the ER and the discovery that steroid hormones (e.g. estrogen)
acted at target genes to induce synthesis of specific mRNAs.
Although the SRC family accounts for �1% of the total
known coregulators, since their discovery in 1995, the collec-
tive body of work on the p160 family represents nearly 20% of
the total publications on coregulators and serves as a bedrock
for their enormous biological potential. Indeed, the spike in
steroid receptor-related publications following the discovery
of SRC-1 provides convincing evidence for the immense
mechanistic and physiological importance of this evolutionar-
ily essential class of molecules (Fig. 1). As such, this minire-
view focuses heavily on the SRC family of coactivators (in par-
ticular, SRC-3) to integrate the most recent and influential
work on mechanism and regulation, molecular cross-talk,
physiology and pathology, genetic functions, biomarkers for
pathologies, and drug discovery.

Mechanism and Regulation

Although originally thought of as molecular “bridges” for
NR/transcription factor assembly, we now appreciate that
coactivator function goes well beyond the role of a simple
adapter. In fact, not only do the coactivators serve as power

FIGURE 1. Steroid/nuclear receptor publications. A graphical analysis of publications on steroid/nuclear receptors as they relate to influential findings in
the field is presented. Discoveries listed include identification of a receptor for estrogens (1962) (82), identification of estrogen stimulation of gene expres-
sion (1968 –1972) (83, 84), molecular DNA cloning of the first gene (1972) (85), partial purification of NRs (1974) (86 – 88), identification of estrogen-respon-
sive genes (1976) (89), identification of hormone-response elements (HRE) (1982) (90), cloning of the first full-length NRs (1985) (91), determination of the
first x-ray crystal structure of NRs (1991) (92–94), development of the first nuclear receptor knock-out (KO) mouse (1993) (95), cloning of the first SRC (1995)
(20), development of the first coactivator (CoA) knock-out mouse (1998) (60), and identification of metabolic functions (F(x)s) for nuclear receptors (1997)
(96). These data were compiled from PubMed. The asterisk indicates a predicted estimate for the number of publications for 2010.
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boosters for transcription, but they integrate virtually all of
the substeps of gene expression. To date, the SRCs have
been shown to function in transcription initiation, elonga-
tion, RNA splicing, receptor and coregulator turnover, and
even mRNA translation, suggesting that these molecules
have evolved as the regulatory amalgam of higher ordered
eukaryotes (summarized in Fig. 3) (20, 29–32). Recent evi-
dence supporting this evolutionary selection emanates
from the International HapMap Project, which calculates
positive selection pressures for various alleles across inde-
pendent ethnic populations (33). This study identified
SRC-1 (NCoA1) as the gene with the strongest selective
pressure among all populations analyzed, suggesting the
importance of coactivators as key instruments for human
evolutionary adaptation (34).
Much of our general understanding of coactivator function

stems from various characterizations of the structural do-
mains of the SRCs. The SRC family shares five fundamental
and structurally conserved motifs (Fig. 2). Of these, the N-
terminal bHLH-PAS (basic helix-loop-helix-Per/ARNT/Sim)
domain is the most highly conserved and is necessary for sev-
eral protein-protein interactions with other co-coregulators
(35, 36). The bHLH-PAS domain also houses multiple nuclear
localization signals, which are essential for subcellular local-
ization and trafficking (37). The SRCs contain a serine/threo-
nine-rich region, which is a hotspot for post-translational
modification (PTM) of the coactivators (31, 38). The midre-
gion of the SRC proteins contains three highly conserved
LXXLL (where X is any amino acid) motifs, which form am-
phipathic �-helices and are essential for NR interaction and
activation (reviewed in Ref. 39). In addition to these three
LXXLL motifs, SRC family members contain three other
highly conserved structural motifs. As examples, a region
termed activation domain 1 binds CBP/p300 to effect histone
acetylation (24). More C-terminal, activation domain 2 inter-
acts with CARM1 (coactivator-associated arginine methyl-
transferase 1) (40) and PRMT1 (41) and promotes histone
methylation and subsequent chromatin remodeling (Fig. 3).
Interestingly, SRC-1 and SRC-3 contain an acetyltransferase
domain, although its precise functional in vivo targets have
not been clarified (26, 42).

The evolutionary selection of these structural domains pro-
vides the SRCs with great potential for coordinately regulat-
ing myriad cellular functions. Akin to the way an automobile
engine is an assembly of hundreds of interworking parts, the
coactivators function not independently but as an integral cog
within a highly tuned multiprotein machine (43). We now
appreciate that the coactivators function in large multiprotein
complexes composed of other co-coregulators, chromatin
modifiers, general transcription factors, splicing regulators,
and even proteasomal components to successfully coordinate
the panoply of reactions involved in gene transcription (sum-
marized in Fig. 2) (44). Although initially characterized for
their potent transcriptional activation of NR-dependent tran-
scription, the coactivators also function to coordinately pro-
mote the activity of many other transcription factors (e.g.
NF�B, HIF1�, Rb, STATs (signal transducers and activators
of transcription), p53, AP-1, and E2F1) (reviewed in Ref. 39).
Because the SRCs can interact with and coactivate a wide as-
sortment of transcription factors, their perceived promiscuity
actually represents the capacity of the coactivators to dynami-
cally respond to numerous extracellular stimuli and stresses
by regulating disparate genes that form functional groupings.
These signaling inputs activate the cell’s enzymatic transcrip-
tional machinery by modulating the PTM code of target coac-
tivators. Reprogramming the PTM code changes the strata of
higher order coactivator complexes to provide gene-specific
outputs that efficiently execute physiological programs such
as reproduction, growth, motility, inflammation, and
metabolism.
PTMs serve as the cell’s directives for protein function and

are sufficient even to dictate diametrically opposing functions
(e.g. corepression) by the coactivator, creating a chemical fin-
gerprint for localization, activity, and stability. Coactivators
are targeted by diverse enzymatic machineries that alter the
levels of phosphorylation, acetylation, methylation, ubiquity-
lation, and SUMOylation that define the PTM code. Although
all three p160 family members are tightly regulated by PTMs,
SRC-3 has served as an extreme model for how PTMs influ-
ence the dynamic functions of a coactivator. The early obser-
vation that SRC-3 localization and transcriptional activity
could be regulated by I�B kinase � phosphorylation provided

FIGURE 2. Molecular structure and interacting partners of human SRC-3. Conserved functional domains of human SRC-3 include the bHLH/PAS
domain, a serine/threonine (S/T)-rich domain, a nuclear receptor-interacting domain (RID) (where L � LXXLL), the CBP/p300 interaction domain (CID),
a polyglutamate region (Q), and a histone acetyltransferase (HAT) domain. This representation is not to scale and is an incomplete list of known in-
teracting proteins. Asterisks indicate proteins that have been validated to interact specifically with SRC-3�4. AD, activation domain; AR, androgen
receptor; PR, progesterone receptor; GR, glucocorticoid receptor; TR, thyroid receptor; CoCoA, co-coactivator; aPKC, atypical PKC; EGFR, EGF receptor;
FAK, focal adhesion kinase.
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the initial impetus for identification and characterization of
other PTMs (45). Since that time, work from our laboratory
has helped to identify �50 unique PTM sites on SRC-3 that
provide a plethora of combinations that coordinately regulate
its many functions (46).
Reorganization of the coactivator PTM code changes the

complement of proteins that associate with the coactivator,
which in turn sets the parameters for localized concentrations
and genetic activities of the coactivator complex. For exam-
ple, phosphorylation of SRC-3 by GSK3� coordinately in-
creases the transcriptionally active pool of SRC-3 by promot-
ing its subsequent ubiquitylation (31). By comparison, atypical
PKC phosphorylation shields SRC-3 from the proteasome,
leading to cellular accumulation of the coactivator and en-
hancement of downstream gene expression and cell growth
(47). In contrast, SRC-3 is targeted by phosphatases (PP1,
PP2A, and pyridoxal phosphatase) that differentially regulate
its ligand-dependent transcriptional activity, protein stability,
and oncogenic potential (48). In addition to these functions,
PTMs also regulate the intracellular localization of the coacti-
vator. Identification of two key PTM sites within the N termi-
nus of SRC-3 is sufficient to drive nuclear localization (37),
suggesting the cooperative functions of PTMs for synchroniz-

ing location, activity, and stability of the coactivator. In con-
trast, phosphorylation of an SRC-3 isoform drives it to the
cytoplasmic membrane for cross-talk functions (see below
and Fig. 3). In the nucleus, SRC-3 is acetylated by CBP/p300,
which disrupts the coactivator-NR complex and attenuates
hormone-induced gene expression (49). Similarly, the hor-
mone-regulated actions of CARM1 lead to methylation of
SRC-3, acting as a molecular switch that triggers coactivator
complex disassembly and decreased transcriptional activity
(50). To say that the combinatorial potential of the PTM code
is enormous is a gross understatement (51), and although in-
tricate, it is precisely this complexity that governs every facet
of coactivator function. The plethora of PTMs on SRC-3 are a
vivid testimony to the diversity and regulatory power of the
mammalian proteome.

Molecular Cross-talk

On the basis simply of their name, we are tempted to think
of the SRCs as one-dimensional executers of steroid-induced
transcriptional programs. However, we now recognize the
value of these master gene products in functions that extend
far beyond their roles in transcription. For example, SRC-3
was identified as a translational corepressor with TIA-1/TIAR

FIGURE 3. Molecular functions of SRC-3. Presented is a schematic representation of how PTMs selectively code the numerous molecular functions of
SRC-3, which include, but are not limited to, amplification of steroid- and mitogen-mediated gene transcription, regulation of RNA splicing, translational
corepression, modulation of energy homeostasis, and control of cellular motility. TNFR, TNF receptor; EGFR, EGF receptor; FAK, focal adhesion kinase; CoCoA,
co-coactivator; Ub, ubiquitin; TBP, TATA-binding protein; TAFIIs, TATA-binding protein-associated factors; Pol II, RNA polymerase II; PPTases, phosphatases;
GTF, general transcription factor.
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(T cell-restricted intracellular antigen-1), which dampens the
production of pro-inflammatory cytokines in response to an
inflammatory insult (Fig. 3) (32). This elegant system under-
scores the ability of SRC-3 to dovetail its regulation of NF�B
transcription with translational output to simultaneously pro-
vide a therapeutic inflammatory response and mitigate the
deleterious potency of this response (52).
The SRCs are powerful responders to the extracellular mi-

lieu, and although many of these functions culminate to drive
transcriptional programs, an SRC-3 gene product has been
shown to localize to the membrane where signaling events are
initiated. The relatively understudied splicing isoform of
SRC-3, termed SRC-3�4, lacks the nuclear localization se-
quence-containing N-terminal bHLH domain (37), which
permits its cellular membrane localization (53, 54). Stimula-
tion with EGF enhances SRC-3�4 membrane localization
through activation of PAK1 kinase, which phosphorylates it.
At the membrane, phospho-SRC-3�4 directly interacts with
both the EGF receptor and focal adhesion kinase to regulate
cell migration and motility (Fig. 3), which consequently pro-
motes breast tumor cell migration and metastasis to the
lymph nodes and lungs (55). In this manner, the EGF-stimu-
lated transcriptional output mediated through activation of
full-length SRC-3 induces changes in genetic output while
simultaneously cross-talking with SRC-3�4 to coordinate cell
migration and invasion of cancer cells.

Physiology and Pathology

Reproductive Functions of the SRCs—As we advance our
mechanistic understanding of coregulators, we also improve
our knowledge of how their cellular functions marry in vitro
observations with physiological outcomes. One might easily
have predicted the coactivators to be intimately involved in
endocrine-related processes simply due to their abundant
expression in various reproductive tissues (i.e. uterus, ovary,
breast, prostate) (reviewed in Ref. 56). Indeed, the coactiva-
tors are fundamental to the proper function of reproductive
events such as fertility (57), uterine growth, blastocyst implan-
tation (58), and mammary gland development (59, 60). Un-
derstandably, deficiencies in the amount or mutations that
alter coactivator activity result in reproductive tissue dysfunc-
tions. Because these tissues are tightly controlled by the mito-
genic potency of steroid hormones, any abnormal change that
increases coactivator expression or activity often results in the
onset and progression of cancer. The breadth of studies ex-
amining the reproductive functions of the SRCs and their ab-
errant roles in human reproductive cancers extends well be-
yond the scope of this minireview, and we direct the reader to
a recent review by Xu and O’Malley for a comprehensive eval-
uation of these findings (61).
Cancer Biology of the SRCs—In addition to their impor-

tance in reproductive cancers, the SRCs are emerging as ex-
tremely prominent players in human cancers of non-endo-
crine tissues (Table 1). Although all SRCs have been
thoroughly associated with breast, endometrial, ovarian, pros-
tate, and meningioma tumors, SRC-3 figures heavily in a vari-
ety of distinct tumor types (reviewed in Ref. 61). Specifically,
SRC-3 has been linked with lung, colorectal, esophageal, gas-

tric, hepatocellular, oral squamous cell, and pancreatic can-
cers (reviewed in Ref. 61). Along with their roles in tumor
initiation, the SRCs are known to be important regulators of
cancer metastasis (see above). In a murine model for breast
cancer, SRC-1 appears to be required for metastasis to the
lung (62). In human prostate, mutations in SRC-2 have
emerged as a predictor of prostate cancer metastasis (63). Ad-
ditionally, an abnormal chromosomal rearrangement involv-
ing a fusion between the 5�-MOZmRNA and the 3�-NCoA2
(SRC-2) mRNA positively correlates with acute myeloid leu-
kemia (64, 65). Not only do these observations speak to the
incredible mitogenic responsiveness of the coactivators, but
they also dispute the misconception of explicit compensation
of one SRC for another.
SRCs in Metabolism—As the coactivators continue to

evolve as lynchpins of cancer biology, so too are they gaining
attention as key modulators of the metabolic landscape (Table
1). The bulk of our current understanding of the metabolic
functions of the SRCs emanates primarily from the character-
ization of knock-out mouse models. Ablation of SRC-2 pro-
tects mice against high-fat diet-induced obesity by increasing
peroxisome proliferator-activated receptor � (PPAR�) target
gene expression in brown adipose tissue through the thermo-
genic activation of PGC-1� (66). In contrast, SRC-1�/� mice
are susceptible to obesity due to decreased energy expendi-
ture (66). This obese phenotype is partially mirrored by the
combined ablation of SRC-1 and SRC-3, which arrests brown
adipose activity and impairs adaptive thermogenesis. Mecha-
nistically, these data are explained by failure to induce PPAR�
target gene expression (67). Similarly, loss of SRC-3 alone im-
pairs the white adipogenic program through decreased
PPAR�2 activity (68, 69). Interestingly, the net effects of loss

TABLE 1
Metabolic and cancer-related functions of SRCs
See Refs. 97–99. BA, bile acid; WAT/BAT, white/brown adipose tissue; FA, fatty
acid; HCC, hepatocellular carcinoma; UP, unpublished.
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of SRC-1 differ starkly from ablation of SRC-3, which yields a
lean body type that is highly resistant to high-fat diet-induced
obesity (70). Collectively, these data suggest that the SRCs
play critical yet distinct roles in controlling the energy equi-
librium between brown and white adipose tissues.
Relevant to the alarming proliferation of obesity and related

metabolic disorders in developed countries, the SRCs may
have major implications in the pathophysiological aspects of
these diseases. Of particular importance, type 2 diabetes,
which is preceded by hyperglycemia, follows the inability of
insulin to suppress gluconeogenesis. The ensuing compensa-
tory elevation of insulin production is believed to promote
dyslipidemia, which further compromises the insulin sensitiv-
ity of the patient. The molecular basis for this mode of insulin
resistance remains ill defined but might involve the dysfunc-
tion of select key coregulators. In fact, mice deficient for
SRC-1 are hypoglycemic and display markedly improved insu-
lin sensitivity. Importantly, SRC-1 directly coordinates gene
expression for the rate-limiting enzymes of the hepatic glu-
coneogenic program (e.g. pyruvate carboxylase) and is essen-
tial for the maintenance of glucose homeostasis (71). Distinct
from this mechanism, SRC-2 has emerged as a critical regula-
tor of hepatic glucose release by controlling the expression of
the glucose-6-phosphatase gene. The absence of SRC-2 leads
to a deficiency in glucose-6-phosphatase gene expression,
resulting in a constellation of phenotypes that mimic glycogen
storage disease type 1a (von Gierke disease) (72). In line with
this function, recently published data3 suggest that SRC-2 also
acts as a fulcrum to coordinately regulate the balance between
dietary fuel absorption and energy utilization.
Unlike SRC-2, ablation of SRC-3 affords protection against

obesity and improves insulin sensitivity, partly through regu-
lating the acetylation of PGC-1� (70). In addition to the col-
lective role of SRC-3 in the maintenance of glucose homeosta-
sis, recent evidence suggests that even functional impairment
of the PTM code for SRC-3 is sufficient to alter glucose ho-
meostasis and peripheral insulin sensitivity (73). Character-
ization of a knock-in mouse model containing mutations at
four functionally conserved phosphorylation sites in SRC-3
emphasizes the general importance of PTMs to whole animal
systems biology, particularly as they relate to metabolism. The
sum of these findings highlights the broad capacity of the
SRCs to dynamically modulate the metabolic landscape and
has identified new targets for potential therapeutic interven-
tion in metabolic diseases.

Genetic Functions of the SRCs

The fact that coactivator functions are effected through
multiprotein complexes argues that combinations of even
weakly penetrant alleles within the complex may coalesce into
deleterious effects that mimic polygenic diseases (74). This
idea implies that improvements in our mechanistic and physi-
ological knowledge of the SRC family might provide a path to
better understand polygenic diseases secondary to a variety of

coactivator complexes. The multifunctional capacity of the
SRCs is often exploited to execute the directives of the cell. As
such, the SRCs have been clearly implicated in a variety of
human diseases, many of which are undoubtedly polygenic,
likely arising from the combined misregulation of several
genes. This concept is observed in the SRC-3 knock-in mouse,
where even subtle genetic changes that alter coactivator func-
tion can manifest phenotypes resembling polygenic diseases
like obesity and type 2 diabetes (73). In humans, we can pre-
dict that dysfunction of multiple downstream target genes
would result from dysregulation of a single coactivator com-
plex. Consequently, if a minimal defect exists in more than
one coactivator in a given complex, synergism may lead to a
more pronounced dysfunction of the intact complex.
Alternatively, the possibility exists that genetic changes in

components of a coactivator complex could manifest pheno-
types that resemble monogenic disease states. Evidence sup-
porting this concept shows that ablation of SRC-2 phenotypi-
cally mirrors von Gierke disease, which is a genetically
inherited glycogen storage disorder arising from inactivating
monogenic mutations in the glucose-6-phosphatase gene.
Mechanistically, SRC-2 cooperates with retinoid-related or-
phan receptor � to directly regulate glucose-6-phosphatase
gene transcription (72). In line with these findings, genetic
ablation of retinoid-related orphan receptor � confers a num-
ber of metabolic derangements that parallel loss of SRC-2
(75). Similarly, unpublished studies4 from our laboratory sug-
gest that SRC-3 is indispensable for muscle-specific fatty acid
metabolism, which we have traced to the dysregulation of an
essential mitochondrial long-chain fatty acid transporter. In-
terestingly, genetic mutations of this transporter in humans
leads to hypoglycemia, enhanced muscle-specific glucose up-
take, and drastically improved insulin sensitivity, all of which
we have characterized in our SRC-3�/� mice. Taken together,
these findings situate the coactivators and the complexes they
regulate at the nexus between monogenic and polygenic
diseases.

Biomarkers for Pathologies and Drug Discovery

The known pleiotropic actions of the coactivators make
them attractive candidates as biomarkers for a multitude of
pathologies. In relation to cancer, SRC-3 overexpression re-
sults in aggressive breast and lung cancers (76, 77), SRC-2
mutations are associated with prostate cancer metastases (63),
and SRC-1 overexpression leads to early resistance to cancer
therapy (78). Also, the significance of SRC activity in shaping
the metabolic landscape suggests that they may be etiological
predictors for numerous metabolic diseases. Given these ob-
servations, we predict that technological advances in genome-
wide association studies, protein antibody meta-arrays, and
high-throughput proteomics should promote the use of SRCs
as excellent biomarkers for human disease. This idea is sup-
ported by multiple findings that, unlike normal cells that
tightly manage the pools of coactivator, cancer cells often be-
come addicted to the mitogenic power afforded by coactivator
overexpression or gene amplification (79–81). In addition to

3 Chopra, A. R., Kommagani, R., Saha, P., Louet, J. F., Salazar, C., Song, J.,
Jeong, J., Finegold, M., Viollet, B., DeMayo, F., Chan, L., Moore, D. D., and
O’Malley, B. W. (2011) Cell Metab., in press. 4 B. York and B. W. O’Malley, unpublished data.
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their utility as biomarkers in personalized medicine, we
strongly view the SRCs as feasible targets for pharmacological
intervention. As many of the detrimental effects of coactiva-
tor function arise from their aberrant expression or activity,
we recently initiated the first small molecule chemical screens
aimed at identifying pharmacological candidates that regulate
the stability and/or transcriptional activity of the SRCs.
Armed with the recent improvements in high-throughput
screening tools and the relatively short explosion of knowl-
edge on the SRCs, we are encouraged as we look ahead in an-
ticipation of what the next 15 years will reveal about this
amazing family of proteins.
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Estrogens act by binding to and activating two estrogen re-
ceptors (ERs), ER� and ER�. Transcriptional regulation by
ERs is controlled by a complex array of factors such as ER-li-
gand binding, the DNA sequence bound by ERs, ER-interact-
ing cofactors, and chromatin context. This minireview will
provide an overview of the most recent advances in the identi-
fication of ER�-regulated target gene networks and ER� DNA-
binding sites. We also highlight the recent work establishing
new roles of ER� signaling, including protective functions in
the epithelial-mesenchymal transition and in atherosclerosis,
as well as regulation of cell proliferation in the colon.

Estrogens, the main female sex steroids, control many cel-
lular processes, including growth, differentiation, and func-
tion of the reproductive systems. In the non-pregnant female,
estrone and estradiol (E2)2 are the two main forms of estro-
gens, whereas estriol is the main estrogen in pregnancy. Es-
trogens interact with two estrogen receptors (ERs), ER� and
ER�, and exert their effects through diverse signaling path-
ways that mediate genomic and nongenomic events, resulting
in tissue-specific responses. Estrogen-regulated gene expres-
sion is controlled by a complex array of factors such as ER-
ligand binding, the DNA sequence bound by ERs, ER-inter-
acting cofactors, and chromatin context. The transcriptional
responses to estrogen signaling depend on ligand identity and
availability, the cellular concentration and localization of ERs,
levels of various coregulator proteins and other signal trans-
duction components, and the chromatin state (1). The discov-
ery of a second ER, ER�, in 1996 (2) prompted renewed ef-
forts to investigate the mechanisms of action of estrogenic
molecules. There is now compelling evidence that ER� is in-
volved in various types of cancer (breast, ovarian, colorectal,
prostate, and endometrial), in bone and brain physiology, and
in the cardiovascular system and inflammation (3, 4). Re-
cently, global analysis of gene expression profiles and identifi-
cation of protein-DNA interactions have begun to reveal the

molecular architecture of ER� binding to DNA and the subse-
quent effects on gene regulatory networks. In this minireview,
we will discuss the current knowledge of gene regulatory net-
works influenced through ER�, as well as several novel dis-
coveries pertaining to roles of ER� in epithelial-mesenchymal
transition (EMT), atherosclerosis, and the colon.

ER� Gene and Its Protein Variant ER�2

ER� is a member of the nuclear receptor superfamily and
shares common structural characteristics with the other
members of this family, including five distinguishable do-
mains denoted A–F (Fig. 1) (5). The human ER� gene (ESR2)
is located on chromosome 14q23.2, spanning �61.2 kb. The
ER� protein is produced from eight exons. Additionally, there
are two untranslated exons, 0N and 0K, in the 5�-region and
an exon at the 3�-end that can be spliced to exon 7 to produce
the alternative ER� isoform, ER�2 (also called ER�cx) (6).
Thus, ER�2 has a unique C terminus, where the amino acids
corresponding to exon 8 are replaced with 26 unique amino
acids. The full-length human ER� (also named ER�1) protein
includes 530 amino acids with an estimated molecular mass of
59.2 kDa, whereas ER�2 encodes a protein of 495 amino acid
residues with a predicted molecular mass of 55.5 kDa. ER�2
has undetectable affinity for E2 and other tested ligands. ER�2
was suggested to be a dominant-negative inhibitor of ER� (6).
Further mechanistic study revealed that ER�2 induces protea-
some-dependent degradation of ER�, leading to suppression
of ER� signaling (7). Although additional mRNA isoforms of
ER� arising from differential splicing have been described,
only ER�2 has been identified at the protein level (8, 9).

Mechanisms of ER Signaling

Upon ligand activation, ERs can regulate biological processes
by divergent pathways (Fig. 2) (1). The so-called classical signal-
ing occurs through direct binding of ER dimers to estrogen-re-
sponsive elements (EREs) in the regulatory regions of estrogen-
responsive genes, followed by recruitment of coregulators to the
transcription start site. The consensus ERE consists of a 5-bp
palindrome with a 3-bp spacer: GGTCAnnnTGACC. However,
many natural EREs deviate substantially from the consensus se-
quence (10). Estrogen also modulates gene expression by a sec-
ondmechanism in which ERs interact with other transcription
factors such as AP-1 (activating protein-1) and Sp-1 (stimulating
protein-1) through a process referred to as transcription factor
cross-talk. Furthermore, estrogenmay elicit effects through non-
genomicmechanisms, which occur muchmore rapidly. This
action has been shown to involve the activation of downstream
cascades such as PKA, PKC, andMAPK via membrane-localized
ERs. Recently, an orphan G protein-coupled receptor (GPR30) in
the cell membrane was reported tomediate nongenomic estro-
gen signaling. Subsequent studies by others demonstrated that
the activities of GPR30 in response to estrogen were through its
ability to induce expression of ER�36, a novel variant of ER�,
and that in turn, ER�36, acted as an extranuclear ER tomediate
nongenomic estrogen signaling (11). It is still possible that addi-
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tional membrane receptors for estrogen are involved inmediat-
ing nongenomic estrogen action. Themechanistic details of acti-
vation through nongenomic pathways such as target genes
remain to be characterized.
ERs can also be activated by extracellular signals in the ab-

sence of ligand. Growth factor signaling or stimulation of other
signaling pathways leads to activation of kinases that can phos-
phorylate and thereby activate ERs or associated coregulators in
the absence of ligand. As an example, the HER2 downstream
signaling molecules ERK1 and ERK2 can phosphorylate ER, lead-
ing to ligand-independent receptor activation (12). The biologi-
cal significance of this ER signaling remains unclear.

Genome-wide Profiling of ER� Gene Expression Programs

There have been a number of studies in the past few years
aimed at comprehensively unraveling the complete estrogen-
regulated gene expression programs in cancer cells. These
reports can be attributed to the introduction of microarrays
for global gene expression profiling. DNA microarray tech-
nology allows quantitative monitoring of changes in the ex-

pression of thousands of genes simultaneously and has been
described in several configurations, including oligonucleotide
arrays and microarrays of cDNAs spotted on glass slides. Dur-
ing the past few years, the development of high-throughput
DNA sequencing (HTS) methods for global gene expression
profiling, also known as “RNA-Seq,” has challenged microar-
ray technology because of its superior capability for detection
of genes expressed at low levels, alternative splice variants,
and novel transcripts (13). However, to our knowledge, no
studies that explore HTS to assay genome-wide transcrip-
tional regulation by estrogen have been reported.
Several reports have described global gene expression pro-

files in ER�-expressing breast cancer cell lines in response to
E2 treatment (14). The available studies have reported differ-
ent numbers of E2/ER�-regulated genes in MCF-7 breast can-
cer cells, ranging from �200 to �1500. These discrepancies
may be attributed to differences in the length of the E2 treat-
ment, application of different microarray platforms, and dif-
ferent analysis strategies (14). Two studies that aimed to iden-
tify E2/ER� direct targets by short-term E2 treatment (3 h) in

FIGURE 1. Genomic organization of the human ER� gene, protein, and functional domains. For the gene, exons are indicated with boxes and introns
with lines. 0k, exon 0k; 0N, exon 0N.The numbers above each box indicate the size of the exons in base pairs; the numbers below each line designate the size
of the respective introns in base pairs. The diagonal lines between the gene and protein point to protein domain junctions. For the protein, numbers indi-
cate the total size of the protein in amino acids (aa). The dark purple bar shows the divergent C-terminal regions between the isoforms.

FIGURE 2. Four different pathways of ER action. Upper left, in the classical signaling, ER dimers directly bind to EREs following ligand (L) activation. Upper right,
upon ligand binding, ERs interact with other transcription factors (TF) such as AP-1 and Sp-1 through a process referred to as transcription factor cross-talk. Lower
left, estrogen may elicit effects through nongenomic mechanisms via ER� or GPR30 in the cell membrane, involving interactions with cytoplasmic signal transduc-
tion proteins. Lower right, ER activity can be regulated through a ligand-independent pathway in which ERs are phosphorylated by activated kinases.
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MCF-7 cells identified similar numbers of E2 target genes. In
one of the studies, 122 genes were identified as stimulated by
E2, and 95 genes were identified as inhibited by E2 (15). In the
other study, 134 genes were up-regulated, and 141 genes were
down-regulated after E2 treatment (16). However, a compari-
son of E2-regulated genes between the studies has not been
reported. Overall, gene expression profiling and candidate
gene analysis have identified several well known estrogen-
regulated genes in breast cancer cells such as TFF1, CCND1,
IGFBP4, C3, ADORA1, GREB1, andMYC. Furthermore, gene
expression profiling has identified categories of ER�-regu-
lated genes, including those that modulate the cell cycle, tran-
scriptional regulation, morphogenesis, and apoptosis, com-
patible with a role of estrogen in inducing ER�-expressing
breast cancer cell proliferation and survival (17).
With regard to identification of genes regulated by ER�,

gene expression studies have been performed mainly in can-
cer cell lines stably expressing ER� either alone or together
with ER�. This is due to the lack of immortalized cell lines
expressing high levels of endogenous ER�. The literature is
still contradictory regarding which cell lines express endoge-
nous ER� mRNA and/or protein. For example, although
MCF-7 cells are generally considered to be ER�-negative,
some studies reported that MCF-7 cells express endogenous
ER� (18, 19). Thus, the challenge now is to identify cell lines
widely accepted to express endogenous ER� also in the ab-
sence of ER�. Studies examining gene expression profiling in
ER�-positive breast cancer cell lines stably expressing ER�
have provided insights into the interplay between ER� and
ER� for gene regulation (20–23). In these studies, several
common features were observed: (i) ER� and ER� share some
target genes, although each receptor also appears to have dis-
tinct sets of downstream target genes; (ii) coexpression of ER�
with ER� significantly impacts the E2-induced transcriptional
response by ER�; and (iii) expression of ER� inhibits E2/ER�-
induced cell proliferation. These studies have also provided
newmechanistic insights into the suppressive effect of ER� on
estrogen-stimulated cell proliferation. For example,Williams et
al. (24) reported that, of the categories of genes down-regulated
by ER�, the “regulation of cell proliferation” category was the
most overrepresented one. Chang et al. (20) showed that ER�
regulatedmultiple components of TGF� signaling, consistent
with the observations that TGF� is normally associated with the
suppression of breast cancer cell proliferation. Additional experi-
ments such as time course studies of ER�-induced genes com-
bined with examination of ER�-DNA binding by ChIP will help
to identify direct ER� target genes.
ER�-specific effects on gene expression have been investi-

gated in three different cell lines lacking expression of endog-
enous ER� and ER�, namely U2OS (25), HEK293 (26), and
Hs578T (23) cells. Of the 76 ER�-regulated genes, only 17
genes were commonly regulated by both ER� and ER�, sug-
gesting that the transcriptional effects of E2 via ER� or ER�,
respectively, are largely distinct in U2OS cells. After a 24-h E2
treatment, 61 and 95 genes were identified as ER�-regulated
genes in HEK293 and Hs578T cells, respectively, as judged by
a �2-fold induction in response to ER� activation. However,
there were only three genes (PTGER4, ENPP2, and DKK1)

commonly regulated in both HEK293 and Hs578T cells, sug-
gesting that ER� evokes distinct gene responses in different
types of target cells. However, some of these discrepancies
may be attributed to different expression levels of ER� and
differences in the array designs. Despite the differences, both
studies reported inhibition of cell proliferation by ER� ex-
pression independently of ER�, suggesting a similar function
of ER� in different cell types. Further studies are needed,
however, to clarify molecular mechanisms by which ER� elic-
its inhibitory effects on cell proliferation.

Global Identification of ER� DNA-binding Regions

ChIP is a powerful method for studying protein-DNA in-
teractions in vivo. In recent years, the development of whole-
genome analyses by combining the ChIP assay with high-
throughput genomic technologies has enabled researchers to
gain new insight into interactions between ERs and regulatory
networks contributing to gene regulation. The currently avail-
able ChIP-based methods for examining ER binding include
ChIP-chip and ChIP-DSL (DNA selection and ligation), based
on hybridization, or ChIP-PET and ChIP-Seq, based on HTS.
These global studies of ER-DNA binding have revealed that
ER-binding sites can be located at a large distance from the
proximal promoter region of genes. Based on these findings,
an enhancer-promoter looping mechanism has been pro-
posed for transcriptional regulation by ERs (27). Very re-
cently, Fullwood et al. (28) used ChIA-PET (chromatin inter-
action analysis by paired-end tag sequencing) to demonstrate
that most distal ER�-binding sites are anchored at gene pro-
moters through long-range chromatin interactions, suggest-
ing that chromatin interactions constitute an important
mechanism for gene regulation.
Although ER� DNA-binding regions have been extensively

profiled, ER� DNA-binding regions have been less well charac-
terized. To date, three studies examined ER�-binding sites in
ER�-positive cells engineered to express ER� (29–31). All of
these studies used theMCF-7 cell line and the ChIP-chip plat-
form. Charn et al. (29) examined the localization of ER� and ER�
DNA-binding regions inMCF-7 cells engineered to express one
or both ERs and in response to E2. They identified a higher num-
ber of sites bound by ER� (4405 sites) than by ER� (1897 sites),
but the majority of the ER� sites (73%) also bound ER� when
each of the two ER subtypes was present alone, consistent with a
model in which ER� and ER� can recognize the same EREmotif.
However, fewer sites (33%) were shared when both ERs were
present, suggesting a competition between the ER subtypes in
their selection of DNA-binding sites.
Recently, our group (31) described 1457 high-confidence

ER�-binding sites on a genome-wide scale in MCF-7 cells
using the ChIP-chip approach. Interestingly, �60% of the
genomic regions bound by ER� contained both AP-1-like
binding regions and ERE-like sites, suggesting a functional
interaction between AP-1 and ER� signaling. Furthermore,
we demonstrated co-occupancy of ER� and AP-1 on chromatin
and that siRNA-mediated knockdown of c-Fos or c-Jun expres-
sion decreased ER� recruitment to chromatin. These results
suggest that the AP-1 transcription factor collaborates with ER�
in mediating estrogen responses in breast cancer cells.
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ER� and ER� exhibit distinct as well as overlapping func-
tions at the level of DNA binding. In a study by Liu et al. (30),
a high degree of overlap between ER�- and ER�-binding sites
was found. However, the regions bound by ER� had distinct
properties in terms of genome landscape, sequence features,
and conservation compared with regions that were bound by
ER�. For example, ER�-bound regions included GC-rich mo-
tifs, whereas ER�-bound regions had an overrepresentation of
TA-rich motifs, including forkhead-binding sites. Differences
in the properties of bound regions might explain some of the
differences in gene expression programs and physiological
effects exerted by the two ER subtypes.
We compared the ER�-binding sites described in our study

(31) with those described by Charn et al. (29) and found only a
limited overlap (170 sites) between the two data sets. The dis-
crepancies can be attributed tomany factors, including differ-
ences in (i) MCF-7 cell stocks, (ii) the ratio of ER� and ER� lev-
els, (iii) antibodies, (iv) data analysis protocols, and (v) biological
handling of cell lines. In addition, the arrays used by Charn et al.
(29) to identify binding regions cover only selected regions of the
genome, whereas we have used arrays covering the complete
genome. Notably, in the case of the ER� binding data, consider-
able variation in the number of binding sites and a limited over-
lap between studies have also been reported (14).
Overall, several common features of ER�-DNA binding are

revealed by these studies: (i) ER� shares, to a large extent,
common binding regions with ER�; (ii) ER�-binding sites are
enriched for ERE-like sites and AP-1 sites; and (iii) ER�-bind-
ing sites are preferentially located at long distances from the
proximal promoter region. Importantly, the profiling of ER�-
binding sites in vivo, such as in mouse and mammary tumor
tissues that express ER�, remains to be determined.

Novel Discoveries Pertaining to ER�

Regulation of EMT—EMT is an essential process for normal
development and is implicated in cancer progression to an
invasive state (32). A recent article by Mak et al. (33) reported
that ER� can regulate EMT in prostate cancer. Using the PC3
prostate cancer cell line that endogenously expresses both
ER� and ER�, they showed that induction of EMT by treat-
ment with TGF� or exposure to hypoxia was paralleled by a
reduction in ER�, suggesting that loss of ER� promotes EMT
in prostate cancer cells. Under these conditions, ER� levels
were not affected, implying an ER�-specific function. Loss of
ER� led to increased VEGF-A production, which drove EMT
by enhancing nuclear localization of Snail1. The investigators
also demonstrated that decreased ER� expression was corre-
lated with a higher Gleason grading for prostate tumors. It is
suggested that ER� functions as a “gatekeeper” of the epithe-
lial phenotype in the prostate gland. Intriguingly, a protective
role of ER� against the induction of EMT in laryngeal carci-
nomas was also suggested by studies showing a positive corre-
lation between the expression of ER� and the maintenance of
the EMT marker E-cadherin in the plasma membrane of tu-
mor cells (34). Moreover, a recent study by our group (35)
revealed that EMT is involved in the progression of benign
prostatic hyperplasia and is associated with high levels of
ER�2. We propose that ER�2 can suppress expression of

ER�1, leading to EMT. Thus, ER� may impede EMT in differ-
ent types of tumors.
Regulation of Cell Growth in Nontransformed Colonocytes—

Both clinical and animal studies show that estrogen replace-
ment therapy reduces the risk of colon tumor formation (36,
37). ER� is the predominant ER in the colonic epithelium
(38), suggesting that effects of estrogen in the colon are medi-
ated by ER�. Additionally, ER� expression has been shown to
be inversely associated with colon tumor incidence (39). Us-
ing a nonmalignant cell line originally isolated from young
adult mouse colonocytes, Weige et al. (40) showed that E2
treatment reduced cell growth and induced apoptosis. Fur-
thermore, an ER�-mediated mechanism was shown to be re-
quired for colonic cell growth control in mice in that E2-
treated ovariectomized wild-type mice exhibited significantly
fewer aberrant crypt foci and increased apoptotic activity in
colonic epithelia compared with ER� knock-out mice. This
study indicated that E2 treatment protects colonocytes from
malignant transformation by increasing apoptotic activity
through an ER�-mediated mechanism, consistent with other
findings indicating ER� to be protective against tumor forma-
tion (37).
Protective Role against Atherosclerosis—Atherosclerosis is a

complex progressive disease characterized by alterations in
endothelial function, smooth muscle cell proliferation, coagu-
lation, and inflammation. Epidemiological and animal studies
have suggested that E2 protects against development of ather-
osclerosis (41). ER� and ER� are expressed in cells predomi-
nantly in vascular tissues such as endothelial cells (42), vascu-
lar smooth muscle cells (43), and macrophages (44). Using
ER�- and ER�-null mice, both ERs have been shown to be
necessary and sufficient for estrogen-mediated protection
against vascular injury (45). In apoE-deficient mice crossed
with ER��/� and ER��/� mice, respectively, ER�, but not
ER�, is a major mediator of the atheroprotective effects of E2
(46). In contrast, using wild-type and ER�-deficient mice con-
suming an atherogenic diet, Villablanca et al. (47) showed that
the protection from development of early atherosclerotic le-
sions is dependent on estrogen but independent of ER�, indi-
cating an ER�-mediated process. HSP27 (heat shock protein
of 27 kDa) prevents many processes associated with the for-
mation of atherosclerotic plaques. Rayner et al. (48) reported
that treatment with diarylpropionitrile, an ER�-selective ago-
nist, induced an extracellular release of HSP27 in macro-
phages and an increase in serum HSP27 levels in a mouse
model of atherosclerosis, suggesting a novel mechanism regu-
lating atherosclerosis specifically through ER�. Clearly, there
is continued need to define the individual contribution of ER�
and ER� in atherosclerosis, the stage of atherosclerosis when
estrogen is atheroprotective, and the target genes involved in
the atheroprotective effects of estrogen.

Summary and Perspectives

Recent genomic mapping of ER� DNA-binding chromatin
regions and gene expression profiling have provided a global
view of estrogen signaling via ER�. ER� binds mainly outside
of the proximal promoter regions, suggesting that long-range
chromatin interactions may constitute an important mecha-
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nism for transcriptional regulation of ER� target genes. It is
now evident that other DNA-binding transcription factors
such as AP-1 collaborate with ER� in mediating its actions.
Future studies need to correlate ER�-binding regions with
genes regulated by ER�. To understand how these general
patterns of ER� genomic localization direct physiological re-
sponses to ER� ligands and to what extent location of ER�
determines transcriptional responses remains a great chal-
lenge. Importantly, further studies are required to elaborate
on the role of ER� in vivo, including profiling of ER�-binding
sites in mouse and mammary tumor tissues. We have just be-
gun to recognize newer aspects of ER� function, for example
its roles in EMT and atherosclerosis. Further development of
better and specific anti-ER� antibodies and ER�-selective
agonists will contribute to increasing our knowledge of the mo-
lecular basis of ER� signaling and is likely to uncover hitherto
unknown physiological functions of ER�. Better insights into the
physiology andmolecular biology of ER�-mediated signaling
may lead to identification of novel targets for effective therapeu-
tic intervention against estrogen-related diseases.
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Nuclear receptors (NRs) are hormone-sensing transcription
factors that translate dietary or endocrine signals into changes
in gene expression. Therefore, the adoption of orphan NRs
through the identification of their endogenous ligands is a key
element for our understanding of their biology. In this minire-
view, we give an update on recent progress in regard to endog-
enous ligands for a cluster of NRs with high sequence homol-
ogy, namely peroxisome proliferator-activated receptors � and
�, Rev-erb�, and related receptors. This knowledge about the
nature and physiology of these ligands may create new oppor-
tunities for therapeutic drug development.

General Considerations of Endogenous Ligands for
Nuclear Receptors

The superfamily of nuclear receptors (NRs)3 controls pro-
cesses as diverse as development, inflammation, toxicology,
reproduction, and metabolism (1). There are 48 members
encoded in the human genome (49 in mouse) (1). The term
endogenous ligand in regard to NRs describes a naturally oc-
curring small molecule that elicits a conformational change in
the NR upon binding (2). This conformational change alters
the cellular location of the NRs and/or their interaction with
cofactors, which ultimately translates into changes in gene
expression and explains why these transcription factors are

referred to as “ligand-activated” (3). Until the identification of
such endogenous ligands, the receptor is called an orphan NR
(1).
The known endogenous ligands for NRs consist of a wide

range of chemical structures, such as bile acids, phospholip-
ids, steroid hormones, thyroid hormone, retinoids, and vita-
min D (4–10). Thus, although many of these are derived from
cholesterol, a definition of the term endogenous ligand based
on chemical structure is impossible. Some endogenous li-
gands, such as estrogens, were used as radiolabeled reagents
to find their corresponding NR by identifying their binding
partners (1). Other ligands were found integrated in the NR
ligand-binding domains (LBDs) by solving their crystal struc-
ture (11–13) or by immunoprecipitating the NR (14).
Because there are NRs that have been described to bind a

variety of different physiological ligands, which is especially
the case for NRs with a spacious LBD (15), it can be hard to
determine which one is the “real” endogenous ligand (14, 16,
17). Future studies may present evidence beyond the proof of
in vitro binding to consolidate these ongoing debates. As an
example, the cellular levels of a previously identified ligand
(18) were shown to be far lower than required to induce NR
activation (19). Therefore, the required features for such li-
gands usually comprise nuclear availability, high binding po-
tency (in the nanomolar range), ability to induce a conforma-
tional change in the protein structure, and a NR-related
physiological function as a hormone (1).
Considering the abundant expression of several NRs, it has

also been suggested that one and the same NR may have dis-
tinct endogenous ligands in distinct tissues or cell types (20).
This is of specific interest because a therapeutic intervention
could selectively target the availability of one ligand without
interfering with the desired effects of another. These inter-
ventions could range from controlling the biosynthesis of en-
dogenous ligands to the modulation of processes involved in
their inactivation. Therefore, detailed knowledge will be re-
quired to design therapeutics that specifically modify the
availability of endogenous ligands. In this minireview, we fo-
cus on peroxisome proliferator-activated receptors � (PPAR�;
NR1C1) and � (PPAR�; NR1C3), Rev-erb� (NR1D1), and reti-
noic acid receptor-related orphan receptor � (ROR�; NR1F1),
a cluster of NRs with high sequence homology for which
much has recently been learned about endogenous ligands.

PPAR�

PPAR� is highly expressed in liver and controls the expres-
sion of genes involved in fatty acid oxidation, ketogenesis,
lipid transport, gluconeogenesis, glycogen metabolism, and
inflammation (21, 22). Mice with a disruption of the PPAR�
gene develop hepatic steatosis due to impaired fatty acid oxi-
dation and fasting hypoglycemia (22). PPAR� is therefore
considered the key player in the hepatic fasting response. Ac-
tivation of PPAR� by therapeutically used fibrates leads to a
decrease in serum triglycerides and an increase in HDL cho-
lesterol (23).
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PPAR� and PPAR subtypes � and � bind to DNA as het-
erodimers with retinoid X receptor � (RXR�) (24). The bind-
ing motifs for all PPARs consist of a direct repeat of the core
consensus half-site ATTGCA spaced by one nucleotide.
These motifs, located in the promoter and enhancer regions
of target genes, are referred to as PPAR-response elements
(25–27).
Soon after its discovery, several studies described the acti-

vation of PPAR� by enzymatically derived derivatives of
arachidonic acid, such as the eicosanoids leukotriene B4 and
(8S)-hydroxyeicosatetraenoic acids, carbaprostacyclin, and
unsaturated fatty acids (20, 28–32). Most of these ligands
were identified using in vitro approaches. Because the actual
source of these lipids is mainly dietary uptake, the concept of
PPAR� as a physiological lipid sensor developed soon after
(28, 29).
In addition, oxidized phospholipids, which are components

of oxidized LDLs, were identified to activate PPAR� in endo-
thelial cells (5). This activation was dependent on the activity
of phospholipase A2, which suggests that these phospholipids
may be precursors for endogenously generated activators (5).
Similarly, the enzyme that locally hydrolyzes triglyceride-rich
lipoproteins and releases fatty acids, lipoprotein lipase, was
shown to generate PPAR�-activating species in these cells
(33). Addition of albumin abrogated the PPAR� activation,
which implicates protein binding of the lipoprotein lipase-
generated fatty acids as an important factor (34). Another
phospholipid-related species, oleoylethanolamide (OEA), was
shown to regulate feeding and body weight through PPAR�
activation. OEA can bind and induce PPAR� in the nanomo-
lar range (EC50 � 120 nM), increases lipolysis and fatty acid
oxidation, and is found at PPAR�-activating concentrations
in the small intestine (35). Interestingly, also adipose tissue
has been shown to generate OEA (36). Thus, OEA could link
fasting-induced lipolysis to hepatic PPAR� activation. Further
studies are required to fully understand OEA in the context of
the hepatic fasting response.
Other approaches focused on the involvement of lipid-me-

tabolizing enzymes in the generation of PPAR�-activating
ligands. ACOX1 (acyl-CoA oxidase 1) and several dehydroge-
nases have been implicated in the inactivation of putative

PPAR� ligands, whereas fatty acid synthase (FAS), 8-, 12-,
15-, and 5-lipoxygenases, and the P450 cytochrome Cyp2J2
have been associated with their synthesis (37–40).
In an elegant recent study, Chakravarthy et al. (14) re-ex-

pressed FLAG-tagged PPAR� in the livers of PPAR��/� mice
in the presence or absence of hepatic FAS and gently affinity-
captured the NR without disrupting the binding of potential
endogenous ligands. Tandem mass spectrometry identified
1-palmitoyl-2-oleoly-sn-glycero-3-phosphocholine (16:0/18:1
GPC) as the only PPAR�-bound lipid that was dependent on
the presence of FAS, one of the putative ligand-synthesizing
enzymes (37). 16:0/18:1 GPC was competitively displaced by
synthetic PPAR� ligands, induced hepatic gene expression
similar to synthetic ligands, and enhanced the interaction of
the NR with cofactor peptides (14), thus fulfilling most of the
criteria for a specific ligand. These findings were corroborated
by studies showing that an application of 16:0/18:1 GPC to
the portal vein system alleviated hepatic steatosis. Interest-
ingly, the authors found that peripheral lipids, entering the
liver via the liver artery, were unable to activate hepatic
PPAR�, suggesting that the origin of 16:0/18:1 GPC may be
important (14). More studies are necessary to fully under-
stand which role 16:0/18:1 GPC plays in the activation of he-
patic PPAR� during fasting. Part of this is the determination
of the mechanism that allows this hydrophilic/charged ligand
to access the nucleus for binding PPAR�. These findings may
allow us to evaluate whether the endogenous synthesis/me-
tabolism of 16:0/18:1 GPC could present a potential drug tar-
get for lipid disorders. Potential components of ligand forma-
tion for PPAR� are summarized in Fig. 1A.

PPAR�

PPAR� is highly expressed in adipose tissue and is the mas-
ter regulator of adipocyte differentiation (41). Lower expres-
sion of PPAR� can be found in other cell types, such as
macrophages, where it regulates inflammation and glucose
and lipid metabolism (42, 43) through cell type-specific DNA
binding (44). Thiazolidinediones (TZDs), which are used clin-
ically as insulin-sensitizing drugs, are potent synthetic PPAR�
activators that induce adipogenesis (45). Thus, knowledge
about the bona fide endogenous PPAR� ligand could create

FIGURE 1. Summary of metabolic precursors and biosynthetic enzymes of putative ligands for PPAR� and PPAR�. Both receptors bind DNA as het-
erodimers with RXR� to specific PPAR-response elements (PPREs) in target genes, although the binding is cell type-specific. oxLDL, oxidized LDL; LPL, li-
poprotein lipase; 8(S)-HETE, (8S)-hydroxyeicosatetraenoic acid; LNO2, nitrolinoleic acid; 15-dPGJ2, 15-deoxy-�12,14-prostaglandin J2.
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new opportunities in the treatment of insulin resistance and
obesity.
As for PPAR�, oxidized LDL has been identified early on to

contain putative PPAR� ligands. Examples are the dehydra-
tion product of prostaglandin D2, 15-deoxy-�12,14-prostag-
landin J2, and derivatives of certain mono- and polyunsatu-
rated fatty acids (18, 31, 46–48). Most of these ligands bind
PPAR� with low affinity and may not be present at cellular
concentrations necessary to activate this NR (19). By contrast,
nitroalkene derivatives of linoleic acid, such as nitrolinoleic
acid, were shown to bind PPAR� as potently as TZDs and
were found at activating concentrations in human red cells
and plasma (49, 50). Although the chemistry of nitrolinoleic
acid has been largely understood (51), the physiological con-
text of these nitro derivatives in regard to PPAR� signaling is
still unclear.
Early studies proposed the SREBF (sterol regulatory ele-

ment-binding transcription factor) to link PPAR� ligand pro-
duction to fatty acid synthesis (52). Although the SREBF-de-
pendent synthesized compound was secreted into cell culture
media (52), its identity has not been determined. Other ap-
proaches investigated the stage of adipocyte differentiation,
during which the production of an endogenous ligand is most
likely. Using a reporter cell system, Tzameli et al. (53) demon-
strated that a PPAR� LBD-activating species was produced
downstream of C/EBP� (CCAAT/enhancer-binding protein
�), concomitant with the induction of PPAR� expression in
3T3-L1 cells. Follow-up studies implicated the enzyme xan-
thine oxidoreductase (XOR) in this transitional rise in PPAR�
activity, and mice deficient in XOR were found to have less
adipose tissue (54). However, the enzymatic product of XOR
driving adipogenesis is still unknown. Depletion of the en-
zyme retinol saturase (RetSat), a direct transcriptional target
of PPAR� and induced early during differentiation, inhibited
adipocyte conversion (55). Providing the putative product
13,14-dihydroretinol did not rescue adipocyte differentiation,
which suggests that this enzyme may have an additional role
than the sole generation of 13,14-dihydroretinol (55). RetSat
overexpression enhanced adipocyte conversion and PPAR�
activity; thus, RetSat enzymatic activity may be required for
the production of an endogenous ligand. Mice with a RetSat
deletion exhibited a surprising increase in adiposity and
PPAR� target gene expression (56). This shows the complex-
ity of RetSat function in vivo, which needs further
investigation.
eLOX3 (epidermis-type lipoxygenase 3) has been described

to play a role in early adipocyte differentiation by the genera-
tion of the arachidonic acid derivatives hepoxilins (16). Inter-
estingly, Hallenborg et al. (16) could show that eLOX3 coop-
erates with XOR in the activation of a Gal DNA-binding
domain/PPAR� LBD reporter, which suggests that both en-
zymes converge in the same pathway. This pathway could
work via reactive oxygen species (ROS) as intermediates,
which are generated by XOR and further metabolized by
eLOX3 (16, 54). Indeed, neutralizing ROS by the antioxidant
N-acetylcysteine inhibits adipocyte differentiation (16). More-
over, an RNAi-based genetic screen for oxidative stress resis-
tance discovered that silencing RetSat increased the survival

of oxidant-exposed fibroblasts (57). This could implicate
RetSat in ROS metabolism. However, the resulting hypothe-
sis, that the synthesis of an endogenous PPAR� ligand in-
volves radical lipid modifications, needs further investigation.
By using a reverse strategy, searching for natural metabo-

lites that contain the indole acetate structure of the synthetic
PPAR� ligand indomethacin, a recent study identified cellular
5-hydroxytryptamine (5-HT; serotonin) metabolites as
PPAR� ligands (58). Waku et al. (58) showed that 5-methoxy-
indole acetate and 5-hydroxyindole acetate were able to acti-
vate PPAR� in adipocytes and macrophages. Indeed, 5-HT
receptor-independent effects of 5-HT on glucose and lipid
metabolism had been reported previously (59). 5-Methoxyin-
dole acetate and 5-hydroxyindole acetate bound the PPAR�
LBD in a distinct way because the PPAR� antagonist
T0070907, which blocks binding of synthetic TZD drugs, had
little effect on the activation of PPAR� by these 5-HT metab-
olites. Supplementing THP-1 macrophages with 5-HT in-
duced PPAR� target gene expression, and the pharmacologic
inhibition of 5-HT-metabolizing enzymes, such as the mono-
amine oxidase, prevented this induction. Because the highest
peripheral levels of 5-HT are reached in the gastrointestinal
tract, the authors argued that these metabolites interconnect
the previously shown positive effects of PPAR� activation on
experimental colitis (60) and that macrophages transport
these compounds to PPAR�-expressing target tissues (58).
Additional studies will reveal more PPAR�-dependent physi-
ology of the 5-HT metabolites and how they relate to other
endogenous ligands.
Tsukahara et al. (61) identified the phospholipid cyclic

phosphatidic acid (CPA) as a potent (binding constant of
�125 nM) PPAR� antagonist, unlike the PPAR�-activating
property of other endogenous ligands. This discovery chal-
lenges the paradigm of endogenous ligands as positive regula-
tors and is also surprising in regard to its structure because
other lysophospholipids act as PPAR� agonists (62, 63). How-
ever, the authors demonstrated that CPA is generated endog-
enously by phospholipase D2, induces association of PPAR�
with NR corepressor (NCoR) 2 due to its cyclic phosphate
moiety, and represses PPAR�-dependent adipocyte differenti-
ation and lipid accumulation in macrophages (61). This find-
ing raises the intriguing question as to which, if any, of the
above-described endogenous activators of PPAR� are physio-
logically antagonized by CPA. It also implicates C18 carboxylic
acid-containing phospholipids once more as ligands for
PPARs. An overview of the described pathways leading to
endogenous ligand generation for PPAR� is shown in Fig. 1B.

Rev-erb�

The NR Rev-erb� is most abundantly expressed in meta-
bolic tissues and is a negative feedback regulator of the circa-
dian clock (64–66). Mice deficient in Rev-erb� display
changes in their circadian activity (65). Rev-erb� constitu-
tively represses transcription because it lacks the C-terminal
helix that is present in other NR called H12, a domain respon-
sible for coactivator binding (67). Rev-erb� binds as a mono-
mer to target promoters and recruits repression complexes
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containing the NCoR and HDAC3 (histone deacetylase 3) (67,
68).
Rev-Erb� was originally cloned as an orphan NR (69, 70).

In 2005, the Rev-erb� homolog E75 from Drosophila was
shown to contain protoporphyrin IX coordinated to iron
(which is commonly referred to as heme) in its LBD (71).
Soon after, two groups independently found that heme also
binds human Rev-erb� and Rev-erb� (72, 73). Heme was
shown to bind reversibly at a 1:1 stoichiometry, enhance the
thermal stability of the protein, and reversibly induce recruit-
ment of the NCoR and HDAC3 by Rev-erb�, thus fulfilling all
criteria for an NR ligand (Fig. 2, left). Furthermore, heme de-
pletion or addition of the synthetic analog hemin controlled
the expression of the Rev-erb� target gene BMAL1 (72, 73).
Heme also mediated the sensitivity of the transcriptional ac-
tivity of Rev-erb� to carbon monoxide and nitric oxide (74);
whether this is true for Rev-erb� is not clear at this point.
Although the identification of heme as a Rev-erb ligand

came as a surprise, heme itself had been already implicated in
circadian regulation. It was shown that heme, as a cofactor for
the gas responsive-transcription factor NPAS2 (neuronal PAS
domain-containing protein 2) (75), controls the expression of
mammalian Period genesmPer1 andmPer2 (76). Also ALAS1
(aminolevulinate synthase 1), the rate-limiting enzyme in cir-
cadian heme biosynthesis, was shown to be under the control
of NPAS2 (76). Moreover, cellular heme levels oscillated in a
circadian manner in NIH3T3 cells (77). It should be pointed
out that the interaction of heme with Rev-erb� as a saturable
reversible ligand extends the role of heme beyond its function
as a gas sensor and identifies an exciting link between the
mammalian clock and the control of metabolism by this NR.
Functionally, besides the described roles in circadian regu-

lation, heme-dependent repression of glucose-6-phosphatase
by Rev-erb� implicated the newly identified ligand in glu-
coneogenesis (73). In addition, it was shown that heme con-
trols its own biosynthesis also through Rev-erb�. Binding of
heme to Rev-erb� repressed the expression of PGC-1�, a po-
tent inducer of heme biosynthesis (78), which decreased cellu-
lar heme concentrations (Fig. 2, left) (79). This negative feed-
back is in contrast to the heme/NPAS2-mediated induction of
ALAS1, and further studies are needed to consolidate these
two mechanisms. Hemin has also been shown to be a positive
regulator of adipocyte differentiation (80), which could be

mediated by binding Rev-erb�, a known regulator of adipo-
genesis (81, 82). Other Rev-erb� functions, such as lipopro-
tein expression and bile acid metabolism (83), have not been
linked to heme regulation so far.

ROR�

ROR� was cloned in the early 1990s as the first member of
the ROR subfamily and named because of its sequence simi-
larities to the retinoic acid receptor and RXR (84, 85). An ex-
cellent review on ROR� and ROR subtypes � and � was pub-
lished recently (86).
ROR� is expressed rather ubiquitously, including cerebellar

Purkinje cells, liver, thymus, skeletal muscle, skin, lung, adi-
pose tissue, and kidney (86). An intragenic mutation of ROR�
found in staggerermice revealed the involvement of ROR� in
cerebellar development and glucose and lipid metabolism (87,
88). ROR� and ROR� were also shown to regulate the matu-
ration of a specific lineage of helper T cells called Th17 cells
(89, 90).
ROR� binds DNA as a monomer on ROR-response ele-

ments, which consist of the core consensus half-site and an
adjacent 5� A/T-rich sequence (91). This specific binding site
can also be bound by Rev-erb� or Rev-erb� (67), which sug-
gests that it could compete with ROR� for occupying these
elements (Fig. 2). Interestingly, ROR� has been shown to be a
constitutive activator of gene transcription, which is in con-
trast to Rev-erb as a repressor. This dynamic model of activa-
tion and repression by ROR and Rev-Erb has been demon-
strated for BMAL1 expression (66, 92). Consistent with the
effects of Rev-erb� deficiency, staggerermice also exhibit an
abnormal circadian activity pattern (93).
The first potential endogenous ligand for ROR� was identi-

fied by a crystallographic study showing that ROR�, when
expressed in baculovirus-infected Sf9 insect cells, integrated
cholesterol in its LBD (94). Follow-up studies extended the
group of potential ligands to several position 7-, 24-, and 25-
substituted cholesterol derivatives and cholesterol sulfate (95,
96). All these sterols were shown to be high-affinity ligands
and modulate the interaction of ROR� with coactivators (97).

The model of ROR� as a cholesterol sensor is intriguing
because this NR had been shown to control several genes in-
volved in lipid metabolism (86). Furthermore, it suggested
that ROR� may not be a constitutively active receptor but
rather rendered active by binding of ubiquitously occurring
cellular cholesterol and its derivatives. However, ROR� ex-
pressed in Escherichia coli, without any endogenous sterols
present, still exhibited constitutive activity in binding coacti-
vator peptides, suggesting an intrinsic activating property of
this NR (86).
It should be pointed out that only a subset of these ligands

was able to regulate ROR� target gene expression in a recep-
tor-dependent manner (98). This observation indicates that
although several different cholesterol-related ligands bind
ROR� in vivo, only a few are able to modify the receptor’s
intrinsic activity. Those that bind under physiological condi-
tions without affecting the transcriptional activity of ROR�
are referred to as silent ligands, a concept evolving from li-
gands binding several NRs (86, 99, 100). Silent ligands, such as

FIGURE 2. Heme and cholesterol derivatives as endogenous ligands for
Rev-erb� and ROR�. Transcriptional control of the heme biosynthesis via
the regulation of ALAS1 is shown on the left. Both NRs compete for the
same ROR-response element (RORE)-binding site for repression or activa-
tion of gene transcription.
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cholesterol or cholesterol sulfate in the case of ROR�, may
compete with endogenous agonists or inverse agonists, thus
adding another level of regulation in the biology of NRs (86).
Because the role of cholesterol derivatives in the functional
aspects of ROR� is still vague, more studies are needed to
fully understand their potential as endogenous ligands.

Conclusions

Some of the most effective therapeutic agents available to-
day are derived from endogenous ligands of NRs, with the
great example of anti-inflammatory corticosteroids (1). As we
have described, many potential candidates have been identi-
fied as endogenous ligands for PPAR, Rev-erb, and related
receptors. Further research will be required to put them in
perspective with regard to their physiological importance and
to each other.
A recurring observation is that the cellular metabolism of

these ligands is regulated by the corresponding NR, establish-
ing feedback and feed-forward loops to balance NR activation.
This may provide clues for the search of physiologically rele-
vant ligands regarding other orphan NRs. Another observa-
tion is that the integration of newly identified ligands into the
previously known NR physiology is complex, even more with
the identification of endogenous antagonists and silent li-
gands. Cell and animal models in which several different NR
ligands are present and can be manipulated will have to be
used to consolidate these individual studies.
A way to “dig deeper” for endogenous ligands of the re-

maining orphan NR should make use of more sophisticated
techniques, such as the combination of NR immunoprecipita-
tion from in vivomaterial and mass spectrometry or crystallo-
graphic studies. Once the identification has led to ligands that
are generally agreed upon, new therapeutic opportunities that
interfere with how NRs work will become evident. We there-
fore believe that NR research still harbors a great potential for
future drug development targeting metabolic diseases and
their circadian components.
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