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Using Hydrogen/Deuterium
Exchange Mass Spectrometry to
Define the Specific Interactions
of the Phospholipase A2
Superfamily with Lipid
Substrates, Inhibitors,
and Membranes*□S

Published, JBC Papers in Press, December 3, 2012, DOI 10.1074/jbc.R112.421909

Jian Cao, John E. Burke, and Edward A. Dennis1

From the Department of Chemistry and Biochemistry and Department of
Pharmacology, University of California, San Diego,
La Jolla, California 92093-0601

The phospholipase A2 (PLA2) superfamily consists of 16
groups and many subgroups and constitutes a diverse set of
enzymes that have a common catalytic activity due to conver-
gent evolution. However, different PLA2 types have unique
three-dimensional structures and catalytic residues as well as
specific tissue localization and distinct biological functions.
Understanding how the different PLA2 enzymes associate with
phospholipid membranes, specific phospholipid substrate mol-
ecules, and inhibitors on a molecular basis has advanced in
recent years due to the introduction of hydrogen/deuterium
exchange mass spectrometry. Its theory, practical consider-
ations, and application to understanding PLA2/membrane
interactions are addressed.

The phospholipase A2 (PLA2)2 superfamily consists of a
diverse set of enzymes that catalyze hydrolysis of the sn-2 ester
bond of phospholipids, thereby producing lysophospholipids
and free fatty acids with important downstream signaling roles
(1). Although the PLA2s have been formally classified into some
16 groups and numerous subgroups, each is more commonly
thought of as being part of one of six main types based on a
variety of sequence, structural, and other characteristics. The
six main types are secreted (sPLA2), cytosolic (cPLA2), Ca2�-
independent (iPLA2), platelet-activating factor acetylhydrolase
(PAF-AH), lysosomal (LPLA2), and adipose (AdPLA) (2). It is
well known that PLA2 enzymes are involved in the inflamma-

tory process and various diseases, including atherosclerosis,
diabetes, arthritis, and cancer (1, 3). A large body of evidence
suggests that inhibiting the enzymatic activity of PLA2s has
potential benefits for the treatment of specific diseases (4–6).
Therefore, there has been considerable interest in understand-
ing how the PLA2s interact with the lipid substrate, inhibitors,
andmembranes with the goal of developing effective new phar-
maceutical agents.
Many PLA2s display a dramatic increase in activity when the

phospholipid substrate is in an aggregated form (micelles, ves-
icles, liposomes, etc.) rather than in monomeric form. Most
PLA2 enzymes have to bind to lipid/water interfaces and access
the substrate from the lipid phase to complete a catalytic turn-
over. The concept of “surface-dilution kinetics” was success-
fully applied to explain these enzymes’ kinetic characteristics
(7). As part of surface-dilution considerations, the enzymemay
undergo surface binding to membranes, whereby the enzyme
either associates nonspecifically with the surface of the lipid
aggregate or associates specially with a phospholipid(s) in the
aggregate’s surface (7). It is believed that PLA2s contain an
interfacial surface distinct from their specific active site in
terms of topology and function, which associates with phos-
pholipid membranes.
Precisely howPLA2 enzymes associate with lipidmembranes

has long been a question in membrane protein enzymology.
Many techniques have been applied to explore the interfacial
surface, including some high resolution methods such as solu-
tion NMR and x-ray crystallography. Although these methods
could provide structural information at an atomic level, the
insolubility of the phospholipid substrate and its large aggre-
gate form make it extremely difficult to study the interfacial
surface. Moreover, some PLA2 enzymes exhibit oligomeric
and/or allosteric properties when they are associated with a
substrate or phospholipid membranes in solution. Success in
studying membrane association has been achieved only using
protein lipid FRET (8) and electron paramagnetic resonance
spectroscopy (9). Certain limitations restrict the type of
enzymes that can be studied using thesemethods because para-
magnetic resonance spectroscopy requires the insertion of
non-wild type amino acids, and protein/membrane FRET does
not allow for localization of changes within the enzyme upon
membrane association. A newer method, hydrogen/deuterium
exchange mass spectrometry (DXMS), has been used success-
fully to investigate the dynamics of proteins in solution, as well
as protein/ligand and protein/protein interactions, despite the
size of the proteins and the complexity of their binding partners
(10–15). DXMS works by monitoring the exchange of a pro-
tein’s backbone amide hydrogen atoms with deuterium atoms,
provided by incubating the protein in D2O. In recent years,
DXMS has been used to study the structural dynamics and
interactions of membrane proteins (16, 17) and membrane-
associated proteins (18) such as various PLA2s (19–24).
Although DXMS provides only medium to semi-high resolution,
when combined with methods like x-ray crystallography, fluores-
cence spectrometry, mutagenesis, and quantum mechanics/

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01 GM20501-37.

We dedicate this minireview to our longtime collaborator, the late Professor
Virgil L. Woods, Jr., who contributed so much to the development of the
DXMS technique over the years.

□S This article contains supplemental material, Figs. S1 and S2, Equations 1– 6,
and additional references.

1 To whom correspondence should be addressed. E-mail: edennis@ucsd.edu.
2 The abbreviations used are: PLA2, phospholipase A2; sPLA2, secreted PLA2;

cPLA2, cytosolic PLA2; iPLA2, Ca2�-independent PLA2; PAF-AH, platelet-ac-
tivating factor acetylhydrolase; DXMS, hydrogen/deuterium exchange
mass spectrometry; H/D, hydrogen/deuterium; Lp-PLA2, lipoprotein-asso-
ciated PLA2; G, Group; DMPC, dimyristoylphosphatidylcholine; MAFP,
methyl arachidonyl fluorophosphonate; C2, Ca2� binding domain.
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molecular mechanics, it can provide useful information on protein/
membrane, protein/inhibitor, and protein/substrate interactions.
In this minireview, we focus on the relatively recent applica-

tion of DXMS in investigating membrane-associated PLA2
enzymes.We provide both a general description of howDXMS
can be used to investigate protein/phospholipidmembrane and
protein/inhibitor interactions and examples of interfacial bind-
ing sites and/or interactions with specific inhibitors of specific
PLA2 enzymes that have been identified.

Hydrogen/Deuterium Exchange Mass Spectrometry

Hydrogen atoms in amino acid side chains and backbones
are labile and are continuously exchanged with hydrogen
atoms in the surrounding water. However, only the exchange
rate of amide hydrogens can be conveniently monitored. The
exchange rate of amide hydrogens in a protein varies greatly
depending on their involvement in secondary structures as well
as their access to the solvent. However, recent work has dem-
onstrated that the involvement in hydrogen bonding networks,
but not solvent accessibility, is the predominant factor in con-
trolling hydrogen/deuterium (H/D) exchange rates (25). The
H/D exchange rate of amide hydrogens is an acid-base cata-
lyzed process with a calculated global minimum in the 2.5–4
pH range (26, 27), which is also highly dependent on tempera-
ture. When the protein is exposed to a D2O environment, deu-

terons incorporated into the protein can be detected by mass
spectrometry, which means that the rate of H/D exchange can
be measured. A generalized scheme for a DXMS experiment is
outlined in Fig. 1A.
For a typical PLA2/membrane interaction experiment,

DXMS experiments are carried out on the pure PLA2 enzyme
alone and on the PLA2 enzyme in the presence of phospholipid
membranes (lipid/protein ratio of 60 or higher) (Fig. 1B). It is
important to note that H/D changes induced upon membrane
binding can be caused by a variety of factors (oligomerization,
allosteric conformational changes distant from themembrane-
binding site, and direct membrane interactions). These H/D
exchange differences must be interpreted in the context of pre-
vious biophysical and structural experiments. Detailed meth-
odology is provided in the supplemental material, including
typical data (supplemental Fig. S1), fragmentation schemes
(supplemental Fig. S2), and a description of the kinetic param-
eters governing amide exchange. Further detail is provided in
several recent excellent reviews (28–30).

Identifying the Interfacial Surfaces of PLA2 Enzymes

The crucial first step for a PLA2-catalyzed reaction is the
association of the enzyme with membranes via its interfacial
binding surface containing one ormore “membrane interaction
site(s).” Each PLA2 enzyme also contains a unique “catalytic

FIGURE 1. Basis of H/D exchange. A, the protein of interest is incubated with deuterated water and labeled via exchangeable hydrogens. The exchange is then
quenched to lock the deuterium atoms in position by lowering the pH of the protein-containing solution (which also denatures the protein) and lowering the
solution temperature. The protein is then loaded onto an HPLC column that contains an immobilized protease that digests the protein into peptide segments.
The reversed-phase column also separates these peptide segments according to their hydrophobicity. The HPLC eluent is directly connected to the mass
spectrometer, where the mass analysis is carried out (the peptide segments may be further fragmented in the mass spectrometer for analysis). B, PLA2/lipid
membrane interactions by DXMS. The peptide region of a protein associated with a membrane is less prone to H/D exchange (amide shielding), and this
information can be used to infer this peptide region’s interaction with a lipid membrane.
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site” that binds a substrate phospholipid for hydrolysis. Here,
we consider membrane interaction sites to be typical allosteric
sites such that when the PLA2 enzyme is associated with ligand
(in this case, the membrane), the enzyme exists in a different
conformational state as described byChangeux and co-workers
(31, 32) in terms of R-to-T transitions as illustrated in Fig. 2A. In
addition to membrane interaction site(s), PLA2s may contain
one or more traditional “allosteric site(s)” that bind small mol-
ecules that regulate or activate the enzyme. We include the
possibility that additional small molecule allosteric site(s) can
affect the conformation of themembrane interaction sites(s) as
illustrated in Fig. 2B. PLA2s are further complicated by the fact
that the substrate molecules are aggregated to compose the
membrane (or micelle, lipoprotein, or other aggregated form).
However, for some phospholipids, the sn-2 fatty acid chain is an
acetate or oxidized, and these phospholipids have a critical
micelle concentration such that the phospholipid substrate
molecules may exist as monomers or small aggregates in aque-
ous solution under physiological conditions, so there is the pos-
sibility that the membrane-associated enzyme binds substrate
in the aqueous solution rather than in themembrane surface as
illustrated in Fig. 2C. Note that although allosteric enzymes
have generally been associated with oligomerization and sig-
moid kinetics, we do not distinguish here whether the active
enzyme is monomeric or oligomeric or if association with
membranes changes the oligomerization state of the enzyme,
although these are distinct possibilities.
For example, cPLA2 is generally considered to be a mono-

meric protein that binds membranes via more than one mem-
brane interaction site and whose association and/or activity is
regulated through one or more allosteric sites, including bind-
ing of Ca2�, ceramide 1-phosphate, and/or phosphatidylinosi-

tol 4,5-bisphosphate (33, 34), as typified by Fig. 2B. For the
sPLA2s, if one considers the required Ca2� as a regulator of
membrane association or binding, then Ca2� also constitutes
an allosteric regulator, but in this case, theCa2� is located in the
catalytic site, so it is hard to distinguish between the models
depicted in Fig. 2 (A and B). iPLA2, which is regulated to some
extent byATP and/or indirectly byCa2� (35), is also depicted in
Fig. 2B. PAF-AH/lipoprotein-associated PLA2 (Lp-PLA2) is
depicted in Fig. 2C with high critical micelle concentration
substrates.
Although numerous PLA2 crystal structures have been

determined in the past decades, none of them have contained
lipid substrates with normal fatty acyl chains or lipid mem-
branes in the crystal lattice. DXMS is an ideal approach for
studying PLA2/substrate/lipid membrane interactions because
DXMS results can be obtained in the presence of large lipid
aggregates and monomeric lipid substrates. DXMS has been
applied to the study of the PLA2 superfamily of enzymes and
has nowbeen successfully used to identify the structural basis of
four different types of PLA2/membrane interaction sites.
Using DXMS to study membrane interactions does have

inherent limitations, and many of the technical hurdles have
been summarized in an excellent review (36). One of these lim-
itations is thatDXMSexperiments do not directlymeasure per-
turbations caused solely by side chain interactions and allow
only for the determination of dynamic changes that affect the
rate of H/D exchange of amide hydrogens. Many changes that
are dominated by side chain interactions may not be detected.
However, side chain interactions may rigidify the secondary
structure, causing decreased amide H/D exchange (37).
Also, the different H/D exchange rates in the presence or

absence of lipid vesicles may not be caused by a direct lipid

FIGURE 2. Possible binding modes for PLA2 via its membrane interaction site, another allosteric site, and its catalytic site. A, the enzyme associates with
the membrane interface via its membrane interaction site, which is distinct from its catalytic site. Once associated with the membrane, a phospholipid
substrate molecule is bound by the catalytic site. B, regulated enzymes bind traditional small molecule activators or regulators, referred to as “allosteric ligands”
(blue triangles), which are bound to an allosteric site on the enzyme to facilitate optimal interfacial binding via the membrane interaction site. C, for PLA2s that
act on water-soluble monomeric (or small aggregated) substrates, the enzyme associated with the interface through the membrane interaction site may, in
principle, access a substrate phospholipid residing in either the aqueous or membrane phase.
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interaction of the amides in that region, but by conformational
changes induced by lipid binding or a combination. This
includes both allosteric and oligomeric changes that may occur
at the lipid surface. However, carefully controlled experiments
on Group (G) IVA PLA2 were able to discriminate conforma-
tional changes upon substrate binding versus the interfacial
surface (23). Care should be taken when examining the differ-
ences upon lipid binding to determine the role of direct binding
versus conformational changes/aggregation distant from the
lipid-binding surface.

GIA sPLA2

The interfacial enzymology of small, secreted, and highly dis-
ulfide-bonded sPLA2s has been widely studied. Several kinetic
models, including surface dilution, scooting mode, and quasi-
scooting mode, have been developed to explain the interfacial
mechanism of sPLA2s (7, 38). Many sPLA2 structures, either
from NMR or x-ray crystallography, have become available in
the past decades, and these structures have provided us with
useful information for understanding the interfacial binding
surfaces. Unfortunately, none of the structures were solved in
the presence of a normal lipid substrate. However, DXMS has
allowed for the study of the protein dynamics of GIA sPLA2 in
solution in the presence of divalent cations as well as lipid sub-
strate (22). GIA sPLA2 is a 13-kDa protein with seven disulfide
bonds, four �-helices, and three �-sheets. Interestingly, two of
the core helices barely exhibit H/D exchange, but the other two
helices exchange very rapidly (22). Four disulfide bonds are
involved in the two core helical regions, which exhibit
extremely slowH/Dexchange rates. These disulfide bonds keep
these helical regions extremely rigid, preventing the small fluc-
tuations in secondary structure required for H/D exchange.
GIA sPLA2 requires Ca2� to carry out its enzymatic activity.

Structures of GIA PLA2 have been solved with either two Ca2�

ions present (39) or only one present (40) The DXMS experi-
ments showed decreased H/D exchange in the second Ca2�-
binding site upon exposure to either Ca2� or Ba2�. This finding
supports previous results showing two Ca2�-binding sites in
the Naja naja atra GIA sPLA2 structure (41). When using
dimyristoylphosphatidylcholine (DMPC) lipid vesicles to
mimic lipid bilayers in DXMS experiments, the membrane
interaction site residues were identified. The H/D levels at
amide hydrogens in regions containing Tyr-3, Trp-61, Tyr-63,
Phe-64, and Lys-6 decreased dramatically in the presence of
DMPC lipid vesicles. The aromatic residues on the surface are
believed to insert into the lipid phase, which benefits the hydro-
phobic interaction between the protein and lipid acyl tails.
Lys-6 should contribute to electrostatic interactions with the
polar headgroup of a lipid membrane surface. Regions contain-
ing several other hydrophobic residues Phe-5, Ile-9, andTrp-19
also demonstrated a decreased H/D level. These residues may
also be involved in the interfacial binding tomediate the hydro-
phobic interactions.
By mapping these decreases in the exchange rate onto the

x-ray crystallographic structure, along with accounting for pre-
vious biochemical data, it was possible to generate a model for
how this enzyme binds to the lipid surface (Fig. 3A). The aro-
matic amino acids, especially tryptophan, are thought to be the

most potent contributors to interfacial binding. Indeed, trypto-
phan mutants have shown dramatically decreased binding
affinity in human GV and GX sPLA2s (42, 43). Electrostatic
interactions were also shown to contribute to the interfacial
binding of other sPLA2s such as GIIA and GIB (44, 45). The
decreases in H/D exchange are caused either by direct hydro-
gen bonding of the amide hydrogens to the lipid substrate or by
side chain interactions rigidifying the secondary structure.
Overall, the GIA sPLA2 DXMS study is consistent with the
results obtained by other methods and with other sPLA2s but
reveals more directly the lipid interface of the enzyme.

GIVA cPLA2

GIVA cPLA2 (21, 23) is a 85-kDa protein containing two
domains linked by a flexible tether: a Ca2�-binding domain
(C2) and a catalytic domain (15). GIVA cPLA2 has a distinct
preference for substrates containing arachidonic acid at the
sn-2 position (46). The crystal structure of GIVA cPLA2 shows
that it contains a lid region in the catalytic domain that could
block the direct insertion of a substrate molecule in the active
site. From this structure, it was postulated that binding to the
lipid surface might induce a conformational shift in this lid
region, allowing phospholipid substrates to access the active
site (15). DXMS on this enzyme was focused on determining
differences between a single lipid substrate binding in the active
site versus a bulk lipid surface binding.
DXMS experiments showed an increase in H/D exchange in

regions directly underneath the lid region of GIVA PLA2 in the
presence of both substrate vesicles and methyl arachidonyl
fluorophosphonate (MAFP) alone. However, there was no fur-
ther change in this region when comparing the MAFP-treated
enzyme and the MAFP-treated enzyme plus vesicles. These
experiments show that this conformational change can be
caused by a single lipid molecule binding in the active site and
does not require association with the lipid interface.
Comparing the DXMS data for the MAFP-treated enzyme

with that for the MAFP-treated enzyme plus vesicles allowed
the identification of regions that are responsible only for lipid
surface binding. This allowed mapping of the interfacial bind-
ing surface of the enzyme, and by combining this work with
previous biophysical studies (47–50) carried out on the C2
domain alone and full-length cPLA2 enzyme, this led to the
creation of the model for membrane binding shown in Fig. 3B.
Both the C2 and catalytic domains bind to phospholipid sur-
faces. Regions 35–39 and 96–98 on the C2 domain, which are
very hydrophobic, can penetrate into the lipid phase. In con-
trast, regions 268–279 and 466–470 on the catalytic domain
can mediate cPLA2 interfacial binding through electrostatic
interactions with phospholipid headgroups.

GVIA iPLA2

The membrane interaction site of human GVIA-2 iPLA2�
was also investigated usingDXMS (19). GVIA-2 PLA2 (iPLA2�)
contains seven ankyrin repeats and a catalytic domain con-
nected by a linker region. There is no structural information
available for this enzyme. The Protein Data Bank (PDB) con-
tains only two homolog structures: human ankyrin-R, with 51%
similarity to iPLA2 ankyrin repeat residues 88–474, and the
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lipase patatin, with 40% sequence similarity to iPLA2 catalytic
domain residues 475–806. Based on this structural data, two
homology models were developed, one for the iPLA2 ankyrin
repeats and one for the catalytic domain (19). DXMS proved to
be an effective approach to validate these homology models by
allowing examination of the correlation between the H/D
exchange rates and the predicted structure (51). GVIA-2 iPLA2
H/D data provided a good fit with the homology model (19).
This homologymodel also showed a high correlation when val-
idated by a recently developed program, DXCOREX, by which
H/D exchange results were used to quantitatively assess the
accuracy of tertiary protein structure models (52). The mem-
brane interaction site was determined in an iPLA2/1-palmitoyl-
2-arachidonoyl-sn-phosphatidylcholine lipid vesicle DXMS
experiment in the presence of the inhibitor MAFP. The iPLA2/
MAFP DXMS experiment was also performed to exclude the
possibility that any H/D changes in the membrane interaction
site residue(s)were induced by theMAFP inhibitor.H/D results
indicated that only the catalytic domain residues interacted
with the lipid membrane and that ankyrin repeat regions were
not involved in the iPLA2/lipid association. Specifically, the
hydrophobic region in the catalytic domain, including residues
708–730, was most likely to penetrate the membrane surface,
and other regions, including residues 631–655, 658–664, and
773–778, were most likely to assist the iPLA2/membrane bind-
ing by electrostatic interactions with the charged headgroup of
the phospholipids (19). These effects were mapped onto the

catalytic domain homology model as shown in Fig. 3C. The
catalytic residue Ser-519 was underneath the membrane pene-
tration region 708–730, and the active site was relatively open
to the solvent, which may explain why iPLA2 does not discrim-
inate between substrates containing differing sn-2 acyl chains.

GVIIA PAF-AH PLA2

Although most PLA2 enzymes must first bind to the mem-
brane and extract substrate phospholipid from the lipid phase,
another type of PLA2 enzyme, PAF-AH, seems to utilize a dif-
ferent mechanism because the substrate PAF and PAF ana-
logues are partially water-soluble as monomers or small aggre-
gates. PAF-AH might bind the interface only through its
membrane interaction site and take substrate from the aqueous
phase, but it is not necessarily activated in the interface (Fig. 2C)
(53). GVIIA PLA2 is a plasma PAF-AH, also known as Lp-PLA2
because it is found associated mainly with LDL and HDL in
human plasma (54) and hydrolyzes oxidized phospholipids (55,
56).
Considering that both LDL and HDL have �30% surface

monolayer phospholipids, it is reasonable thatGVIIA PLA2will
associate with the lipid surface when it associates with lipopro-
teins and could bind substrate molecules from either the aque-
ous or lipid phase. BecauseGVIIAPLA2has been shown to bind
DMPC lipid vesicles tightly (53), DMPC lipid vesicles were
used in GVIIA PLA2/membrane binding DXMS studies.
Only one region in the enzyme, residues 113–120, demon-

FIGURE 3. Proposed schematic models of the interfacial binding surface of four different members of the PLA2 superfamily. Differences in H/D exchange
(HDX) combined with biophysical experiments were employed to generate models of the monomers of the different PLA2 enzymes bound to membranes.
A, GIA sPLA2 (Protein Data Bank code 1PSH), adapted from Ref. 22. B, GIVA cPLA2 (code 1CJY), adapted from Ref. 23. C, GVIA iPLA2 (homology model based on
patatin crystal structure 1OXW), adapted from Ref. 19. D, GVIIA PAF-AH/Lp-PLA2 (code 3D5E), adapted from Ref. 24. Note that the images of structures are not
to the same scale.
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strated decreases in H/D exchange in the presence of DMPC
lipid vesicles (24). Residues 113–120 are part of one surface of
the �-helix, which is believed to be important for GVIIA PLA2/
LDL association (57). This helix contains numerous hydropho-
bic residues, and within this helix, Trp-115 and Leu-116 are
considered themost hydrophobic residues.When Trp-115 and
Leu-116 are replaced with alanine residues, the mutant protein
loses its membrane binding capacity, as detected by both fluo-
rescence assay and DXMS (24). This result indicates that the
GVIIA PLA2/lipidmembrane interaction is due predominantly
to hydrophobic interactions and that Trp-115 and Leu-116 are
the major contributors. The proposed model is shown in Fig.
3D. Although GVIIA PLA2may not be interfacially activated, it
binds to the lipid membrane using a surface helix binding,
which leaves its active site open to solvent and, in principle,
could also allow access to substrates such as oxidized PC from
the lipid phase. It is also important to note that regions that
cannot be crystallized or are disordered using x-ray crystallog-
raphy were all detected by DXMS (24, 58) and showed very
rapidH/D exchange rates, indicating the structural flexibility of
the residues within these regions. DXMS has also been used to
provide some useful information on the structural basis of
Lp-PLA2/HDL interactions (59).

DXMS Combined with Molecular Dynamics: Example of
GIVA cPLA2 Inhibitors

Many inhibitors of GIVA cPLA2 have been developed, and
although some of the inhibitors showed positive effects both in
vitro and in vivo, none of them is currently in an advanced
clinical trial due to side effects or bioavailability (1, 60). Under-
standing the location of inhibitor binding, as well as induced
allosteric change, is important to design the next generation of
inhibitors for therapeutic purposes. Membrane proteins,
including the PLA2s, are inhibited by extremely lipophilic com-
pounds, which can cause numerous solubility issues, making
the use of high resolution methods such as x-ray extremely
challenging. DXMS has been used alongside site-directed
mutagenesis to locate the exact binding site of certain inhibitors
(61, 62). The ability to locate the binding sites of inhibitors that
cannot be co-crystallized with a protein of interest is an impor-
tant advantage of the DXMS method.
Two representative inhibitors from markedly different

classes of molecules, pyrrophenone and a 2-oxoamide-derived

inhibitor (AX007), were selected for GIVA cPLA2/inhibitor
DXMS experiments (20). In the presence of pyrrophenone,
DXMS in three regions of GIVA cPLA2 showed increased on-
exchange rates (Fig. 4A). In the same regions, increased H/D
exchange rates were also found in GIVA cPLA2/lipid substrate
binding DXMS experiments, which is caused by the opening of
the lid region upon substrate binding to the active site (23). It
seems that inhibitor pyrrophenone binding also induced the
same lid opening and increased the solvent accessibility in these
regions. Five other regions demonstrated decreased H/D
exchange rates in the presence of pyrrophenone. Molecular
dynamics studies have confirmed that residues in these regions
can form a hydrophobic pocket to accommodate the inhibitor.
The combination of results from DXMS, molecular docking,
andmolecular dynamics has resulted in amodel that elucidates
themolecular basis of the pyrrophenone inhibitionmechanism
(20).
The 2-oxoamide-derived inhibitor AX007 shared some

binding sites with pyrrophenone, but not others. Molecular
dynamics results indicated that both inhibitors have similar
contacts in the shared regions (20). Not surprisingly, DXMS
also exhibited some differences in the presence of AX007.
Molecular dynamics indicated that interactions between Arg-
200 and the carboxylic acid of the oxoamide and between the
carbonyl of the 2-oxoamide and the oxyanion hole stabilize
protein/inhibitor binding. Overall, the results suggest that
the oxoamide inhibitor AX007 binds mainly to the active site,
whereas pyrrophenone connects with the cap region near the
interfacial binding surface.

Conclusions

DXMS has been an important tool for studying protein
dynamics, conformation, and solvent accessibility. Recent
advances in resolution, automation, and mass analysis capabil-
ities have made this technique even more powerful and acces-
sible to the scientific community. DXMS has been used to suc-
cessfully define the interfacial binding surfaces of the fourmain
types of PLA2s. Another type of PLA2 enzyme, adipose PLA,
which has a transmembrane domain, undoubtedly interacts
with membranes in still another unique way (63). Although the
PLA2 superfamily has common catalytic activity due to conver-
gent evolution, different structures and catalytic residues
(including His-Asp, Ser-Asp, Ser-His-Asp, and Cys-His combi-

FIGURE 4. Differences in deuterium exchange rates for GIVA cPLA2 upon binding to two lipophilic inhibitors. Time-dependent H/D exchange rates (HDX)
in the presence and absence of the inhibitors pyrrophenone (A) and 2-oxoamide AX007 (B) are shown mapped onto the resulting molecular dynamics
simulation of the structural model of GIVA cPLA2 (Protein Data Bank code 1CJY). The decreases/increases in the exchange rates are color-coded as shown in the
legend (from Ref. 20).
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nations) are engaged in distinct biological functions in the orga-
nism. Data obtained using DXMS are consistent and comple-
mentary to the data obtained with other biophysical and
biochemical techniques. DXMS has also been shown to be an
excellent method for identifying PLA2/inhibitor interaction
mechanisms and is helpful in building a precise inhibitor-bind-
ing model.
DXMS could also be a powerful tool for studying other

peripheral and integral membrane protein interactions with
membranes and inhibitors and for elucidating conformational
changes. However, nomethod is perfect. Little information can
be obtained if the region of interest is located in extremely pro-
tected or disordered regions because it is extremely difficult to
see H/D differences between very slow or very fast exchange
rates. It is also hard to understand changes in the exchange rates
without the availability of a three-dimensional structure. How-
ever, homology models coupled with DXMS data and compu-
tational modeling may be very useful to allow interpretation of
H/D dynamic information (52). DXMS has to be used as a tool
alongsideothermethodssuchasx-ray,NMR,mutagenesis, fluo-
rescence, and molecular modeling. Together, these techniques
allow for a much greater understanding of the dynamic nature
of the proteins being studied.
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The c-abl proto-oncogene encodes a unique protein-tyrosine
kinase (Abl) distinct from c-Src, c-Fes, and other cytoplasmic
tyrosine kinases. In normal cells, Abl plays prominent roles in
cellular responses to genotoxic stress as well as in the regulation
of the actin cytoskeleton.Abl is alsowell known in the context of
Bcr-Abl, the oncogenic fusion protein characteristic of chronic
myelogenous leukemia. Selective inhibitors of Bcr-Abl, ofwhich
imatinib is the prototype, have had a tremendous impact on
clinical outcomes in chronicmyelogenous leukemia and revolu-
tionized the field of targeted cancer therapy. In this minireview,
we focus on the structural organization and dynamics of Abl
kinases and how these features influence inhibitor sensitivity.

Structural Overview of the c-Abl Kinase Core

The kinase core of the c-Abl protein has a domain organiza-
tion similar to that of the Src family kinases, with sequential Src
homology (SH)3 3 and SH2 domains, an SH2/kinase linker, and
a bilobed kinase domain (Fig. 1). This core is flanked by an
N-terminal “cap” (N-cap) region with a signal sequence for
myristoylation, which serves dual roles in regulation of kinase
activity and inmembrane localization. C-terminal to the kinase
domain is a long region of �600 amino acids encoded by a
single exon, which controls interaction of Abl with other SH3-
containing proteins and the actin cytoskeleton. This region also
regulates nuclear-cytoplasmic shuttling of the kinase (1–4).
These key structural and regulatory features are discussed in
detail below.

The Myristoylated N-cap Is Critical for Down-regulation
of Abl

The N-cap is �80 amino acids in length and is myristoylated
in the 1b splice variant of Abl (5). The first crystal structure of
the Abl core (residues 1–531) revealed that this N-terminal
myristic acid group binds a deep hydrophobic pocket in the

C-terminal lobe (C-lobe) of the kinase domain (Fig. 1) (6). Bind-
ing of the myristoyl group into this pocket induces a bend in
C-lobe helix �I, allowing the SH2 domain to dock onto the
C-lobe of the kinase domain (Fig. 2). Interaction of the myris-
toylated N-cap with the C-lobe is critical to maintenance of the
autoinhibited state, as mutation of the myristoylation signal
sequence results in a highly active kinase (7). Interestingly,
small molecules that bind to this site also modulate kinase
activity, supporting an allosteric connection between this reg-
ulatory pocket and the kinase active site (8–11).
In addition to binding the C-lobe of the kinase domain, the

N-cap also influences kinase regulation via the SH3 and SH2
domains. Although theN-cap region was disordered in the first
crystal structure of the c-Abl core, amore recent structure with
a modified N-cap revealed that Ser69 (numbered according to
Protein Data Bank (PDB) code 2FO0)4 is phosphorylated and
contacts the short connector joining the SH3 and SH2domains.
Mutation of Ser69 increased Abl activity, identifying this site as
a potential input for regulatory kinases (12). Additional con-
tacts were observed between N-cap residues 65–80 and the
SH2 domain, supporting the idea that the N-cap helps to clamp
the SH3 and SH2 domains to the back of the kinase domain.

The Abl SH3 and SH2 Domains Work Together to
Suppress Kinase Activation

The Abl SH3 domain is composed of two short antiparallel
�-sheets packed against each other to form a barrel-shaped
structure. Like other SH3 domains, the Abl SH3 domain binds
to proline-rich peptides that adopt a polyproline type II (PPII)
helical conformation (13). In the down-regulated Abl core, the
SH3 domain binds to the linker that connects the SH2 and
kinase domains and forms a PPII helix (Fig. 3). Deletion or
mutation of the SH3 domain, as well as alanine substitution of
linker prolines, causes up-regulation of Abl kinase activity, sup-
porting a negative regulatory role for this interaction in kinase
regulation (14, 15).
Although analogous SH3/linker interactions playmajor roles

in the regulation of Abl and Src family kinases, there are inter-
esting differences in the sequences and structures of the linkers
between these kinase families. The Abl linker adopts a unique
conformation that results in part from the insertion of three
additional residues relative to Src family kinases. As described
in more detail below, hydrogen exchange mass spectrometry
(HX-MS) supports the persistence of Abl SH3/linker interac-
tion in the absence of the kinase domain and shows that these
additional residues stabilize the linker PPII helical conforma-
tion required for SH3 binding. This is in striking contrast to the
Src family kinase Hck, where SH3/linker interaction does not* This work was supported, in whole or in part, by National Institutes of Health
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occur in the absence of the kinase domain. Thus, SH3/linker
interactionmay have amore prominent role in regulating c-Abl
kinase activity relative to Src family kinases (16–18).
The Abl SH2 domain mediates sequence-specific recogni-

tion of phosphotyrosine-containing sequences. This phospho-
tyrosine-binding function contributes to recognition and pro-
cessive phosphorylation of some Abl substrate proteins (19).
Structurally, the Abl SH2 domain consists of a central antipar-
allel �-sheet flanked by �-helices on each side. The central
�-sheet divides the domain into two functionally distinct pock-
ets, one of which binds the phosphotyrosine side chain in the
target protein. The second pocket interacts with the side chain
of the third amino acid C-terminal to the phosphotyrosine res-
idue to confer sequence specificity. In Src family kinases, the
SH2 domain engages a conserved phosphotyrosine residue in
the C-terminal tail, and this intramolecular interaction is criti-
cal to down-regulation of kinase activity (20). In contrast, the
phosphotyrosine-binding function of the Abl SH2 domain is
not known to contribute to kinase down-regulation. Instead,
the Abl SH2 domain packs against the C-lobe of the kinase
domain through a network of hydrogen bonds and a unique
pi-stacking interaction involving the side chains of SH2 Tyr158
and C-lobe Tyr361 (PDB code 2FO0) (Fig. 2A). Binding of the
myristoylated N-cap to the C-lobe, as described above, reori-
ents the kinase domain C-lobe helix�I to allow SH2 docking (6,
7, 12). SH2/C-lobe interface mutations (particularly Tyr158)
increase kinase activity, demonstrating the importance of this
interaction to Abl down-regulation (7).
More recent studies show that the SH2 domainmay undergo

significant reorientation during kinase activation. In the most
highly activated state, evidence suggests that the SH2 domain
moves from its negative regulatory position from the back of
the C-lobe to a new position on “top” of the kinase domain (Fig.

2B). Sometimes referred to as the “top-hat” conformation (10,
21), this orientation allows the SH2 domain to interact with the
N-terminal lobe (N-lobe) to stabilize the active form of the
kinase domain. Mutagenesis of amino acids involved in this
SH2/N-lobe interface, particularly SH2 Ile164, impairs the
kinase activity of both Abl and Bcr-Abl, supporting a positive
regulatory role for this interaction in kinase function (22, 23). A
similar SH2/N-lobe interaction has also been reported to stabi-
lize the active conformation of the c-Fes protein-tyrosine
kinase (22).

Abl Kinase Domain

The Abl kinase domain catalyzes the transfer of �-phosphate
fromATP onto tyrosine residues in substrate proteins and pep-
tides. The relative orientations of the N- and C-lobes, as well as
conserved residues in the active site, coordinate the dynamic
interconversion of the active and inactive conformations of the
kinase domain with catalytic function (24). Structural analyses
of the isolated Abl kinase domain and the larger core proteins
described above have revealed key regulatory features (25–28).
The N-lobe of c-Abl is composed of a five-stranded antiparallel
�-sheet and a single �-helix called helix �C. In contrast, the
C-lobe is mainly helical and encompasses the peptide sub-
strate-binding site. Both lobes contribute important conserved
residues to the active site, which is located between them.
Amino acids connecting strands �1 and �2 in the N-lobe form
the phosphate-binding loop, which is critical for coordination
of the ATP-Mg2� co-substrate complex. In the crystal struc-
ture of the down-regulated kinase domainwith imatinib bound,
a conserved glutamate residue from helix �C (Glu286) forms an
ion pairwith Lys271 in theN-lobe (26). This pairing is important
in coordinating the phosphate group of ATP and is conserved
in virtually all protein kinase structures.

FIGURE 1. Domain organization of Abl kinases and crystal structure of the down-regulated c-Abl core. Upper, the c-Abl-1b protein kinase consists of a
myristoylated (Myr) N-cap region, followed by SH3 and SH2 domains, the SH2/kinase linker, the tyrosine kinase domain, and a long last exon region with a
C-terminal actin-binding domain (ABD). In Bcr-Abl, N-terminal fusion to Bcr sequences removes most of the N-cap, leaving the remainder of Abl intact. The
Bcr-derived portion includes an N-terminal coiled-coil (CC) oligomerization domain as well as Dbl and pleckstrin homology domains (DH/PH). Lower, the x-ray
crystal structure of the c-Abl-1b core protein in the down-regulated state (PDB code 2FO0) is rendered as a ribbon (lower left) and with the surface added (right)
to emphasize the tight molecular packing of the regulatory regions (N-cap/SH3/SH2/linker) against the kinase domain. The unstructured portion of the
myristoylated N-cap that engages the C-lobe of the kinase domain is shown as a dotted line. Domains in the structure are color-coded and correspond to the
schematic shown at the top. In the kinase domain, the positions of helix �C and the activation loop (Act. Loop) are rendered in cyan and magenta, respectively.
The side chain of the activation loop autophosphorylation site (Tyr412) is also shown.
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The relative orientation of N-lobe helix�Cplays amajor role
in regulating the interconversion of the active versus inactive
conformations ofmany kinase domains. In the structures of the
inactive forms of c-Src and cyclin-dependent kinases, helix �C
is rotated away from the active site, and the conserved Glu-Lys
ion pair is disrupted (20). Interestingly, the orientation of helix
�C is essentially unchanged, and this ion pair is maintained in
the Abl kinase domain structure when bound to imatinib (PDB
code 1IEP) (Fig. 4A). In addition, the Abl kinase domain can
access a c-Src/Cdk-like inactive conformation when com-
plexed with an ATP-peptide conjugate instead of imatinib
(PDB code 2G1T) (29).
The C-lobe contributes to the active site through the activa-

tion loop, another dynamic structural feature common tomany
kinases. Phosphorylation of a single tyrosine site in the Abl
activation loop (Tyr393 in PDB code 2GQG) drives electrostatic
interaction with a neighboring arginine residue (Fig. 4B), stabi-
lizing an “open” conformation of the active site and allowing
access to the peptide substrate (30). In the inactive imatinib-
bound conformation, the activation loop tyrosine is not phos-
phorylated and instead forms a hydrogen bond with the cata-

lytic aspartate (Asp363 in PDB code 1IEP). This interaction
causes the activation loop to occlude the active site by mimick-
ing the binding mode of substrates in a manner reminiscent of
pseudo-substrate inhibition (Fig. 4A).
N-terminal to the activation loop is an aspartate-phenylala-

nine-glycine (DFG) motif common to many eukaryotic protein
kinases. In the active state, the aspartate residue of the DFG
motif is oriented toward the active site (“DFG-in” conforma-
tion) (Fig. 4B), where it coordinates a catalytically important
magnesium ion. In the inactive conformation, the aspartate
moves away from the active site while the phenylalanine moves
inward. This so-called “DFG-out” or “DFG-flipped” conforma-
tion (Fig. 4A) is incompatible with Mg2� binding and catalysis.
Molecular dynamics simulations have established that the pro-
tonation state of the DFG aspartate controls the DFG flip and
hence the conformational changes associated with kinase acti-
vation and imatinib binding (31).
The DFG-out conformation is essential for imatinib binding

(Fig. 4A) and was originally proposed to account for imatinib
specificity for Abl (25, 26). However, this view changed when
c-Src, a very weak binder of imatinib, was also observed to
access the DFG-out conformation in the crystalline state (27,

FIGURE 2. Reorientation of the SH2 domain as a function of Abl kinase
activation. A, left, the position of the SH2 domain (blue) in the down-regu-
lated structure of the c-Abl core is shown (PDB code 2FO0). Right, the interface
of the SH2 domain with the back of the kinase domain is highlighted. The
distal end of helix �I of the kinase domain C-lobe (cyan) is rotated away from
the SH2 domain. Tyrosine residues from the SH2 (Tyr158) and kinase (Tyr361)
domains form a pi-stacking interaction that contributes to the stabilization of
the down-regulated conformation. B, the SH2 domain interacts with the
N-lobe of the kinase domain to stabilize an active kinase domain conforma-
tion (PDB code 1OPL). Left, overview of this active top-hat conformation; right,
close-up view of the SH2/N-lobe interface. Ile164 (cyan) from the SH2 domain
plays a critical role in this interaction.

FIGURE 3. The Abl SH3 domain interacts with the SH2/kinase linker in
down-regulated Abl. The positions of the SH3 domain (red) and the linker
(orange) within the down-regulated c-Abl core structure (PDB code 2FO0) are
shown (upper) and are also enlarged (lower). Note that the linker adopts a PPII
helix that engages the SH3 domain. The side chains of three regulatory tyro-
sine phosphorylation sites are also shown. Two are located on the binding
surface of the SH3 domain that faces the linker (Tyr89 and Tyr134), whereas the
third is on the linker (Tyr245) and faces the N-lobe of the kinase domain.
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28). These studies went on to show that a “kinked” conforma-
tion unique to the Abl kinase domain phosphate-binding loop
accounts for imatinib specificity (c-Src cannot kink this loop).

Regulation of Abl Kinase Activity by Phosphorylation
and Interaction with Other Proteins

The kinase activity of Abl is tightly regulated in cells, and in
the absence of activating stimuli, neither endogenous nor over-
expressed Abl is phosphorylated on tyrosine (32, 33). As
described above, the crystal structures of down-regulated Abl
reveal that multiple intramolecular interactions among the
non-catalytic domains work together to suppress kinase activ-
ity. Disruption of these inhibitory interactions by site-directed

mutagenesis increases Abl phosphotyrosine content, which is
positively correlatedwith activity (34). Phosphorylation of tyro-
sine sites in the activation loop, the SH3 domain, the linker, and
elsewhere contributes to kinase activation, presumably by
affecting intramolecular regulatory interactions and protein
dynamics. One example is Tyr245 in the SH2/kinase linker.
Mutagenesis of this site to prevent phosphorylation reduces
maximal activation of Abl by �50% in vitro, indicating an
important role in kinase activation thatmay result fromdisrup-
tion of SH3/linker or SH3/N-lobe interaction (32). Other phos-
phorylation sites implicated inAbl regulation includeTyr89 and
Tyr134 in the SH3 domain, which impact binding to the SH2/
kinase linker (see Fig. 3). These tyrosine sites can be phosphor-
ylated by other kinases, such as Src family members, providing
critical points for regulatory inputs in Abl signaling networks
and in Bcr-Abl (35–37).
Abl kinase activity is also regulated by interacting partners,

and the interaction mechanisms are often complex (1). Abl
interacts with other proteins through its SH2 or SH3 domain,
whereas the SH2 or SH3 domain on the partner proteins may
associatewith respective phosphotyrosine sites andPPII helices
onAbl. For example, theAbl interactor proteinsABI1 andABI2
bind to Abl through reciprocal SH3/PPII helical interactions.
ABI1bindingfacilitatesAbloligomerizationandautophosphor-
ylation, leading to enhanced phosphorylation of Abl substrates
(38–40). Interaction with ABI1may link Abl kinases to remod-
eling of the actin cytoskeleton (41–43). Another example is the
Ras effector protein RIN1, which engages both the Abl SH2 and
SH3 domains (44), leading to kinase activation through a
domain displacement mechanism. In contrast to the ABI pro-
teins andRIN1, otherAbl-interacting partners have been impli-
cated in the negative regulation of kinase activity, including
PAG, FUS1, and theNR2D subunit of theNMDAreceptor (45–
47). The structural mechanism of Abl kinase suppression by
interaction with these proteins is less clear but may involve
stabilization (as opposed to disruption) of intramolecular
interactions.

Exploring the Conformational Dynamics of Abl Proteins
via HX-MS

Abl function and regulation cannot be fully understood
based on the static structural views provided by x-ray crystal-
lography alone. In this regard, HX-MS has proven very useful
for exploring the dynamic changes that accompany kinase acti-
vation (48). Below, we review the HX-MS analyses of Abl that
help to explain its dynamic regulation. Application of HX-MS
to the more general study of protein dynamics is reviewed else-
where (49–52).
The fundamental principle of HX-MS is based on the

exchange of hydrogen atoms in proteins with deuterium atoms
upon exposure toD2O solvent (53). Deuteration causes the pro-
tein to gain mass; the rate of hydrogen exchange can therefore
bemonitored over time (typically seconds to hours) byMS (54).
In folded proteins, hydrogens in highly dynamic regions
exposed to solvent undergo rapid deuteration, whereas regions
less exposed to solvent or involved in hydrogen bonding display
slower exchange kinetics. Spatial resolution of deuterium
incorporation requires pepsin digestion of the protein after

FIGURE 4. Structural features of the Abl kinase domain important for
activity and inhibitor binding. A, close-up view of the Abl kinase domain
bound to imatinib (PDB code 1IEP), which stabilizes a down-regulated con-
formation of the active site. Key structural elements of this off-state include
the inward rotation of N-lobe helix �C (cyan), which positions Glu286 for ion
pairing with Lys271. The DFG motif (Asp381, Phe382, and Gly383), which is
located at the N-terminal end of the activation loop (Act Loop; green), is
rotated away from the active site to accommodate imatinib binding (DFGout).
The activation loop tyrosine (numbered as Tyr393 in this structure) points into
the active site and makes a hydrogen bond with the catalytic aspartate
(Asp363; purple). Also shown is the side chain of the gatekeeper residue
(Thr315; orange), which forms a critical hydrogen bond with imatinib.
B, close-up view of the Abl catalytic site in an active conformation with dasat-
inib bound (PDB code 2GQG; with ligand carbon atoms in yellow). Note that
helix �C and the Glu286 ion pair with Lys271 are positioned as per the inactive
state in A, but the activation loop is completely reoriented. The phosphoryl-
ated activation loop tyrosine (phospho-Tyr393) is now paired with a nearby
arginine residue (Arg386), releasing the catalytic aspartate and stabilizing the
active conformation. The DFG motif is now flipped inward (DFGin); this con-
formation is not compatible with imatinib binding due to steric clash. The
gatekeeper threonine also makes a hydrogen bond with dasatinib.
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quenching the exchange reaction but before chromatography
and MS.

HX-MS Reveals Cooperative Unfolding in the Abl SH3
Domain

HX-MS is capable of detecting the interconversion of folded
and unfolded protein states over time, as governed by the fol-
lowing relationship (Reaction 1) (53, 55),

FH -|0
k1

k�1

UHO¡
k2

D2O
UD -|0

k�1

k1

FD

REACTION 1

where F and U represent the folded versus unfolded states,
respectively, with subscripted H and D designating the starting
protein (all hydrogen) versus deuterated forms. When the
refolding rate of a protein is much greater than the deuterium
exchange rate (i.e. k�1 �� k2), the resultingmass spectra exhibit
a single peak that uniformly increases in mass over the labeling
time course (EX2 kinetics). A rarer event in protein dynamics
(EX1kinetics) occurswhen the rate of protein refolding ismuch
slower than the deuterium exchange rate (k�1 �� k2). Proteins
undergoing EX1 exchange exhibit a unique bimodal isotopic
distribution in themass spectra due to the presence of unfolded
species that undergo cooperative deuterium uptake and thus
display a higher mass relative to the folded species.
Using HX-MS, EX1 kinetics was discovered in the SH3

domain of Abl (56). The Abl SH3 domain undergoes a slow
cooperative unfolding-refolding event with a half-life of �10
min (56). Cooperative unfolding was greatly slowed when the
SH3 domain was bound to a peptide ligand, providing a useful
measure of SH3 domain occupancy (16). These observations
allowed us to establish HX-MS as a biophysical approach to
better understand dynamic changes in the Abl SH3 domain as a
function of ligand binding and linker interaction.

Characterization of Abl SH3/Linker Interaction Dynamics
by HX-MS

Association of the Abl SH3 domain with the SH2/kinase
linker was first studied with HX-MS by monitoring changes in
cooperative unfolding of the Abl SH3 domain in a series of
recombinant Abl SH3/SH2/linker proteins that lacked the
kinase domain (16). These studies showed that the presence of
the linker slowed down the unfolding rate, providing the first
direct evidence for Abl SH3/linker interaction in solution.
HX-MS also showed a stabilizing influence of the N-cap on
intramolecular SH3/linker interaction (57) even in the absence
of the kinase domain andmyristoylation. This observation sug-
gested that the N-cap may compensate for the absence of the
negative regulatory C-terminal tail, which in Src family kinases
engages the SH2 domain in the down-regulated conformation
(58).
Src family kinases phosphorylate the Abl SH3 domain at

Tyr89, a phosphorylation event required for the full transform-
ing function of Bcr-Abl (36). In the crystal structure of the
down-regulated Abl core, Tyr89 is located at the interface of the
SH3 domain and the SH2/kinase linker (Fig. 3), suggesting that

phosphorylation may disturb this key regulatory interaction.
HX-MS studies provide direct support for this idea, showing
that phosphorylation of Tyr89 by the Src family kinase Hck
causes SH3 release from the linker (59). This result supports a
model in which phosphorylation by Src family kinases may
directly contribute to Bcr-Abl oncogenic potential and drug
resistance.

Characterization of the Abl Kinase Core by HX-MS

HX-MSwas later used to investigate conformational changes
in larger c-Abl kinase core proteins consisting of the N-cap,
SH3 and SH2 domains, the linker, and the kinase domain. One
study compared changes in deuterium uptake resulting from
imatinib resistance mutations. The most recalcitrant imatinib-
resistant mutant of Bcr-Abl observed clinically occurs in the
kinase domain at the “gatekeeper” position (Thr315 in PDB code
1IEP) (Fig. 4A). Substitution of the Bcr-Abl gatekeeper position
with isoleucine (T315I) results in the loss of a direct hydrogen
bond with the drug and also creates steric clash (60–62). The
Abl T315I protein showed increased deuterium incorporation
at the site of the mutation relative to the wild-type protein,
reflecting local conformational changes. Remarkably, the
T315I mutant also showed changes in deuterium uptake in the
SH3 domain, providing evidence for the long-range conforma-
tional impact of thismutation that helps to explain its activating
effect on the kinase (62, 63).
HX-MS has also been a very useful approach to understand

the stabilizing influence of inhibitor binding to the Abl kinase
domain through both the active site (e.g. imatinib and nilotinib)
and the myristic acid-binding pocket (e.g. GNF-2/GNF-5).
Binding of GNF-5 to the myristic acid-binding pocket resulted
in a local reduction in the rate of deuterium uptake relative to
both the unbound protein and the ATP-binding site �30 Å
away (9, 10). This observation provides important evidence that
binding of myristic acid and small molecules to this C-lobe
pocket has a stabilizing inhibitory influence on the active site.
Furthermore, simultaneous binding of GNF-5 and the ATP-
competitive inhibitor dasatinib to the Abl T315I mutant
induced conformational changes similar to those observedwith
wild-type Abl in the presence of dasatinib alone (9, 10). These
observations support the idea that binding of small molecule
antagonists to the myristate-binding pocket helps to stabilize
the down-regulated conformation of the active site and/or
remodel the active site such that ATP-competitive inhibitors
can interact with Abl mutants.

What Do Structural Studies of the Abl Core Tell Us about
Bcr-Abl Structure and Regulation?

Bcr-Abl is the chimeric oncoprotein that drives chronic
myelogenous leukemia (CML) pathogenesis. As a result of the
Philadelphia chromosome translocation associated with CML,
Bcr fusion removes most of the N-cap from Abl (Fig. 1). As a
consequence, the negative regulatory influence of the myristic
acid group and N-cap interactions with the SH3 and SH2
domains are lost. In addition, fusion to Bcr adds a coiled-coil
domain to the N terminus of Bcr-Abl (64, 65). This Bcr domain
causes oligomerization of Bcr-Abl and is believed to result in
juxtaposition of multiple Abl kinase domains and subsequent
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transphosphorylation of the activation loop and other sites that
contribute to kinase activation (66). Short peptides that disrupt
Bcr coiled-coil interactions reduce kinase and transforming
activities, supporting this activation model (67).
One important question that remains unanswered concerns

the regulatory influence of the SH3 and SH2 domains on the
kinase domain in the context of Bcr-Abl. Although there are no
structural or HX-MS data currently available for full-length
active Bcr-Abl, other studies suggest that the SH3 and SH2
domains retain their influence over the kinase domain.One line
of evidence comes from studies of imatinib-resistant mutants
of Bcr-Abl. As described above, imatinib binds to the DFG-out
conformation of the Abl kinase domain (Fig. 4A). Although
many imatinib-resistant mutants of Bcr-Abl involve kinase
domain residues that are directly involved in drug binding (e.g.
T315I), others occur at a distance from the binding site andmap
to the SH2 and SH3 domains and the linker. Imatinib resistance
also results from overexpression of the Src family kinase Hck in
the absence of Bcr-Abl mutations (35, 68) and may be due to
Hck-mediated phosphorylation of the Bcr-Abl SH3 domain
(35). These observations support a mechanism in which either
mutation or phosphorylation of the SH3/SH2 regulatory region
disturbs its interaction with the kinase domain, causing it to
adopt a conformation incompatible with drug binding.
Recent work from our laboratories approached this question

more directly by systematically increasing the proline content
of the Abl SH2/kinase linker to enhance intramolecular SH3
engagement (69). Remarkably, myeloid cells transformed with
Bcr-Abl proteins carrying high affinity linkers showed
enhanced sensitivity to apoptosis induced by both imatinib and
GNF-2. These effects correlated with inhibition of Bcr-Abl
kinase activity and were observed with both wild-type and ima-
tinib-resistant forms of Bcr-Abl. HX-MS of the corresponding
recombinant Abl core proteins revealed that enhanced SH3/
linker interaction correlated with long-range dynamic stabili-
zation of both the kinase domain active site and the C-lobe
myristate-binding pocket. These results provide strong evi-
dence that regulatory SH3/linker interaction is maintained in
the context of Bcr-Abl and suggest that chemical stabilization
of the SH3/linker interface may sensitize Bcr-Abl to existing
CML drugs.
Other studies have explored the structural positioning of the

SH2 domain relative to the kinase domain in the context of
Bcr-Abl (23). As described earlier, the SH2 domain interacts
with the back of the C-lobe in the down-regulated conforma-
tion of the Abl core but can undergo a dramatic shift to the
top-hat conformation upon kinase activation (Fig. 2B) (22, 23).
In this conformation, SH2 interacts with the kinase domain
N-lobe to stabilize the active state. Bcr-Abl proteins withmuta-
tions designed to disrupt SH2/N-lobe interaction show reduced
kinase activity and transforming function, strongly supporting
the existence of this active conformation in the context of
Bcr-Abl.
At first glance, the observation that the Abl SH2/SH3 unit

can influence inhibitor sensitivity and kinase domain confor-
mation seems at odds with a requirement for the top-hat con-
formation in Bcr-Abl activation. However, these seemingly dis-
parate observations can be reconciled when all possible active

conformations of Bcr-Abl are considered. Closer examination
of the activity data from the study of Grebien et al. (23) suggests
that some but not all Bcr-Abl molecules in a given population
adopt the top-hat conformation. In most of the experimental
paradigms employed in this study, mutations predicted to dis-
rupt the SH2/kinase interface reduced but did not eliminate
Bcr-Abl kinase activity and function. Interestingly, experiments
with a “monobody” designed to target the SH2/kinase interface
reduced Bcr-Abl kinase activity by �50%, at which point the
concentration-response curve reached a plateau. These obser-
vations support the existence of other active states of Bcr-Abl
that are not sensitive to this reagent and therefore may not
require the SH2/kinase interface to function. Such alternative
active states may arise from the unique mechanism by which
the Abl core is activated in the context of Bcr-Abl. In this case,
fusion to the Bcr coiled coils induces clustering of the Abl
kinase core, resulting in transphosphorylation of the activation
loop as described above. Such a mechanism may not require
regulatory domain displacement from the back of the kinase
domain or a shift to the top-hat conformation. The broader
concept that multidomain kinases (including Abl) may occupy
multiple conformational states and take more than one path to
activation is supported by previous small angle x-ray scattering
studies of the Src family kinase Hck (70).
In summary, both Abl and Bcr-Abl are regulated by con-

served kinase domain features as well as unique structural ele-
ments of theN-cap, SH3 and SH2 domains, and the SH2/kinase
linker. Future drug discovery efforts targeting allosteric mech-
anisms unique to this kinase system may provide a path to
exceptional inhibitor selectivity.
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Glycans represent one of the four fundamental building
blocks of life, and they are the most abundant biological mole-
cules on our planet. Only in recent years have we begun to
appreciate how deeply glycan functions pervade all aspects of
organismic biology, molecular biology, and biochemistry. A
recent National Academy Sciences report has concluded that a
better understanding of glycoscience is critical for advance-
ment of human health and for sustainability on this planet. The
report further concludes that efforts to study this key area of
biochemistry/biology have substantially lagged behind invest-
ments in other biological molecules, such as nucleic acids and
proteins. The Journal of Biological Chemistry continues to be
the leader in publication of glycoscience research. In this special
issue of the Journal, five minireviews, authored by leaders in
glycobiology, illustrate the remarkable diversity of the biologi-
cal functions of glycans.
Springer and Gagneux (1) review the critical roles that cell

surface glycans play in our never-ending battle against infec-
tious organisms. In all of evolution, there is no example of a cell
that is not covered by glycans. The physical and chemical prop-
erties of glycans, including their complexity and structural plas-
ticity, make them ideally suited to be at the “frontlines” of our
constant evolutionary conflict with invadingmicrobes. Nothaft
and Szymanski (2) present an overview of current research on
asparagine-linked N-glycosylation in bacteria, which not only

has important implications for prokaryote biology itself but also
is leading to the use of these organisms to produce therapeutic
glycoproteins in large quantities. Tran and Ten Hagen (3)
review the essential roles of mucin-type (N-acetylgalac-
tosamine linked to serine or threonine) O-glycans in protein
secretion, stability, processing, and functions. Their overview
highlights the critical importance ofO-glycans in many aspects
of development and in the etiologies of human diseases. Wells
(4) reviews the complex pathway regulating a specific type of
O-glycans, O-mannosylation, and how defects in these biosyn-
thetic pathways lead to congenital muscular dystrophies,
broadly referred to as “dystroglycanopathies.” Freeze (5) sum-
marizes the recent advances in congenital diseases of glycosyl-
ation, which have provided a “Rosetta Stone” for elucidating the
critical functions of glycans in human development.
Although these selected minireviews represent only a very

small sampling of themyriad biological roles of glycans, they do
illustrate clearly how glycans pervade biological functions at all
levels of life on this planet.
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Glycans, oligo- and polysaccharides secreted or attached to
proteins and lipids, cover the surfaces of all cells and have a
regulatory capacity and structural diversity beyond any other
class of biological molecule. Glycans may have evolved these
properties because they mediate cellular interactions and often
face pressure to evolve new functions rapidly.We approach this
idea twoways. First, we discuss evolutionary innovation. Glycan
synthesis, regulation, and mode of chemical interaction influ-
ence the spectrumof new forms presented to evolution. Second,
we describe the evolutionary conflicts that arise when alleles
and individuals interact. Glycan regulation and diversity are
integral to these biological negotiations.Glycans are taskedwith
such an amazing diversity of functions that no study of cellular
interaction can begin without considering them. We propose
that glycans predominate the cell surface because their physical
and chemical properties allow the rapid innovation required of
molecules on the frontlines of evolutionary conflict.

Glycan Diversity

All cellular organisms are coated by a glycocalyx, a “sugar
shell” that defines the molecular frontier of cells, tissues, and
whole organisms (1). Many biological interactions involve the
molecules of this shell, including those between sperm and egg,
hosts and pathogens, and the cells and extracellular matrices of
developing organisms (2, 3). Glycans are oligo- or polysaccha-
ride molecules that can be secreted or attached to proteins or
lipids, forming glycoconjugates. Glycans form one of the four
classes of biomolecules together with nucleic acids, lipids, and
proteins (4). Glycoconjugates are common; �50% of all human
proteins are glycosylated (5). The extracellular polysaccharides
of plants, fungi, and arthropods (cellulose and chitin) are the
most abundant biomolecules on earth. Glycan synthesis is not
template-driven; genes do not encode them directly. Rather,
glycans are assembled by synthetic enzymes in the endoplasmic
reticulum Golgi or during direct secretion (6).
Glycans contain a variety of monosaccharide units and

linkages joining them in structures that can be branched and

further chemically modified. Sizes range from the single
GalNAc monosaccharide of the Tn antigen to glycosamin-
oglycan polymers thousands of units long (7). Glycan func-
tions include physical and structural roles (adding rigidity or
charge), extracellular matrix formation and morphogenesis
(glycosaminoglycans), protein folding, transcriptional regula-
tion (byO-GlcNAcylation), and information exchange between
cells (stage-specific embryonic antigens) (3). Some glycan types
occur in most organisms (N-glycans), and others are restricted
to certain lineages (hyaluronic acid in vertebrates and sialic
acids in deuterostomes) (8). Glycan diversity could be a
response to conflict: pathogens exploit host glycans for recog-
nition, attachment, and entry, driving rapid evolution of both
parties (8). Many important questions about glycan evolution
remain, and new functions continue to be discovered. We
review the roles of glycans in biological collaboration and con-
flict, emphasizing how their unique structural and regulatory
properties influence constraints on evolution.

Evolutionary Constraints

The path of evolution is beset by constraints that limit the
kinds of traits that can evolve. From below are constraints
caused by mutation. The suite of variation presented by muta-
tion is not random, and an abundance or absence of particular
phenotypes can influence the direction of evolution or prevent
organisms from reaching an optimal form (9). From above are
constraints caused by selection itself. The optimal solution to
one selective challenge is often a poor answer to another. This
limits evolution to the set of phenotypes that optimally trade off
opposing selective forces (10). Constraints hold organisms
away from their fitness optima, so we expect selection to favor
mechanisms of overcoming them. By delineating the limits that
constraints impose, we may recognize familiar features of
organisms as solutions to constraint (2). Many glycan features
(their synthesis and degradation, regulation,molecular compo-
sition, and interactions) influence phenotypic variation in ways
that overcome the limits that mutational and selective con-
straints place on evolution. We discuss each in turn.

Mutational Constraints on Evolution

Mutational constraints are limits on the spectrum of pheno-
typic changes offered to evolution. These include physical lim-
its: many monosaccharide structures and glycosidic linkages
are never observed in nature, though they can be generated
artificially and incorporated into living organisms (11). Simi-
larly, not all synthesis and breakdown reactions or ligand bind-
ing operations are chemically feasible. Vertebrate brain tissue is
rich in the sialic acid Neu5Ac but contains only traces of
Neu5Gc, likely because vertebrate sialidases cannot easily break
down Neu5Gc polymers (12). Constraints also result from his-
torical events. Loss of a synthetic enzyme can lock whole lin-
eages into a subset of glycan structures (13–15). Glycans can
also be constrained if all available changes impair obligate func-
tions (1). Despite massive changes in sialic acid biology, all ver-
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tebrates make some form of sialic acid because it is needed for
proper development (16).
Glycans face a different set of mutational constraints than

proteins because of their different modes of synthesis and
chemical interaction. This releases glycoconjugates from some
constraints that typify the evolution of naked proteins and
imposes other constraints more acutely. There are striking dif-
ferences between proteins and glycans. Proteins are direct
products of alleles encoded in DNA, whereas glycans take a
variety of forms that reflect variation in their synthesis and
attachment. Foreign proteins trigger adaptive immune reac-
tions due to sampling and presentation by immune cells. For-
eign glycans typically trigger less specific innate immune reac-
tions. Modes of glycan and protein evolution can also differ.
Viral proteins often evolve rapidly to escape detection by host
antibodies (17, 18). Viral glycosylation can also change rapidly,
butmost viral glycans are built by the host synthesismachinery.
Viruses can be selected to mimic the host or exploit host glyco-
sylation of viral glycoproteins for immune evasion and tropism
(19–21). Thus, the protein and glycan components of viruses
can be simultaneously selected for opposite tasks, evasion and
emulation, because of the different types of mutations available
to each.

Evolution of New Glycoforms

Organisms evolve new functions by exploring the neighbor-
hood of phenotypic variation created by mutation. Glycan syn-
thesis involves many proteins, which can increase the number
of phenotypes available bymutation and the rate that glycopro-
teins find new functions in two ways.
First, mutations affecting the regulation or activity of glycan-

synthesizing proteins can alter patterns of glycosylation. About
2% of the mammalian genome encodes glycosyltransferases
and glycosidases: enzymes for glycan assembly, remodeling,
and degradation (22). Even in mammals, in which glycans are
based on just 10 sugar types, the diversity of structures gener-
ated by sequential and combinatorial glycan synthesis is stag-
gering (23). In glycolipids, both the lipid and glycanmoieties are
synthetic products that, when combined, yield an even larger
potential diversity (24). Glycoforms can vary transiently within
organisms, tracking diet, physiological state, or development
(25–27), or they can vary among individuals. Parents and off-
spring (28, 29) or males and females (30, 31) can have different
glycosylation patterns. Changes in the regulation of transferase
enzymes, nucleotide sugar donors, or acceptor substrates can
transform the glycoform of a cell and its secretions (32). Just as
alternative splicing allows a gene to generate many protein
structures, alternative glycosylation, both by different occu-
pancy of glycosylation sites and with different glycans, can aug-
ment the phenotypic repertoire of an organism.
Second, glycan-synthesizing and glycan-binding protein

families have remarkable patterns of evolution, involving every
knownmechanism of generating diversity. Alternative splicing,
exon shuffling, retrotransposition, gene duplication, and gene
loss typify glycosyltransferase (13, 33, 34) and glycosidase (35)
gene families. Both glycosyltransferases (36) and glycosidases
(37) sometimes evolve by positive selection, meaning that suc-
cessful new mutations rapidly increase in frequency. Loss-of-

function mutations can also be selected rapidly into popula-
tions (13, 14). Selection maintains balanced polymorphisms,
where more than one allelic variant persists at intermediate
frequency. Alleles encoding human blood group antigens may
remain polymorphic because viral and bacterial pathogens tar-
get blood group-defining glycans for attachment (34, 38).
The proteins that bind glycans (lectins) can be similarly

diverse. Oyster sperm contain bindin, an F-type lectin encoded
by a single gene that produces �4500 protein variants in a sin-
gle species by a combination of recombination, alternative
splicing, and positive selection (39). Lectin gene families also
change rapidly. In the human lineage, the family of sialic acid-
binding Ig-like lectins (siglecs) has undergone changes to
expression pattern andbinding specificity and instances of gene
duplication, gene conversion, and adaptive gene loss (14, 15,
40). Selection favoring diverse and labile patterns of glycosyla-
tion also favors genomic features that enable diversification of
genes encoding glycan synthesis, degradation, and recognition.

Not All Glycan Changes Are Equally Likely

Glycans may experience somemutational constraints differ-
ently than naked proteins because they result from coordinated
assembly pathways. Glycans aremade by a network of enzymes,
each building on or degrading the product of prior steps (41).
Changing an enzyme’s activity or regulation can alter product
abundance and change rates of synthesis or degradation else-
where in the pathway (42). Central steps tend to be conserved:
enzymes at the base of the asparagineN-glycosylation pathway
tolerate less variation than enzymes that catalyze terminal steps
(43), perhaps because mutations that disrupt fewer glycan syn-
thesis steps havemilder phenotypes (44). Essential steps are not
always encoded by redundant gene families. O-Glycan synthe-
sis is initiated by 20 O-GalNAc glycosyltransferases (32), but a
required step of N-glycan synthesis, transfer of dolichol-linked
high mannose N-glycan, is catalyzed by a single protein (45).
Single copy enzymes perform conserved functions inside the
cell, such as O-GlcNAcylation and N-glycosylation for protein
folding quality control. Extracellular glycans are often built by
enzymes with partly redundant functions (32, 33).
The evolution of glycan synthesis pathways often involves

loss-of-function mutations. However, some lineages evolve the
ability to synthesize new glycans: the sialic acid variant Neu5Gc
is found only in deuterostomes (46), and heparan sulfate is
found only in metazoans (excluding sponges) (47). Changes
sometimes occur repeatedly to the same genes. The ABOblood
group glycosyltransferases were lost multiple times within
humans (48), and the A and B antigens were independently
gained by chimpanzees and gorillas (49). Neu5Gcwas lost inde-
pendently in humans, birds, and platypuses (46), and several
bird groups have independently lost glycans terminating in
Gal�1–4Gal (50). Despite their capacity for structural diver-
sity, glycans and the enzymes that process them do experience
mutational constraint; some changes occur more readily and
repeatedly than others.

Glycan Interactions Are Robust to Change

Robustness is the ability of a phenotype to tolerate evolution-
ary change and thus explore new functions by mutation (9).
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Several features cause glycan interactions to be robust: their
expression can be finely regulated, the proteins that bind gly-
cans are themselves robust, and glycan binding chemistry per-
mits low affinity/high specificity receptor-ligand pairings. Spa-
tial and temporal regulation increases robustness by separating
conflicting tasks. Sperm glycans terminate with sialic acid to
prevent their detection by female immunity. As sperm near the
egg, these masks are removed, exposing the underlying glycans
that function directly in fertilization (51). Masked glycans can
change without immunological consequence because they are
exposed only when they are functional (52). Glycans are subject
to fine regulation in response to cellular location andmetabolic
state (25). This causes glycosylation to be robust because it
allows variation to be masked in all but the appropriate
contexts.
Lectins have stable folds, perhaps because they bind a diverse

array of glycoforms. The C-type lectin fold can toleratemassive
amino acid variation as shown by the major tropism determi-
nant (Mtd) of the Bordetella bacteriophage. A retroelement-
encoded reverse transcriptase generates �1013 different Mtd
variants that bind receptors in different stages of the Bordetella
life cycle (53). Although their folds are robust, the specificity of
lectin-glycan interactions can be engineered by just a fewmuta-
tions (54, 55). Lectins also rapidly evolve new functions in
nature. Glycan-binding domains that evolve by positive selec-
tion include C-type lectins (56, 57), F-type lectins (39), and
siglecs (15) among others. Lectins can tolerate mutational var-
iation and thus explore the space of binding functions available
by mutation, enabling their evolution and the co-evolution of
their glycan targets.
The chemistry of glycan binding also creates robustness. Gly-

can binding often occurs with low affinity but high specificity
(58). As a result, glycan binding is often multistep and cooper-
ative. Glycans can be guided to their targets by interactions
between nearby ligands, and spatial clustering can radically
change glycan binding (59). This creates an extra control on the
regulation of glycan binding: interaction intensity can be tuned
by altering the distribution and density of glycans and lectins.
Cooperative binding may increase robustness by placing mole-
cules in position to physically interact even if their affinity for
one another is low. Interactions between binding partners may
therefore be more tolerant of variation in the affinity or selec-
tivity of binding. The extraordinary specificity of some lectins
could result from an increased ability to explore the space of
binding functions because close physical interaction can be
achieved even between molecules with low affinity.

Evolution of Uniqueness

Glycans are the frontline of one of the most interesting chal-
lenges facing organisms: distinguishing self from non-self. This
requires generating unique molecular patterns and safeguard-
ing their exclusivity against mimicry by pathogens. The ways
that organisms create, recognize, and defend their own unique
glycan patterns inform us about constraints on evolutionary
innovation becausemarkers of self are necessarily unique inno-
vations. The space of possible unique molecular markers of self
is huge (60, 61), so it is an interesting case to study how evolu-
tionary constraints limit the variation available to evolution.

Both mutational and selective constraints influence the evolu-
tion of unique glycans, and so we use this section as a bridge
between these two categories of evolutionary constraint.
The most striking glycan difference in nature may be a con-

sequence of mutational and selective constraints. Unicellular
organisms make glycans of many different monosaccharide
units, whereas glycan diversity in multicellular eukaryotes is
usually a rearrangement of a handful of monosaccharides (62).
Unicellular organisms can secrete novel monosaccharides out-
side their “bodies” and can thus use structures that cannot be
degraded by existing cellular machinery (63). In multicellular
organisms, new monosaccharides cannot simply be excreted
and will be tolerated only if they are compatible with existing
physiology. New glycoforms must not interfere with estab-
lished patterns of self-recognition, innate immunity, or the syn-
thesis and degradation of other metabolites (60). Many mole-
cules may not be useful as markers of self because their
accumulation causes disease (42). Thus, there are mutational
constraints: many feasible glycoforms do not exist because no
existing glycan-synthesizing enzyme can craft them. There are
also selective constraints: glycans must be built, used, and
degraded, and these different processes may conflict with one
another.
The iconic example of self-recognition is a “green beard.”

These genes act selfishly by helping other individuals only if
they carry an identical allele (64). Green beard genes encode
molecules that can (a) advertize their selfish allele, (b) recognize
that allele in other individuals, and (c) send help specifically to
these genetic relatives. Remarkably, these can all be properties
of single molecules. In yeast, the Flo1 glycoprotein directs
cooperation. Individuals with identical Flo1 molecules floccu-
late into groups that better survive environmental stress (65).
Flocculation proteins are heavily N- and O- glycosylated, and
glycan-glycan interaction plays a key role in the molecular
handshake that identifies self (66). Self-recognition enables
cooperation between cells, but this benefit carries a risk: signals
of self are vulnerable to exploitation by pathogens and social
partners. Self-recognition molecules are thus subject to inter-
esting mutational and selective constraints. Rivals may engage
in molecular jujutsu, evolving forms that can exploit others
without themselves being exploited. The space of viable self-
identity molecules is also limited to those that cannot be mim-
icked by pathogens. Some viruses have the ability to conceal
themselves in host glycans (19–21). If disrupting cellular pat-
terns of glycosylation harms the virus, hosts may be forced to
balance the costs of disrupted glycosylation against the benefits
of protection from pathogens (67). We elaborate on these and
other selective constraints in the next section.

Selective Constraints on Evolution

Selective constraint occurs when opposing selective forces
influence the course of evolution (68–70). To recognize adap-
tations to selective constraint, we need a way to organize evo-
lutionary conflicts so that we can identify responses to each
type of conflict.We adopt a classification based on the elements
that come into evolutionary conflict (the phenotypes of single
alleles or multiple genes) and the arena in which conflict plays
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out (how these phenotypes interact in single or multiple indi-
viduals) (Fig. 1) (2).
For glycans, wemust consider the term “allele” carefully. Gly-

can synthesis is not template-driven, so there is not always a
one-to-one equivalence between an allele encoded in DNA
and the glycan phenotype. The section on mutational con-
straints describes the effects that this mechanism of synthe-
sis has on the evolution of glycan phenotypes. In the next
section, we consider an allele to be a unique glycan variant,
with more detail given if the mechanism of synthesis or reg-
ulation matters implicitly to the form or resolution of a
selective constraint. We use glycan examples to explain evo-
lutionary conflicts in each of four categories of selective con-
straint (Fig. 1). Our aim is to describe the properties of traits
that could overcome each kind of selective constraint. We
hope to prepare molecular biologists to recognize these
properties in their study systems and to seek their evolution-
ary origins. We also hope to convince evolutionary biologists
that glycans offer rich opportunities for examining mecha-
nisms of phenotypic evolution.

Single Allele-Single Individual

Like most traits, glycans are pleiotropic, meaning that a sin-
gle trait has effects on more than one part of an organism.
Because of pleiotropy, an allele can conflict with itself if there is
no version that functions perfectly in all of the contexts that it
will encounter during an individual’s lifetime. Alleles with pos-
itive effects on one task can cause negative effects on another. If
so, we expect selection to favor mechanisms that separate the
two selective contexts, allowing alleles to function differently
where they have positive and negative effects on fitness.
Changes to expression allow alleles to act only in specific con-
texts, and mechanisms of spatial or temporal regulation likely
evolved in response to single allele-single individual conflicts
(2, 71). For some of these conflicts, the positive and negative
effects are inextricable; they simply cannot be resolved, and we
recognize their accumulating consequences as symptoms of
aging (70).
Glycan modifications can induce context-specific regulation

or function in the products of single alleles. Glycosylation of the
human chorionic gonadotropin protein results in five function-
ally unique forms that interact with at least two different recep-
tors (26). The number and branching ofN-glycans onmamma-
lian growth receptors depend on hexose availability, allowing
these glycoproteins to regulate cell growth in response to met-
abolic state (25). Stage-specific embryonic antigens are glyco-
proteins that guide development by tissue-specific expression
(27). Glycans can themselves cause conflict when their function
in one context negatively impacts another. Selectins are pro-
teins that recognize sialylated and fucosylated glycans on leu-
kocytes and arrest their movement through the bloodstream at
sites of inflammation. This system of localization can be co-
opted by cancers that express selectin-binding glycans that pro-
mote metastasis (Fig. 1) (72).

Single Allele-Multiple Individuals

Selective constraints also occur when the effect of an allele
depends on which individual is carrying it (69). The allele that
eliminated Neu5Gc in humans may have reached fixation
because of its positive effect on males, despite its negative con-
sequences for female fertility (14). Females that lack Neu5Gc
raise antibodies against it and are partly incompatible with
Neu5Gc-positive males. Males that lack Neu5Gc are compati-
ble with all females in the population (Fig. 1). The pleiotropic
effects of a single allele can thus extend across individuals. We
expect selection to favor mechanisms that separate these con-
flicting roles. Glycans can allow proteins to take individual-
specific functions. Glycodelin glycoforms function differently
in male and female reproductive tracts. Glycodelin-A, -C, and
-F are produced only by females and influence sperm-egg bind-
ing and the susceptibility of sperm to acrosome reaction. The
glycodelin-S glycoform is made solely by males in seminal fluid
and protects against premature sperm capacitation (73).
In mammals, placentation and lactation are prolonged inti-

mate interactions between mother and child. Fetal resource
uptake depends on the degree to which the mother accepts the
trophoblast, and fetuses are capable of modifying the invasive-
ness and tolerance of trophoblasts to solicit more resources

FIGURE 1. Evolutionary conflicts between alleles and individuals. For single
allele-single individual, single alleles conflict with themselves when their positive
effects in one context cause negative effects in another. Selectins on epithelial
cells bind glycans on leukocytes and guide them to sites of inflammation; this can
also be exploited by cancer cells (72). Regulatory or functional changes that sep-
arate conflicting tasks are expected to evolve in response. For single allele-multi-
ple individuals, conflicts can extend across individuals that share an allele.
Females that lack Neu5Gc raise antibodies against it. Males that lack Neu5Gc have
higher rates of fertilization, and females have lower rates (14). Individual-specific
regulation could resolve these conflicts. For multiple genes-single individual, self-
ish alleles can bias reproduction in their favor at the cost of individual reproduc-
tion, causing conflict with other genes in the genome. Mutant PMM2 alleles are
passed to children more often than expected but increase the risk of congenital
disorders of glycosylation (79). Other genes are selected to suppress the selfish
allele, often by modification of chromosomal recombination and linkage. For
multiple genes-multiple individuals, molecular markers of self cause cells to
direct benefits toward identical genetic relatives, but they can be exploited by
pathogen mimics. Co-evolution is a common outcome, as hosts develop more
reliable markers of self, and pathogens develop more effective molecular mimics
(8, 86).
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than the mother would optimally give (69). Trophoblast-spe-
cific glycosylation of membrane cofactor protein (CD46)
reduces complement deposition, reducing the rate of maternal
rejection (74). Trophoblast-specific N-glycosylation of �5�1
integrin promotes interaction between fetal extravillous tro-
phoblast cells and the maternal extracellular matrix, increasing
trophoblast invasiveness (75). Milk is a finely tuned secretion
rich in glycoconjugates and free oligosaccharides (76).Milk gly-
cans, especially those rich in sialic acid, contribute to infant
brain growth (77). It is possible thatmothers usemilk glycans to
manipulate infant behavior or development in ways that influ-
ence resource demand. Glycans allow fine-tuned individual-
specific regulation, and so we expect that glycan composition
and expression may be a major means by which parents and
offspring negotiate conflicts over resource allocation.

Multiple Genes-Single Individual

Evolutionary conflicts also arise between different genes.
Multicellular organisms are collaborations; their stability
depends on fair allocation of reproductive effort to all cells.
Selfish genes cheat and unfairly increase their own rate of rep-
lication at the cost of decreased individual replication (Fig. 1).
Altruistic genes like green beards help other individuals with an
identical allele at the cost of their own individual’s survival (64).
Transposons create additional copies of themselves in the
genome, uncoupling their replication from that of other genes
(78). Transmission ratio distorters over-represent themselves
in the pool of gametes or offspring produced by an individual.
Mutations of phosphomannomutase (PMM2) disrupt serum
proteinN-glycosylation.Whenhomozygous,PMM2mutations
are lethal, but heterozygotes persist in populations at moderate
frequency. Carriers transmit mutant PMM2 alleles to their off-
spring more often than is expected by chance, suggesting that
the costs of this disease for individuals are offset by a transmis-
sion ratio that favors mutant alleles (79).
Masking the phenotypes of individual proteins with glycans

may be an effectiveway to suppress selfish genes. The glycophe-
notype of a sperm is a “parliament of glycans,” the product of
many proteins expressed in diploid cells. The sperm glycocalyx
is not produced by the sperm itself; instead, sperm incorporate
glycoproteins secreted by epididymal epithelial cells (80, 81).
We expect that this kind of masking could counteract the
effects of selfish alleles, whose expression in the haploid state
could allow them to eliminate gametes that do not carry the
selfish allele. Glycan masks thus function like the cytoplasmic
bridges that connect developing sperm cells: they impart on all
sperm an identical diploid phenotype (82).

Multiple Genes-Multiple Individuals

Many of the conflicts outlined above also occur when differ-
ent genes act on behalf of different individuals. The battle of the
sexes is waged on the molecular front: males and females
manipulate fertilization using sperm- and egg-specific glyco-
proteins. The bindin protein of sea urchin sperm does not
belong to any known family of lectins but does bind sulfated
O-linked oligosaccharides on one of its egg receptors (83).
Human sperm bind the oligosaccharide sialyl-LewisX on the
egg zona pellucida (84). Parent-offspring conflicts are also

fought between proteins expressed exclusively by mother or
fetus. In humans, maternally expressed glycodelin-A sup-
presses the invasion of fetal cells by binding Siglec-6, which is
expressed only on trophoblasts (85). These contests often result
in co-evolution of proteins representing each party (86).
Interestingly, proteins that act on one side of a conflict can be

co-opted into other conflicts that require similar features.
CD46, a trophoblast glycoprotein that influences maternal tol-
erance, is also found on the exposed surface of sperm following
acrosome reaction, although its function there is not yet known
(87). Placental HLA-G glycoforms are key to avoiding rejection
by the mother (88, 89), and HLA-G variants also help mela-
noma cells evade immune detection (90). Co-opted genes
sometimes come from unlikely partners. Mammals with inva-
sive implantation fuse the outer placental cells into a syncytium
to increase contact with the mother and suppress her immune
response. The glycoprotein responsible came from a retrovirus
and has been domesticated independently by several mammal
lineages (91).
The most recognizable evolutionary conflicts occur between

hosts and parasites. Vertebrate innate immunity detects patho-
gen-associated molecular patterns, many of which are glycans.
Innate immune cells target non-self glycans, such as high man-
nose glycans or �-glucans, using a suite of lectins (92). Some
pathogen glycans are required for cellular function (62); others
exist only to mimic or exploit the host (93, 94). Exploitation of
host signaling may explain the existence of paired receptors,
which are often lectins with similar sequences and specificity
but opposite cellular responses on binding (95). Paired recep-
tors often undergo rapid sequence evolution, duplication, pseu-
dogenization, and homogenization by gene conversion (96).
When hosts lose a glycan, a self-identifying molecule be-

comes foreign. This can protect from viruses that camouflage
themselves in host glycans (19–21). Loss of a glycan or receptor
can also be adaptive if it eliminates a point of pathogen entry.
Resurrected versions of human siglec pseudogenes bind sialyl-
ated bacterial pathogens (40). Host-parasite conflicts push the
evolution of glycan signaling and recognition. These conflicts
maintain glycan polymorphisms in populations (34, 38) and
drive rapid differences between species (96). Conflict can also
cause broad-scale diversification via the loss of glycoforms (13,
14, 40) and the evolution of new glycan innovations (1, 15).

Glycans as Evolved Mechanisms of Overcoming
Evolutionary Constraint

Biological molecules are uniquely suited to their roles. DNA
is an effective information storage device. Proteins have tre-
mendous catalytic flexibility, and lipids self-assemble into
membranes. Glycans carpet the outer surface of all cells and
make up large parts of their extracellular matrices. Glycans
have extraordinary structural diversity, biochemical specificity,
and regulatory flexibility, properties that suit their role as nego-
tiators of cellular interaction.
In this minireview, we have explored the idea that glycans

evolved their biochemical flexibility to overcome the restric-
tions that mutation and selection place on the evolution of new
glycoforms. We hope that this view will help biologists gain a
deeper appreciation of glycobiology. Formolecular biologists, it
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stresses the need to gather data that can be interpreted in light
of evolution. We need information on glycan variation: poly-
morphisms within populations, differences between species,
and broad patterns of diversity. We also need to integrate the
selective contexts that shape glycan evolution: examining pleio-
tropic effects of glycans within and between individuals. For
evolutionary biologists, glycans are an opportunity to testmod-
els of behavioral evolution on mechanistically tractable pheno-
types (2). Behaviors caused by glycans result from simple
molecular interactions, and there are many interesting exam-
ples that have received no evolutionary explanation. These are
exciting prospects, and we watch the emerging synthesis of gly-
cobiology and evolutionary biology with anticipation.
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Protein glycosylation is widespread throughout all three
domains of life. Bacterial protein N-glycosylation and its appli-
cation to engineering recombinant glycoproteins continue to be
actively studied. Here, we focus on advances made in the last 2
years, including the characterization of novel bacterialN-glyco-
sylation pathways, examination of pathway enzymes and evolu-
tion, biological roles of protein modification in the native host,
and exploitation of theN-glycosylation pathways to create novel
vaccines and diagnostics.

Protein modification with carbohydrates is common in all
domains of life and provides mechanisms for the control of
various cellular processes, including signal transduction, pro-
tein folding, targeting, stability, cell-cell and virus-cell interac-
tions, and host immune responses (1–4). First thought to be
exclusively of eukaryotic origin, it is now well established that
protein glycosylation also occurs in Archaea (for review, see
Ref. 5) and in Bacteria (for review, see Ref. 6). Despite the fact
that an increasing number of bacterial protein modification
systems are being discovered (6), the best studied pathway
remains the one in Campylobacter jejuni, where a general
N-linked protein glycosylation (pgl) system was first described
more than a decade ago (7). We now know that �60 periplas-
mic and membrane-bound proteins are N-glycosylated with a
conserved heptasaccharide in this gastrointestinal pathogen
(8).
The heptasaccharide �-D-GalNAc(1–4)�-D-GalNAc(1-

4)�-D-GalNAc(�-D-Glc(1–3))(1– 4)�-D-GalNAc(1–4)�-D-
GalNAc(1–3)�-D-di-N-acetylbacillosamine (diNAcBac)3-�1 is
assembled from nucleotide-activated sugars onto an undeca-
prenyl phosphate (Und-P) lipid carrier. The reducing end
sugar, diNAcBac or 2,4-diamino-2,4,6-trideoxy-D-glucose (also
called N-acetyl-quinovosamine), is a derivative of the amino
sugar bacillosamine, which was discovered �50 years ago by
Nathan Sharon in Bacillus licheniformis (9). diNAcBac is syn-
thesized by the consecutive action of a dehydratase (PglF), an
aminotransferase (PglE), and an acetyltransferase (PglD) on

UDP-GlcNAc (10, 11) and transferred to Und-P by PglC (12).
After stepwise extension mediated by four glycosyltransferases
(GTases), PglA, PglJ, PglH, and PglI (13, 14), the full-length
Und-PP-linked heptasaccharide (lipid-linked oligosaccharide
(LLO)) is then flipped by the ATP-dependent flippase PglK
from the cytosolic side of the bacterial inner membrane toward
the periplasmic space (14, 15). The oligosaccharyltransferase
(OTase) PglB is the key enzyme of the pathway and is homolo-
gous to the STT3 subunit from the eukaryotic OTase complex
(16). PglB catalyzes glycan transfer from the lipid carrier to
specific asparagines within flexible loops of folded acceptor
proteins (17) that carry the bacterial glycosylation sequon (D/
E)XNZ(S/T) (where X and Z can be any amino acid except pro-
line) (18). PglB also releases the heptasaccharide as free
oligosaccharides into the periplasmic space, and this hydrolase
activity is influenced by the osmotic environment of the cell
(19).
In eukaryotes, the OTase complex transfers a tetradecasac-

charide unit (Glc3Man9GlcNAc2) to proteins, and these sugars
are further modified by additional glycosyl hydrolases and
GTases to yield a heterologous mixture of N-glycoproteins (1,
20, 21). Although the C. jejuni N-glycans are homogeneous in
structure, the OTase is capable of recognizing various sub-
strates (22–24) and is limited only by the requirement for an
acetyl group at C-2 of the reducing end sugar (24, 25). The
promiscuity of theC. jejuniPglBOTase coupledwith the ability
to function in Escherichia coli (16) in combination with
enzymes from lipopolysaccharideO-antigen biosynthetic path-
ways and variousGTases of bacterial and eukaryotic origin pro-
vides opportunities to produce defined sugar structures on
select acceptor proteins (see below for details).

Bacterial N-Linked Protein Glycosylation: An Update

There have been several publications and reviews describing
the classical N-glycosylation pathway in the �-subdivision of
Proteobacteria over the last decade (for literature selection, see
Refs. 6, 26, and 27). It has been demonstrated that nearly all
bacteria within this class, which includes Campylobacter,Heli-
cobacter, andWolinella species, possess at least one ortholog of
the bacterial OTase (for review, see Ref. 6). In addition, a subset
of Deltaproteobacteria, including Desulfovibrio species, also
possess the N-glycan pathway (28, 29).

Periplasmic N-Glycosylation Pathways in
Epsilonproteobacteria: Variations of a Common Theme

In contrast to C. jejuni, in which a single pglB gene is located
within a gene cluster encoding all enzymes required for biosyn-
thesis of theN-linked glycan, in otherCampylobacter andHeli-
cobacter species, the pgl genes are more dispersed across the
genome (6, 30–32) and may contain two copies of pglB (6, 31).
The composition of the N-glycans is also more variable than
originally thought (Fig. 1) (6, 33, 34). Helicobacter pullorum
produces a linear pentasaccharide with unknown sugar resi-
dues with masses of 216 and 217 Da (31). Wolinella succino-
genesproduces a hexasaccharide containing three 216-Damon-

* This is the second article in the Thematic Minireview Series on Glycobiology
and Extracellular Matrices: Glycan Functions Pervade Biology at All Levels.
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osaccharides and an unusual 232-Da residue at the non-
reducing end and is the only species so far that has a sugar
branching off the second sugar from the reducing end (30).
At least 16 different structures were identified in theCampy-

lobacter genus (Fig. 1) (30, 32). In all species examined, the first
two to three reducing end sugars (which include diNAcBac)
were conserved, and all of the variation occurred at the nonre-
ducing end. On that basis, Campylobacter species were divided
into two groups (32). Group I (Cj group) includes thermotoler-
ant strains that (except for the Campylobacter lari-like species,
which lacks the glucose branch) produce the C. jejuni heptasa-
ccharide. The non-thermotolerant Campylobacter species
(Group II) express differentN-glycan chain lengths from hexa-
saccharides to octasaccharides and, in some cases, produce
from two to four structural variants. The presence of monosac-
charides with unusual masses of 217 Da (as observed inH. pul-
lorum (31), Hilicobacter winghamensis (31), Campylobacter
rectus,Campylobacter showae,Campylobacter curvus,Campy-
lobacter mucosalis (32), and Campylobacter concisus (30) and
predicted to be 2-acetamido-2-deoxy-D-galacturonic acid (32)),
234 Da (identified as glucolactilic acid in C. concisus but also
present in other species (32)), and 245 Da (present in Campy-
lobacter hominis (32) and predicted to be anO-acetylated Hex-
NAc (32)) suggests that some Campylobacter species have
acquired these unique sugars independently (32).

Interestingly, the overlap in theN-glycoproteomewas shown
to bemarginal, with the exception of the SecG protein, which is
part of the general protein secretory machinery and has been
demonstrated to be a target for N-glycosylation in every Cam-
pylobacter species examined (32). Although a variety of pheno-
types are associated with loss of protein glycosylation (see “Bio-
logical Significance” below), it appears that this machinery has
specific targets requiring N-glycosylation, and modification of
other proteins may occur simply because they possess a sequon
for N-glycosylation.
In addition to the variety inN-glycan structures, non-carbo-

hydratemodifications can be found. Scott et al. (35) identified a
phosphoethanolamine (pEtN) residue attached to the terminal
GalNAc of the N-glycan of C. jejuni on multiple proteins.
Although pEtNwas not an immunodominant epitope, deletion
of the gene in C. jejuni JHH1 resulted in reduced motility and
increased sensitivity toward polymyxin B (35). Interestingly,
the glycans of Campylobacter gracilis were found to be nearly
100% pEtN-modified on the free oligosaccharides and �50%
modified on the glycoprotein, with non-modified forms being
present on the same acceptor peptide (32). pEtNmodifications
are frequently present on lipid A and lipopolysaccharide core
structures and also have been recently identified to modify the
C. jejuni flagellar hook protein FlgG (36).

FIGURE 1. Known bacterial N-glycan structures from strains possessing orthologs of the pgl gene cluster. The numbers in parentheses following each
strain designation refer to the publication in which the structure was first described: 1, Ref. 32; 2, Ref. 31; 3, Ref. 30; 4, Ref. 29; 5, Ref. 92; 6, Ref. 34; and 7, Ref. 81.
The numbers next to certain structures indicate that differences in the composition of the oligosaccharides were reported. Symbols representing individual
monosaccharides are explained on the right. PE, pEtN. AllNAc, N-acetylallosamine.
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However, the question of why this modification is added to
the free oligosaccharides and N-glycans of only two species
when all Campylobacter species possess a pEtN transferase
homolog remains to be answered. Interestingly, Neisseria spe-
cies that have a general pathway for O-glycosylation further
modify their O-glycosylated pili and at least two other glyco-
proteins with pEtN, phosphocholine, and phosphoglycerol, but
these modifications are added to unoccupied Ser/Thr residues
on the protein and not directly to the sugars (37, 38).

Biological Significance

Disruption of theC. jejuniN-glycosylation pathway results in
pleiotropic phenotypes, including loss of protein recognition by
both human (39) and rabbit (7, 40) immune sera (Fig. 2). The
observation that multiple proteins lose antibody reactivity
when the pgl genes are disrupted led to the initial discovery of
this general glycosylation pathway (7). Subsequently, it was
demonstrated by van Sorge et al. (41) that theC. jejuniN-glycan
can also be recognized by the innate immune system through
the C-type lectin known as MGL (macrophage galactose lectin
receptor with specificity for N-acetylgalactosamine) on den-
dritic cells. Mutation of the pgl genes also influences bacterial
adherence and invasion of cultured intestinal cells in vitro as
well as mouse and chicken colonization in vivo (40, 42, 43). Of
the �60 proteins that have been annotated and demonstrated
to be modified with N-glycans in C. jejuni (8), the majority are
part of protein complexes. Despite the fact that several studies
have demonstrated the importance of N-glycosylation in
C. jejuni pathogenesis, the general role of the N-glycans is still
unknown. Site-directed mutagenesis within the N-glycosyla-

tion sequon has been used to study proteins such as Cj1496c,
ZnuA, and VirB10 (44–46). Removal of the N-linked glycans
from Cj1496c, a protein involved in epithelial cell invasion and
chicken colonization, and ZnuA, which is important for sur-
vival in low-zinc environments, showedno significant influence
on the function of these proteins (42, 45). Similarly, the N-gly-
can on the surface-associated lipoprotein JlpA, an adhesin
required for chicken colonization, was not required for protein
antigenicity (47, 48), and N-glycosylation of two mechanosen-
sitive channel proteins had no major effect on their function
and stability (49). However, N-glycosylation at one site of
VirB10, a periplasmic component of the type IV secretion sys-
tem,was shown to be important forDNAuptake and stability of
the complex (44). This was the first study to suggest thatN-gly-
cans are potentially involved in the proper assembly and func-
tion of protein complexes in C. jejuni.
CmeABC is themajor efflux pump inC. jejuni responsible for

conferring resistance to a broad range of antibiotics and bile
salts and is also required for colonization of chickens in vivo
(50). The three components of the CmeABC multidrug efflux
pump in C. jejuni are also N-glycosylated. Mutagenesis of the
Asn123 and Asn273 sites of the periplasmic component of this
efflux pump, CmeA, demonstrated similar patterns of antimi-
crobial sensitivity and reduced chicken colonization levels as a
cmeA mutant.4 Because CmeA protein levels were not altered
in the N-glycosylation mutant, studies are under way to deter-
mine whether N-glycosylation influences pump assembly.

4 R. Dubb, H. Nothaft, J. Wong, T. L. Ravio, and C. M. Szymanski, manuscript in
preparation.

FIGURE 2. Importance of N-glycosylation for C. jejuni. Disruption of the bacterial N-glycosylation pathway leads to reduced intestinal epithelial cell adher-
ence and invasion in vitro and reduced colonization of mice and chickens in vivo. The N-glycans at the nonreducing end are also recognized by both adaptive
(i.e. antibodies) and innate (i.e. MGL receptors on dendritic cells) immune mechanisms. Although removal of the N-glycan does not influence the biological
activity of several proteins, the N-glycans are important for the function of the type IV secretion system and for the CmeABC multidrug efflux pump. Graphics
were done by Thuan Nguyen.
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Evolutionary Perspective
Because allCampylobacter species but one possess a pgl gene

cluster with counterparts showing high levels of similarity and
synteny (32), this suggests that theN-glycan pathway was likely
present in the common ancestor of the Campylobacter genus
prior to the division into species. Thus, it is not surprising that
the first two to three reducing end sugars are conserved in all
species capable of protein glycosylation (Fig. 1). This is in con-
trast to the diverseN-glycan structures at the nonreducing end,
which are subjected to pressures to evolve due to immune rec-
ognition. This is emphasized by the observation that C. jejuni
N-glycan-specific antibodies recognize only the full-length
heptasaccharide and do not react against pathway mutants
devoid of the nonreducing end sugars (19, 51). We have also
shown that C. jejuni N-glycan antibodies do not react against
N-glycans produced by non-thermotolerant Campylobacter
species, and conversely, antibodies raised against the N-glycan
of Campylobacter fetus fetus react only with N-glycans of spe-
cies with the same terminal glycans (Fig. 1), although the three
reducing end sugars are identical between these species (32).
Of the 29 Campylobacter species capable of N-glycosylating

their proteins, all form theN-linkage to asparagine through the

unusual diNAcBac sugar (Figs. 1 and 3) (32). In contrast, all
eukaryotes form N-linkages through GlcNAc. To synthesize
diNAcBac, bacteria start with UDP-GlcNAc andmake the con-
version using three enzymes, PglD, PglE, and PglF (as outlined
above). All Neisseria species examined to date O-glycosylate
their proteins. Synthesis of the oligosaccharide occurs on
Und-P, followed by flipping across the membrane and addition
to Ser/Thr residues of multiple target proteins by the promis-
cuous PglL OTase (52–54). Although this genus belongs to the
Betaproteobacteria, they also predominantly use diNAcBac at
the reducing end (referred to as DATDH (diacetamidotride-
oxyhexose) in the literature because the absolute conformation
of the hexose has not beendetermined), althoughother variants
such as GATDH (glyceramidoacetamidotrideoxyhexose (55)
and DADDGlc (diacetamidodideoxyglucopyranose (56)) have
been detected. Thus,Neisseria species also possess homologs of
the PglFED enzymes. Phylogenetic analyses of these three
enzymes, which convertUDP-GlcNAc toUDP-diNAcBac from
all strains known to produce N-glycans and Neisseria species
containing the pgl locus, showed the formation of two distinc-
tive clades (Fig. 3) (data not shown). These results suggest that
the Campylobacter and Neisseria protein glycosylation path-

FIGURE 3. Use of diNAcBac for bacterial protein glycosylation. Shown is a structural comparison (space-filling models provided by Michelle Richards) of the
bacterial diNAcBac residue (A) and the eukaryotic GlcNAc residue (B) attached to asparagine for N-glycosylation (highlighted in green). C, dendrogram of
proteobacterial PglE (the aminotransferase involved in diNAcBac synthesis) amino acid sequences. Protein sequences were extracted from the draft or
completed genome sequences for the taxa illustrated in the tree. The dendrogram was constructed using a neighbor-joining algorithm and the Poisson
distance estimation method. The scale bar represents substitutions per site. Similar dendrograms were obtained for PglD (acetyltransferase) and PglE (dehy-
dratase) (data not shown).
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ways have convergently evolved to use diNAcBac. Why this
unusual sugar is produced by two different bacterial protein
glycosylation systems remains a mystery. It is also surprising to
see that the enzymes from W. succinogenes (which uses
diNAcBac) (30) cluster with those from Helicobacter species
possessing pgl gene loci, including pglFED, but use HexNAc as
the reducing end sugar (31). Desulfovibrio species were
excluded from these analyses because they do not possess obvi-
ous PglFED orthologs. This is supported by x-ray crystallogra-
phy data demonstrating that the reducing end sugar of Desul-
fovibrio gigas is GlcNAc (29).

Gammaproteobacteria Do It, Too! The Cytoplasmic
N-Glycosylation Pathway

In 2003, St Geme and co-workers (57) demonstrated that the
extracellular high-molecular weight non-pilus adhesin HMW1
of the Gram-negative bacterium Haemophilus influenzae was
modified with mono- or dihexoses on asparagine residues.
HMW1 mediates attachment to human epithelial cells, an
essential step in the establishment ofH. influenzae disease (58–
60). HMW1C is a unique GTase that is required for glycosyla-
tion of HMW1 in the cytoplasm, and glycosylation was shown
to be essential for HMW1 stability and translocation to the
bacterial surface (57). Thirty-one modification sites were iden-
tified in HMW1, and all but one of the asparagines is within the
conventional consensus sequence for eukaryotic N-glycosyla-
tion, NX(S/T) (61). In a subsequent study, HMW1C was dem-
onstrated to have substrate specificity for UDP-�-D-glucose
and UDP-�-D-galactose, but with the prerequisite that glucose
must be the first hexose linked to asparagine in the glycopep-
tides containing dihexose modifications prior to further modi-
fication by the same enzyme (62). Because HMW1C orthologs
can be found in several otherGram-negative pathogens, includ-
ing enterotoxigenic E. coli, Yersinia pseudotuberculosis, Yers-
inia enterocolitica, Yersinia pestis, Haemophilus ducreyi,
Actinobacillus pleuropneumoniae, Mannheimia spp., Xan-
thomonas spp., andBurkholderia spp., among others (62), these
proteins were suggested to constitute a new family of bacterial
enzymes capable of creating N-linked carbohydrate-protein
and carbohydrate-carbohydrate bonds in the cytoplasm that do
not require the formation of the monosaccharide units on a
lipid-linked intermediate (61).
Recently, the structure of the HMW1C ortholog of A. pleu-

ropneumoniae that is capable of glycosylating theH. influenzae
HMW1 adhesin in vitro and in vivo (63) was solved (64). Struc-
ture-guided modeling in combination with site-directed
mutagenesis and glycosylation assays demonstrated that the
H. influenzae HMW1C protein adopts the same structure as
A. pleuropneumoniaeHMW1C,with critical residues for UDP-
hexose binding and residues for acceptor protein binding being
conserved (64). Schwarz et al. (65) confirmed that theHMW1C
ortholog from A. pleuropneumoniae is an inverting GTase that
transfers a glucose or galactose moiety (with specificity for
UDP-glucose) to asparagine within the eukaryotic NX(S/T)
consensus sequence, but the enzyme did not further elongate
the N-linked monosaccharide. An additional, glucose-specific,
polymerizing glucosyltransferase elongates the N-linked glu-
cose, adding two glucose residues (and up to six residues in

excess of donor) to generate Glc�(1–6)Glc�(1–6)Glc (65).
Despite lacking the need for Asp/Glu at the �2 position of the
sequon, HMW1Cproteins could not glucosylate short peptides
that work for C. jejuni PglB (22), indicating that binding of the
substrate to the enzymemight require an extended contact sur-
face (65). A proline in the �1 position of the acceptor peptide
impaired glycosylation (like C. jejuni PglB). HMW1C does not
requiremetal ions (unlikeC. jejuniPglB) but operates on folded
proteins (like C. jejuni PglB). Because HMW1C does not share
any sequence identity with PglB and because of the fact that the
two enzymes belong to two structurally unrelated GTase fam-
ilies, these bacterial N-glycosylation systems seem to have
evolved independently in two genera within two different bac-
terial classes and in different compartments of the cell.

Bacterial Glycoengineering: A New Discipline Is on the
Rise

Conjugate vaccines, which are composed of polysaccharide
antigens covalently linked to carrier proteins, have been dem-
onstrated to be the most effective and safest vaccines against
bacterial pathogens. In contrast to isolated bacterial polysac-
charides, conjugate vaccines induce a long-lasting T-lympho-
cyte-dependent immunological memory (66, 67) and thus have
played an enormous role in preventing infectious diseases (67,
68).However, themajority of these vaccines are based on chem-
ical conjugation of a protein to either purified polysaccharide
from a natural source or carbohydrates produced by multiple
chemical synthesis steps, an expensive and time-consuming
process yielding variable products (69). Bacterial glycoengi-
neering may provide a solution to facilitate the production of
such compounds in a cost-effective and homogeneousmanner.
The functional transfer of theC. jejuni glycosylationmachin-

ery intoE. coli started the era of bacterial glycoengineering (16).
The C. jejuni-derived glycoprotein CmeA, a periplasmic com-
ponent of the multidrug efflux pump, was the preferred N-gly-
can acceptor protein to be modified with various bacterial
oligosaccharides in a PglB-dependent manner (23, 24). Now,
researchers can take advantage of this system for the creation of
novel glycoconjugates (70).

Vaccines, Therapeutic Proteins, and Novel Glycans

A novel vaccine against Brucella abortus, a major cause of
brucellosis in humans and livestock (71, 72), was described
recently (73). The purified glycoconjugate, produced by PglB-
dependent coupling of an N-formylperosamine homopolymer
to C. jejuni CmeA, induced a pathogen sugar-specific IgG
response in mice but was not protective in challenge experi-
ments. However, when the recombinant glycoprotein was
coated onto magnetic beads, it was efficient in differentiating
between naïve and infected bovine sera, thus acting a useful
diagnostic tool (73). Ihssen et al. (74) produced two glycocon-
jugates as potential vaccine candidates against Shigella dysen-
teriae type 1 by PglB-dependent coupling of the ShigellaO1-an-
tigen to eitherC. jejuniCmeAor a toxoid form of Pseudomonas
aeruginosa exotoxin A with engineered N-glycosylation sites.
Similarly, Hug et al. (75) engineered E. coli to generate a Lewis
X (Gal�(1–4)(Fuc�1–3)GlcNAc-) glycan-containing glyco-
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protein (C. jejuni CmeA) in a combined in vivo and in vitro
approach.
These examples, together with previous results (16, 23, 24),

demonstrate that it is now feasible to produce a variety of bac-
terial glycans attached to protein acceptors with relative ease.
However, the synthesis of eukaryote-like oligosaccharides to
generate humanized glycoproteins is still a challenge within the
field of bacterial glycoengineering. Recently, a combination of
in vivo and chemoenzymatic approaches produced homogene-
ous eukaryotic N-glycoproteins by in vitro trimming and
remodeling of a bacterially generatedN-linked glycan by trans-
glycosylation (76). In this proof-of-concept study, the authors
were able to generate a natural high mannose-type glycan
(Man9GlcNAc2) and a biantennary complex-type N-glycan
attached to CmeA as well as two eukaryotic proteins, the CH2
domain of human IgG-Fc and the single-chain antibody F8 (76).
A big step forward was the complete in vivo synthesis of a
eukaryotic trimannosylchitobiose glycan by expressing four
eukaryotic GTases and the subsequent transfer (via C. jejuni
PglB) to acceptor proteins in E. coli (77). Despite the fact that
only a very small fraction of each acceptor protein was glycosy-
lated under the tested conditions, this study sets the stage for
further engineering of eukaryotic glycoproteins using bacterial
systems (77).
N-Linked protein glycosylation can also improve the bio-

physical and pharmacokinetic properties of existing therapeu-
tic proteins such as antibodies when expressed and N-glycosy-
lated in eukaryotic cell lines (78, 79). Using the bacterial system,
Lizak et al. (80) demonstrated that introduction of two N-gly-
can acceptor sites and subsequent N-glycosylation of a single-
chain antibody (scFv 3D5) with the C. jejuni N-glycan in E. coli
significantly increased the proteolytic stability and solubility
without influencing the affinity and serum stability of the sin-
gle-chain antibody. However,N-glycosylation did not affect the
overall clearance rate in the murine model system, which was
probably due to the properties of the attached C. jejuni N-gly-
can (80).

Understanding and Improving N-Glycosylation

The x-ray crystal structure ofC. lari PglB, which is 56% iden-
tical to C. jejuni PglB and complements C. jejuni PglB function
in E. coli (80, 81), was solved in complex with the DQNATF
acceptor peptide. This structure greatly advanced our under-
standing of the detailedmechanism forN-linked protein glyco-
sylation at a molecular level (82). The structure not only iden-
tified the acceptor peptide-binding and catalytic sites in the
transmembrane domain but provided insights into the mecha-
nism of sugar transfer from LLOs to acceptor proteins. The
structural requirements of the acceptor peptide (flexible loop
formation), as well as important amino acid residues within
C. lari PglB that explain the peptide sequon requirements and
the catalytic mechanism (including divalent metal ion com-
plexing), were identified.
Topology predictions further demonstrated the commonal-

ity of three motifs in bacterial, archaeal, and eukaryotic OTases
that were the target for mutagenesis and functional analysis
within C. jejuni PglB (83, 84). C. jejuni PglB activity was either
low, medium, or completely abolished in point mutants with

substitutions of amino acid residues that are involved in sub-
strate binding and catalysis, confirming and supporting the
observations made by Lizak et al. (82) for C. lari PglB. Genetic
and functional analysis suggested that a 568MXXI571 motif has
an impact on C. jejuni PglB function (84); in addition, single
point mutations introduced into the conserved 475DXXK478

motif, earlier identifiedwithin theOTase of Pyrococcus furiosus
(85), implied that Asp475 is involved but does not play an essen-
tial role in PglB activity (83). However, double valine or alanine
substitutions of the Asp475 and Lys478 sites resulted in the com-
plete loss of C. jejuni CmeA glycosylation activity in E. coli, an
effect more drastic than a single Asp475 substitution.5 The fact
that D475V and K478V single and double point mutants dis-
played a significant reduction in PglB-mediated free oligosac-
charide release andN-glycosylation levels when analyzed in the
native C. jejuni host suggests that these residues are indeed
important for PglB activity.5
The PglB structure in combination with in vitro evolution

systems such as cell-surface and phage display (86, 87) will lead
to the creation of OTases that efficiently glycosylate eukaryotic
acceptor sites. The identification and characterization of novel
OTases (88), especially those withmore relaxed substrate spec-
ificities (28, 81), will assist in engineering novel antigens. The
use of codon-optimized GTase- and OTase-encoding genes,
better glycoconjugate production strains, and improved culture
conditions and glycoconjugate purification methods (74, 80,
89–91) will further aid to optimize novel and already existing
glycoconjugate expression systems.

Conclusions

Over the last decade, an incredible amount of progress has
been made in our understanding of bacterial N-glycosylation
systems. However, several key questions still remain. For
instance, what are the main targets for N-glycosylation?
Although tremendous progress has been made in the field of
bacterial glycoengineering, there is still room for improvement
and it needs to be determined whether it will be possible to
produce humanized therapeutic proteins in the bacterial sys-
tem in large enough quantities to make it feasible to replace
existing technologies. Analogous to eukaryotes, which require
flipping of a LLO from the cytoplasm to the lumen of the endo-
plasmic reticulum, protein N-glycosylation has been detected
only in Gram-negative bacteria, which contain two mem-
branes.Whydoonly someGram-negative bacteriamodify their
proteins with sugars, whereas others use the same proteins
without modification? Why was diNAcBac selected twice dur-
ing bacterial evolution to act as the sugar that links oligosaccha-
rides to proteins? Are there additional protein targets for the
cytoplasmic HMW1C-dependent glycosylation pathway, or do
these organisms use this pathway solely for the purpose of gly-
cosylating the adhesion needed for human cell attachment?
What are the exact roles of the sugars on the adhesin? The
answers to the many remaining questions will provide more
insight into the process of asparagine-linked protein glycosyla-
tion in bacteria.

5 Y. Barre, H. Nothaft, X. Liu, J. Li, K. Ng, and C. M. Szymanski, manuscript in
preparation.
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Mucin-type O-glycosylation is an evolutionarily conserved
proteinmodification present onmembrane-bound and secreted
proteins. Aberrations inO-glycosylation are responsible for cer-
tain human diseases and are associated with disease risk factors.
Recent studies have demonstrated essential roles for mucin-
type O-glycosylation in protein secretion, stability, processing,
and function.Here, we summarize our current understanding of
the diverse roles of mucin-type O-glycosylation during eukary-
otic development. Appreciating how this conserved modifica-
tion operates in developmental processes will provide insight
into its roles in human disease and disease susceptibilities.

Glycosylation, or the addition of sugar chains to proteins, is a
ubiquitous and highly conserved type of protein modification.
Two of the most abundant forms of glycosylation occurring on
proteins destined to be secreted or membrane-bound are
N-linked (to asparagine) andmucin-typeO-linked (to serine or
threonine). (Other types ofO-linked glycosylation exist but will
not be covered in thisminireview).Mucin-typeO-glycosylation
(hereafter referred to as O-glycosylation) is an evolutionarily
conserved protein modification found in mammals, echino-
derms, worms, insects, protozoa, and certain types of fungi.
This modification is characterized by the initial addition of a
GalNAc sugar to the hydroxyl group of serine or threonine
residues. These glycans are abundant on mucins, proteins typ-
ified by repeating domains rich in proline, threonine, and serine
(PTS domains). The extensive O-glycosylation present within
these repeating domains serves to extend the protein backbone
of mucins, transforming it from a globular structure to an
extended rod-like structure (1). Additionally, these clustered
regions of O-glycosylation confer both protection from prote-
olysis and unique rheological properties to the mucin protein
core (2). Mucin-type O-glycans are also found on many other
cell surface and secreted proteins and thus are uniquely posi-
tioned to modulate recognition, adhesion, and communication
events occurring between cells and their surrounding environ-
ments. Indeed, roles for mucin-type O-glycans in selectin-car-
bohydrate-mediated cell adhesion events are well documented
within the immune system (3–7). However, deciphering the
developmental role of these glycans has been difficult due to the
complexity associatedwith their synthesis. Because a large fam-

ily of enzymes is responsible for catalyzing the initial addition of
the GalNAc sugar, functional redundancy built into O-glycan
biosynthesis has made single gene knock-outs in mammals
challenging to analyze. Additionally, prediction, identification,
and characterization of O-glycosylated substrates have been
arduous given that there is no consensus sequence for O-
GalNAc addition, no single reagent that will detect all O-gly-
cans, and no enzyme that will efficiently remove all O-glycans
regardless of their length or complexity. However, recent ana-
lytical advances have facilitated the identification ofO-glycosy-
lated proteins, and studies in model organisms have demon-
strated essential roles forO-glycans in embryonic development,
organogenesis, and tissue homeostasis. This minireview sum-
marizes our current understanding of the roles of mucin-type
O-glycosylation during development.

Mucin-type O-Glycosylation Is Initiated by a Family of
Enzymes

Mucin-type O-glycosylation is unique among various types
of glycosylation in that it is initiated by a large family of
enzymes (UDP-GalNAc:polypeptide N-acetylgalactosaminyl-
transferases (ppGalNAc-Ts)2 or GalNAc transferases in mam-
mals and PGANTs inDrosophila; EC 2.4.1.41). Eachmember of
this family is capable of catalyzing the addition of GalNAc (via
an O-glycosidic linkage) to the hydroxyl groups of serines or
threonines in protein substrates (Fig. 1) (reviewed in Refs.
8–10).Thereare20ppGalNAc-Ts inhumans (11), 19 inmice, and
asmany as 12 inDrosophila. All familymembers are type II trans-
membrane proteins, having a short N-terminal cytoplasmic tail, a
hydrophobic region that spans the Golgi membrane, and a con-
served catalytic region that lies within the Golgi lumen.
Why are there somany enzymes responsible for the initiation

of O-glycosylation? Studies examining the expression of each
ppGalNAc-T familymember during bothmammalian andDro-
sophila development have demonstrated that many members
have unique tissue- and stage-specific expression patterns (12–
14). Although somemembers are expressedwidely acrossmany
developing tissues, others have very restricted expression in
both space and time, suggesting that they may be performing
unique functional roles (13, 15). In support of this, in vitro stud-
ies have demonstrated that certainmembers of this family have
unique protein substrate preferences as well as specific sites of
GalNAc addition within those substrates (14, 16–25). Interest-
ingly, the substrate specificities of individual isoforms appear to
be evolutionarily conserved, as mammalian and Drosophila
orthologs display similar substrate preferences and preferred
sites of GalNAc addition in vitro (12, 25). This conservation of
enzyme specificity further suggests that individual familymem-
bers may be performing conserved enzymatic and biological
functions. Finally, biochemical studies have revealed that a
hierarchy of activity exists within this enzyme family; certain
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enzymes perform the initial addition of GalNAc to unmodified
substrates (initiating or peptide transferases), and others glyco-
sylate only substrates that contain a pre-existing GalNAc (gly-
copeptide transferases), in many cases adding GalNAc vicinal
to the site of the extant GalNAc (12, 14, 16–20, 22, 26, 27). These
results suggest that an elaborate network of ppGalNAc-
T activity exists to ensure the appropriate glycosylation of
endogenous substrates.
After the initial addition of GalNAc, extension of the sugar

chain occurs in a stepwisemanner, yielding several higher order
glycan structures (Fig. 1). The most common extension is
known as the core 1 or T antigen structure. This structure is
catalyzed by the core 1 �1,3-galactosyltransferase (T-synthase
or C1GalT1), which adds galactose in a �1,3-linkage to the
extant GalNAc (28, 29). The gene encoding the C1GalT1
enzyme inmammals is evolutionarily conserved; one is present
inCaenorhabditis elegans (30), and as many as nine are present
in Drosophila (31, 32). Although the single C1galt1 gene (in
mammals and C. elegans) is widely expressed across many tis-
sues and stages of development (28–30), the C1GalT genes in
Drosophila have specific temporal and spatial patterns of
expression, suggesting unique developmental roles for individ-
ual members of this family (31, 32). Interestingly, the proper

folding and activity of the mammalian C1GalT1 enzyme are
dependent upon an endoplasmic reticulum (ER) chaperone
known as Cosmc (33). The chaperoning activity of Cosmc
appears to be specific to the C1GalT1 enzyme, as loss of Cosmc
affects only the synthesis of core 1O-glycans in mammals (33–
35). In contrast, theC. elegans andDrosophilaC1GalT enzymes
do not require such a chaperone for activity (30, 32).
The core 3 structure is catalyzed by�1,3-N-acetylglucosami-

nyltransferase 6, which adds a GlcNAc in a �1,3-linkage to the
extant GalNAc (Fig. 1). One �1,3-N-acetylglucosaminyltrans-
ferase 6 isoform is present in mammals and expressed most
abundantly in the digestive tract. Core 1 and core 3 structures
can be further modified to form core 2 and core 4 structures,
respectively. These structures are catalyzed by the �1,6-N-
acetylglucosaminyltransferases. There are three�1,6-N-acetyl-
glucosaminyltransferases in mammals, two of which catalyze
the formation of the core 2 structure and one that can catalyze
either the core 2 or core 4 structure (Fig. 1). In addition to the
core structures described above, other less common core struc-
tures exist but will not be discussed in this minireview.
As illustrated in Fig. 1, the core O-glycan structures can be

further modified or extended with the addition of other sugars
such as galactose, GlcNAc, fucose, and sialic acid, creating

FIGURE 1. Biosynthesis of mucin-type O-glycans. The initiation of mucin-type O-glycosylation is catalyzed by the addition of GalNAc to the hydroxyl groups
of serine or threonine in protein substrates destined to be membrane-bound or secreted, forming the Tn antigen (Tn Ag). The addition of other sugars results
in the formation of the core structures. Enzymes responsible for the synthesis of the Tn antigen, core 1 (T antigen (T Ag)), core 2, core 3, core 4, and sialylated
core 1 structures are shown. The number of isoforms present in mammals is shown in parentheses. Additional extensions of O-glycans are not shown. C1GalT1
or T-syn, core 1 �1,3-galactosyltransferase; �3Gn-T6, �1,3-N-acetylglucosaminyltransferase 6; �6GlcNAc-T, �1,6-N-acetylglucosaminyltransferase; ST3Gal-I,
�2,3-sialyltransferase I.
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extended linear or branched structures. Such branched struc-
tures are typically seen in mammals and often terminate with
the negatively charged sugar sialic acid. However,O-glycans in
Drosophila tend to be shorter, consisting primarily of Tn anti-
gen and T antigen (36, 37). Additionally, Drosophila O-glycans
have not been found to contain sialic acid but rather contain
glucuronic acid as a terminal negatively charged sugar (36).

Mucin-type O-Glycans Are Present in Many Developing
Tissues and Organs

Antibodies and sugar-binding proteins (lectins) specific for
mucin-type O-linked glycans have been used to examine the
presence of O-glycoproteins in situ during both mammalian
and Drosophila development. Mucin-type O-glycans are pres-
ent inmost developingDrosophila embryonic tissues and larval
imaginal discs (38). Within those tissues, O-linked glycopro-
teins are located in very specific regions (Fig. 2) (38–41). In
epithelial tubes such as the respiratory system, the salivary
glands, and the digestive tract, O-glycans are found predomi-
nantly along the apical and luminal surfaces. In other tissues,
O-glycans are clustered within the basementmembrane, where
many extracellular matrix (ECM) proteins that mediate cell
adhesion and signaling are present (Fig. 2) (40, 41). Similarly, in
mammalian organs, O-linked glycans are found in distinct
regions of developing organs and tissues (Fig. 2) (42, 43). Stud-

ies examiningO-glycan structures present during development
have further demonstrated stage-specific changes in the types
and extent of O-glycan branching. Additionally, different
regions of developing tissues can also express very different
subsets of O-glycans, suggesting unique roles for different gly-
can structures aswell as unique regulation of glycan synthesis in
particular cells (36).

Roles for Mucin-type O-Glycosylation during
Development

The first evidence that O-linked glycans are essential came
from studies in the model organism Drosophila melanogaster.
Mutations in one pgant family member (pgant35A) resulted in
lethality (Table 1) (18, 21), and loss of bothmaternal and zygotic
pgant35A resulted in defective respiratory system develop-
ment, characterized by loss of apical-basal polarity and com-
promised diffusion barrier formation (39). These studies dem-
onstrated an essential role for this modification during
development as well as amore specific role in the establishment
of polarity and tight junction formation within the epithelial
tubes of the fly respiratory tract.
Recent work in Drosophila has identified four additional

pgant genes that are essential for viability (44). RNAi studies
identified pgant4, pgant5, pgant7, and CG30463 as essential
genes during Drosophila development (Table 1) (44). More-

FIGURE 2. Mucin-type O-glycan expression during development. A, Tn antigen (GalNAc�1-Ser/Thr) expression during Drosophila embryonic development
(as detected by the anti-Tn antibody, green). The upper panels show whole embryos at different stages of development (stages 11–13 and 17), with the salivary
glands (sg), hindgut (hg), tracheal placodes (tp), tracheal system (ts), Malpighian tubules (mp), and posterior spiracles (ps) indicated. The lower panels show
magnified views of the Malpighian tubules, salivary glands, tracheal placodes, and foregut (fg). The dashed white lines outline the outer edges of specific organs.
This figure is adapted from Ref. 38. B, Tn antigen expression in Drosophila pupal wings at 6 – 8 and 34 –36 h after puparium formation (APF). X-Z optical sections
are shown and demonstrate expression of Tn antigen structures at the interface (white arrows) of the dorsal and ventral cell layers of the developing wing. This
figure is adapted from Ref. 40. C, expression of core 1 structures along the basement membrane during mouse embryonic SMG development. The phase-
contrast image of an embryonic day 12 SMG (panel I) indicates the region (dashed white box) of higher magnification shown below (panel II). Arachis hypogaea
(PNA) lectin staining (red) shows abundant core 1 structures present within the basement membrane of the developing SMG (panel II). E-cadherin (Ecad)
staining of epithelial cells of the gland is shown in green. This figure is adapted from Ref. 43. DIC, differential interference contrast.
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over, tissue-specific RNAi demonstrated essential roles for each
gene in various developing organ systems. One essential gene
(pgant5) is required in specialized cells of the digestive system
that regulate proper gut acidification (44). Additionally, specific
tissues (the mesoderm, digestive system, and respiratory sys-
tem) require more than one pgant gene, suggesting a collabor-
ative or hierarchical network of PGANT activity in vivo.
Specific roles for O-glycosylation in cell-cell interactions

occurring during development have also been documented (40,
41). Loss of pgant3 resulted in loss of proper integrin-mediated
cell adhesion during wing development inDrosophila (Table 1)
(40). PGANT3 was found to glycosylate an integrin-binding
ECM protein that is normally secreted to the basement mem-
brane, where it coordinates cell adhesion. In the absence of
PGANT3, this matrix protein was not secreted, resulting in
disrupted cell adhesion. The role of O-glycosylation in secre-
tion was further supported by cell culture studies showing that
the loss of PGANT3 resulted in decreased secretion of a
reporter protein and changes in the organization of the Golgi
apparatus (45). Taken together, these results support amodel in
which O-glycosylation is required for the proper secretion of
components of the ECM responsible for mediating cell-cell
interactions during development.

Mice deficient in a number of ppGalNAc-T family members
have been created, but many show no obvious phenotypes,
likely due to the functional redundancy present among the 19
murine isoforms (reviewed in Refs. 8 and 9). However, mice
deficient forGalnt1 (which have defects in lymphocyte homing
and blood coagulation) were underrepresented in Mendelian
ratios from crosses of heterozygotes, suggesting non-redun-
dant developmental roles for this glycosyltransferase (46).
Recent studies examining the role ofGalnt1 in organs in which
it is abundantly expressed during early development demon-
strated specific defects in the growth and development of the
embryonic heart3 and submandibular glands (SMGs) (Table 1)
(43). Loss ofGalnt1 resulted in defects in the secretion of base-
ment membrane (BM) proteins normally present during early
stages of SMG development (43). Loss of these proteins along
theBMregion resulted in decreased FGF and integrin signaling,
decreased AKT and MAPK phosphorylation, and decreased
epithelial cell proliferation within the SMGs. SMGs from
Galnt1-deficient mice grew at a slower rate and remained
smaller into adulthood. SMG growth and FGF signaling could
be rescued by the addition of exogenous BM components.

3 Y. Guan and L. A. Tabak, personal communication.

TABLE 1
Developmental phenotypes associated with mutation or knockdown of genes directly involved in mucin-type O-glycan biosynthesis

Gene Protein Species
Structure
formed Mutant phenotypes Refs.

Galnt1 ppGalNAcT-1 Mouse Tn Aga Altered salivary gland morphogenesis due to
decreased secretion of ECM components and
reduced FGF signaling; induction of ER stress;
lymphocyte homing and bleeding disorders

43, 46

Galnt3 ppGalNAcT-3 Mouse Tn Ag Growth retardation in males; infertility in males;
decreased circulating intact FGF23;
hyperphosphatemia; increased bone density

56–58

pgant3 PGANT3 Drosophila Tn Ag Decreased secretion of ECM components; loss of
integrin-mediated cell adhesion during
development

40, 41

pgant4 PGANT4 Drosophila Tn Ag Lethal during development 44
pgant5 PGANT5 Drosophila Tn Ag Lethal during development; loss of gut acidification 44
pgant7 PGANT7 Drosophila Tn Ag Lethal during development 44
pgant35A PGANT35A Drosophila Tn Ag Lethal during development; irregular formation of

embryonic respiratory system; loss of cell
polarity and diffusion barrier in respiratory
system

18, 21, 39

CG30463 CG30463 Drosophila Tn Ag Lethal during development 44
xGalntl-1 xGalntl-1 Xenopus Tn Ag Smaller brain and spinal cord 47
galnt11 galnt11 Xenopus Tn Ag LR patterning defects 48
C1galt1 or T-syn C1GalT1 or T-synthase Mouse Core 1 Systemic deficiency is lethal by E14 with defective

angiogenesis and brain hemorrhages;
hypomorphic mutants die by day 200 and display
thrombocytopenia and kidney failure with
distorted glomeruli and proximal tubules;
targeted disruption in endothelial cells causes
embryonic/neonatal lethality with
blood/lymphatic misconnections; targeted
disruption in intestinal epithelium causes
spontaneous colitis

59, 60, 62, 64

Cosmc Cosmc Mouse Core 1 Systemic deficiency is lethal by E12.5 with brain
and spinal cord hemorrhages; targeted
disruption in endothelial cells causes perinatal
lethality with hemorrhages and defects in platelet
biogenesis

35, 63

C1GalTA C1GalTA Drosophila Core 1 Elongated ventral nerve cord; distorted brain
hemispheres; decreased number of circulating
hemocytes

31, 76

Gne GNE/MNK Mouse Sialylated glycans GneM712T/M712T mutant displays loss of sialylated
O-glycans in developing kidney along with
glomerulopathy and podocyte effacement

42

a Ag, antigen; E, embryonic day.
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Additionally, the loss of Galnt1 resulted in induction of an ER
stress response, suggesting that O-glycosylation may be
required for efficient secretory apparatus function during cer-
tain stages of development. This study demonstrated that
O-glycosylation influences the composition of the ECM during
mammalian development, similar to what was found in Dro-
sophila. In this instance, changes in the ECM affected con-
served signaling events involved in cell proliferation and
organogenesis (43). Additionally, this study provided evidence
that loss of O-glycosylation, like N-glycosylation, can result in
an ER stress response, suggesting a role for O-glycosylation in
the maintenance and regulation of the proteostasis network.
Studies in Xenopus have suggested roles for O-glycosylation

in TGF-� signaling during vertebrate development. Overex-
pression of xGalntl-1 (the ortholog of human GALNT16)
resulted in inhibition of Nodal/activin and BMP signaling dur-
ing Xenopus development (47). Morpholino knockdown of
xGalntl-1 expression was less dramatic but did result in
reduced brain and spinal cord size, indicative of changes in
TGF-� signaling (Table 1) (47). It was proposed that O-glyco-
sylation of theTGF-� receptor ActR-IIBmay be responsible for
the effects observed. However, the identification of the
xGalntl-1 substrate(s) remains to be determined.
Studies implicating O-glycosylation in human development

arose from high-resolution genotyping of patients with hetero-
taxy, a congenital heart defect resulting from abnormalities in
left-right (LR) body patterning (48).GALNT11was identified as
one of the gene copy number variants seen in heterotaxy
patients. Evidence for a causal role forGALNT11 in heterotaxy
was obtained by morpholino knockdown of the GALNT11
ortholog in Xenopus, which resulted in striking disruption of LR
patterning (Table 1). Although the exactmechanismbywhich the
loss ofGALNT11 affects LR patterning is not known, it was spec-
ulated that it may also involve changes in TGF-� signaling (48).
The importance of O-glycosylation in mammalian develop-

ment and disease was further demonstrated by mutations in
another member of the ppGalNAc-T family. Previous studies
identified inactivating mutations in either GALNT3 or FGF23
as the cause of the human disease familial tumoral calcinosis, a
metabolic disorder characterized by ectopic calcifications in
soft tissues, bone density changes, and hyperphosphatemia
(Table 1) (49–52). FGF23, a hormone responsible for regulat-
ing phosphate reabsorption in the proximal tubules of the kid-
ney, exists as an intact active form (iFGF23) as well as an inac-
tive cleaved form (cFGF23) (53). In the case of GALNT3
mutations, patients presented with low ratios of iFGF23/
cFGF23, increased circulating phosphate levels, increased bone
density, and ectopic calcifications (52). In vitro studies suggest
that glycosylation of FGF23 by GALNT3 (ppGalNAc-T3) may
block furin-mediated cleavage and thus alter the iFGF23/
cFGF23 ratios (54). Additional studies have provided evidence
that GALNT3 transcription may itself be regulated by phos-
phate levels, thus potentially establishing a feedback loop
involving the activity of this glycosyltransferase to maintain
proper phosphate homeostasis and bone density during normal
growth and development (55). In support of this, recent
genome-wide association studies have identified GALNT3 as
one gene associated with changes in bone mineral density and

fracture risk in human populations (56). Mice deficient for
Galnt3 have confirmed its effect on iFGF23/cFGF23 ratios,
phosphate levels, and bonemineral density (56, 57), supporting
a role forO-glycosylation in regulating the proteolytic process-
ing and bioactivity of FGF23. Moreover,Galnt3-deficient male
mice also displayed growth retardation and infertility (the
result of defective acrosome formation in spermatids), indicat-
ing additional roles for Galnt3 in normal growth/development
and spermatogenesis, respectively (Table 1) (57, 58).
The developmental importance of mucin-type O-glycan

chain extensions was first discovered in mice deficient for
C1galt1 (or T-syn), the gene encoding the enzyme responsible
for synthesis of the core 1 structure (Fig. 1 and Table 1).
HomozygousC1galt1-deficient mice died by embryonic day 14
and suffered fatal brain hemorrhages (59) due to irregular vas-
culature formation. Specifically, vessels had irregular lumens,
and endothelial cells displayed defects in cell adhesion, failing
to properly attach to pericytes and the ECM.Mice deficient for
the C1GalT1 chaperoneCosmc displayed similar hemorrhages,
although Cosmc null mice died 1–2 days earlier than C1galt1
nullmice (35).Micemosaic for loss ofCosmc displayed a variety
of additional phenotypes, including growth retardation and
splenomegaly (35). Altogether, these studies indicate essential
roles for the core 1 structure of O-glycans during mammalian
development.
Additional studies have examined the effects of the core 1

structure in specific tissues. Hypomorphic mutations in
C1galt1 did not cause embryonic lethality but did result inmice
that were smaller thanwild-typemice and had thrombocytope-
nia and kidney disease (60). Specifically, the kidneys in these
mice had distorted glomeruli and proximal tubules, resulting in
eventual renal failure and death by 200 days of age (60). It was
proposed that O-glycosylation of podocalyxin, a sialylated
O-glycoprotein present on the renal podocyte foot process,may
be necessary for proper filtration slit formation and renal func-
tion, as mice deficient for podocalyxin (podx1�/�) also dis-
played similar kidney defects (61). This hypothesis was further
supported by recent studies examining mice mutant for an
enzyme involved in sialic acid biosynthesis, N-acetylgluco-
samine 2-epimerase/N-acetylmannosamine kinase (GNE/
MNK), which is encoded by the Gne gene (42). Mice homozy-
gous for the GneM712T/M712T mutation displayed loss of
sialylatedO-glycans in the developing kidneys, podocyte efface-
ment, and death from renal failure by postnatal day 3 (Table 1).
Hyposialylated O-glycoproteins present in the developing kid-
neys of these mice included podocalyxin and nephrin. Interest-
ingly, dietary supplementation with N-acetylmannosamine, a
sialic acid precursor that bypasses theGneM712Tmutation, par-
tially restored O-glycan sialylation, podocyte structure, and
renal function (42). Taken together, these findings support the
proposal that negatively charged sialic acids onO-linked glyco-
proteins (such as podocalyxin) in the developing kidneys are
necessary for proper repulsion of adjacent podocyte foot pro-
cesses to form functional filtration slits. This study also high-
lights the potential for therapeutic interventions in certain dis-
orders of O-glycan biosynthesis.
Endothelial cell-specific deletion of C1galt1 resulted in mis-

connections between the blood and lymphatic systems. These
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mice died during embryogenesis and neonatal development
and displayed vascular abnormalities similar to (but less severe
than) those seen in the systemic C1galt1 deficiency (62). Endo-
thelial cell-specific deletion of the C1galt1 chaperone Cosmc
also resulted in perinatal lethality with similar venous system
abnormalities (63). Interestingly, inducible loss of C1galt1 dur-
ing postnatal development also resulted in the development of
misconnections between venous and lymphatic vessels, espe-
cially in tissues wherein vessel remodeling was actively taking
place (62). Pdpn (podoplanin), an endothelial O-glycoprotein,
was partially degraded and dramatically reduced on the endo-
thelial cell surface of C1galt1-deficient mice. Additionally,
pdpn-deficient mice displayed similar vascular misconnections
(62). It was proposed that core 1 O-glycans regulate the stabil-
ity/cell surface expression of podoplanin, which then serves to
maintain lymphatic cell identity during both embryonic and
postnatal development (62).
Core 1 O-glycans also play roles in the integrity and mainte-

nance of the colonic epithelium. Loss of C1galt1 specifically
within the developing intestinal epithelium resulted in sponta-
neous colitis shortly after birth (64). C1galt1-deficient mice
produced less intestinal mucin (Muc2) and had impaired
mucosal barrier formation and integrity. Interestingly, induced
loss of C1galt1 in adults also resulted in spontaneous colitis.
Additionally, loss of the �1,3-N-acetylglucosaminyltransferase
6 gene (responsible for formation of the core 3 structure)
caused decreased mucosal integrity and increased susceptibil-
ity to induced colitis and colon cancer (65). These studies reveal
a role for O-glycans in the formation and maintenance of the
protective intestinal mucosal barrier throughout the life of the
animal.
Finally, studies in Drosophila have demonstrated a role for

core 1O-glycans in proper nervous system formation (31). Null
mutations in one member of the Drosophila core 1 galactosyl-
transferase family, C1GalTA, which is expressed in the devel-
oping central nervous system, resulted in irregular elongation
of the ventral nerve cord and misshapen brain hemispheres
(Table 1). Although substrates for this enzyme have not been
identified, it was proposed that C1GalTA may modify compo-
nents of the ECM that are responsible for proper condensation
of the ventral nerve cord (31).

Summary and Perspectives

Alterations in mucin-typeO-linked glycosylation are known
to be responsible for the human diseases familial tumoral cal-
cinosis (51, 52) and Tn syndrome (a disorder characterized by
thrombocytopenia and hemolytic anemia) (66). Additionally,
recent linkage and genome-wide association studies have iden-
tified associations between components of the O-glycosylation
machinery and other human conditions and diseases (48,
67–72). For example, GALNT2 is among the genes associated
with variations in plasma lipid levels and thus cardiovascular
disease risk (67, 72); GALNT3 is associated with bone density
and fracture risk (56); and GALNT4 is associated with acute
coronary disease risk (73). Changes in O-glycosylation, as well
as inactivating mutations in the genes controlling O-glycosyla-
tion, are also associated with tumor formation and progression
(68–71). These studies show the potential wide-ranging effects

of this conserved protein modification in human health and
disease and illustrate why a clear functional understanding of
O-glycosylation is paramount.
The studies summarized here highlight essential roles played

by mucin-type O-glycosylation across species and in many
developing systems (Table 1). We have evidence that O-gly-
cosylation impacts the cell surface presentation and function
of proteins, altering the polarity, morphology, and differen-
tiation status of cells and tissues. Additionally, O-glycosyla-
tion modulates proteolytic processing, thus regulating the
bioactivity of proteins involved in developmental and
homeostatic processes. Finally, O-glycosylation influences
the secretion and composition of the ECM in a number of
systems, thereby affecting cell adhesion and conserved sig-
naling pathways during development. These and other stud-
ies have further suggested that O-glycosylation may also be
involved in sensing the status of the secretory apparatus and
regulating ER stress-related processes (43, 74). In support of
this, a number of proteins involved in sensing and respond-
ing to ER stress have recently been shown to be O-glycosy-
lated (75), suggesting that proper glycosylation of these pro-
teins may relay the status of the Golgi apparatus and protein
transport to the proteostasis network during crucial stages of
development. If O-glycosylation acts as a type of sensor dur-
ing times of increased secretory burden, it may play roles
that are more widespread than previously thought.
Future progress in deciphering how O-glycans influence

dynamic developmental processes will require additional
methodologies to predict, detect, characterize, and trackO-gly-
cosylated proteins in vivo. In particular, facile tools for identi-
fication and characterization of all O-glycoproteins present
within limited amounts of developing tissues are needed. If we
are to understand howO-glycans work, wemust know the total
complement of substrate proteins to which they are attached.
In addition, the sites of glycan addition within those proteins
and the specific glycan structures present will need to be deter-
mined to gain a complete understanding of the role these mod-
ifications play in protein stability, recognition, transport, and
function. Real-time imaging of O-glycans and the proteins to
which they are attached will allow us to investigate dynamic
cellular and subcellular changes occurring during development
as a result ofO-glycosylation. Finally, robust predictive tools are
needed to bioinformatically screen for O-glycosylated sub-
strates and sites of addition to take advantage of the vast
amounts of information present in various model organism
databases. The combination of genetic, cell biological, analyti-
cal, biochemical, and bioinformatic tools should providemech-
anistic insight into how specific O-glycan structures affect the
dynamic properties of their substrates in developing tissues and
organs.
In summary, studies in model organisms have demonstrated

that mucin-type O-glycosylation is essential for eukaryotic
development. Future work capitalizing on insights gained from
these systems will enable us to decipher the dynamic roles of
O-glycans in many cellular and developmental processes.
Knowing how O-glycosylation functions during development
will afford us a clearer understanding of its dysfunction in
disease.
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Several formsof congenitalmuscular dystrophy, referred to as
dystroglycanopathies, result fromdefects in the proteinO-man-
nosylationbiosynthetic pathway. In thisminireview, I discuss 12
proteins involved in the pathway and how they play a role in the
building of glycan structures (most notably on the protein
�-dystroglycan) that allow for binding to multiple proteins of
the extracellular matrix.

Although O-mannosylation of mammalian proteins was
observed almost 35 years ago (1), it was not until the turn of the
millennium that the importance of this protein post-transla-
tional modification pathway began to be appreciated. In the
early 2000s, multiple groups established that deficiencies of
enzymes in this pathway result in multiple forms of congenital
muscular dystrophy (CMD)2 that have now been termed dys-
troglycanopathies (2–6). Recent work has begun to unravel the
structures of the functional glycans that are altered and to iden-
tify sites of modification on �-dystroglycan (7–12), the most
well characterized and clearly functionally relevant O-manno-
sylated protein (13, 14). While briefly describing the dystro-
phin-dystroglycan complex and the diversity of O-mannosy-
lated structures, this minireview will primarily highlight the
enzymes and proteins that are known to be defective in
dystroglycanopathies.
Several forms of muscular dystrophy result at least in part

from defects in the dystrophin-glycoprotein complex (15, 16).
This complex serves to link the actin cytoskeleton to the extra-
cellular matrix via a complex of cytosolic proteins and plasma
membrane-localized glycoproteins (17). Duchenne muscular
dystrophy, which is the most common form of muscular dys-
trophy, is an X-linked recessive disorder resulting from loss of
expression of functional dystrophin, a cytoplasmic actin-bind-
ing protein (16). Dystrophin is connected to a set of proteins at

the plasmamembrane, most notably dystroglycan (18). Dystro-
glycan is a single gene product (DAG1) that is processed into
two subunits: �-dystroglycan, that is a transmembrane protein
that interacts with dystrophin in the cytoplasm, and �-dystro-
glycan, which is a soluble secreted glycoprotein that interacts
with both �-dystroglycan and multiple components of the
extracellular matrix, such as laminin, perlecan, pikachurin,
neurexin, and agrin (18–23). These extracellular matrix pro-
teins recognize and bind the unusual glycan structures on
�-dystroglycan. Thus, proper glycosylation of�-dystroglycan is
essential for binding to extracellular matrix components (24).
Although �-dystroglycan is bothN- andO-linked glycosylated,
it is the O-linked glycans that are essential for proper function
(25). In terms of O-linked glycosylation, �-dystroglycan con-
tains both classical mucin-likeO-GalNAc-initiated glycans and
the more unusualO-Man-initiated glycans (11). Multiple stud-
ies have clearly demonstrated that it is the O-mannosylated
glycan structures that serve as binding sites for laminin and
presumably other extracellular matrix proteins (18–23). Inter-
estingly, it appears to be these same essential structures that are
recognized by the antibody IIH6 and that are used as cellular
binding sites by some arenaviruses (9, 26).
The initial O-mannose residue is added to serines and thre-

onines of �-dystroglycan and other proteins that have not been
clearly defined but certainly must exist in the endoplasmic
reticulum (ER) (27, 28).Multiple sites ofO-mannosylation (and
O-GalNAcylation) on �-dystroglycan have been established (8,
11, 12). This O-mannose can then be extended to create a
variety of glycan structures (Fig. 1) (reviewed recently in
Refs. 13 and 29). In terms of how O-mannose-extended gly-
can structures are important for binding to the extracellular
matrix, two recent studies havemade substantial contributions
(7, 10). It has been demonstrated on �-dystroglycan that a
GalNAc-�3-GlcNAc-�4-Man structure that is phosphorylated
at the 6-position of mannose and further extended by an
unknown moiety on the distal side of the phosphate, forming a
phosphodiester structure, is essential for binding to extracellu-
lar matrix proteins (10). Most recently, it has been proposed
that a key component of this unknown extension from the
phosphate contains the repeating disaccharide -�3-GlcUA-�3-
Xyl- (7).
Other recent reviews have focused on the structures, sub-

strates, and functional implications of the O-mannosylation
pathway and the phenotypes observed in the various muscular
dystrophies (13, 14, 17, 24, 29, 30). Here, I review the enzymes/
proteins of the pathway that have been implicated in CMD.

Enzymes/Proteins of the Pathway

Over the last decade, a variety of enzymes and proteins have
been implicated in theO-mannosylation pathway. Here, I focus
primarily on the human proteins involved in the pathway that,
when defective, have been shown to cause CMD, specifically
dystroglycanopathies (Table 1). It should be noted that at least
one-third of dystroglycanopathies are of unknown genetic eti-
ology and do not have defects in the known gene products
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involved to date in the O-mannosylation pathway. Further-
more, several of the enzymes needed to build the array of struc-
tures observed (Fig. 1) are common to multiple pathways, such
as the sialyltransferases, fucosyltransferases, and galactosyl-
transferases, and are not discussed here, as there is no evidence
to date for them being defective in CMD. Finally, O-mannosy-
lation is an evolutionarily conserved post-translational modifi-
cation from yeast to man, and several model systems have pro-
vided invaluable insights into the pathway (31–33).
Dolichol-phosphate Mannose Synthase—Dolichol-phos-

phate mannose (DPM) is the donor for luminal ER mannosyla-
tion, includingN-,O-, andC-glycosylation aswell as glycophos-
phatidylinositol anchor biosynthesis (34). DPM is synthesized
fromGDP-Man and dolichol phosphate via an invertingmech-
anism on the cytosolic side of the ER (34). This reaction is cat-
alyzed by theDPMsynthase complex (34). The catalytic activity
is performed by DPM1, a dolichol-phosphate �-D-mannosyl-
transferase belonging to the glycosyltransferase 2 (GT2) family
of the CAZy (Carbohydrate-Active enZYmes) Database (34).
DPM2 and DPM3 are ER-localized transmembrane proteins
that interact with the catalytic DPM1 protein to form a fully
active DPM synthase complex (35). Causal mutations for a dys-
troglycanopathy phenotype along with type I congenital disor-
ders of glycosylation (CDG) have been observed in DPM2 and
DPM3 (36, 37). Although patient mutations in DPM1 cause a
severe form of CDG (38), surprisingly, no dystroglycanopathy
or muscular dystrophy has been noted. Given the vital role of
DPM in multiple forms of glycosylation, it is perhaps not sur-
prising that mutations in DPM2 and DPM3 cause severe pleio-
tropic phenotypes. Whether DPM2/3 mutations are truly
causal for CMD remains controversial in the field. The proteins
responsible for flipping the DPM to the lumen of the ER have
not been determined, and impairment of function of these pro-
teins would also likely lead to a plethora of complications
resembling both CMD and CDG, as observed for DPM2 and
DPM3.

Dolichyl-phosphate-mannose:Protein Mannosyltransferase
(POMT1/2)—Initial O-mannosylation of proteins in the ER is
catalyzed by POMT1/2 using DPM as the donor (39, 40).
POMT1 and POMT2 belong to the inverting GT39 family in
the CAZy Database. The proper expression of both proteins
together is required for the catalysis of this first step in the
O-mannosylation pathway (40, 41). Multiple mutations in both
genes are causal forCMD, and complete loss-of-functionmuta-
tions causeWalker-Warburg syndrome, the most severe of the
dystroglycanopathies (42–49). Localization of these enzymes
in the ER infers that O-mannosylation precedes classical
mucin-likeO-GalNAcylation of proteins in the secretory path-
way. A recent study has demonstrated that O-mannosylation
appears tomodulateO-GalNAc addition and site selection (50).
Furthermore, loss of O-mannosylation would potentially pro-
vide novel sites for the polypeptide GalNAc transferases in the
cis-Golgi. Thus, loss of O-mannosylation may alter O-GalNAc
addition on proteins, and this “gain of modification” could be
responsible for some of the observed phenotypes in CMD.
2-C-Methyl-D-Erythritol 4-Phosphate Cytidylyltransferase-

like Protein (Isoprenoid Synthase Domain-containing (ISPD))—
ISPD is not predicted to be a glycosyltransferase, yet mutations
in this protein causeWalker-Warburg syndromewith clear loss
of �-dystroglycan functional glycosylation (51, 52). This
enzymehas high similarity to an enzyme in the non-mevalonate
pathway for isoprenoid synthesis (53). However, mammals are
thought to use only the mevalonate pathway, and several other
enzymes in the bacterial non-mevalonate pathway are not obvi-
ously conserved in higher animals (53). Thus, the role for this
putative enzyme remains unclear, although it clearly impacts
the ability of POMT1/2 to transfer O-mannose (52). Does the
defect in ISPDaffect other types of glycosylation that dependon
dolichol-linked sugars?Does ISPDplay a role inmodification of
dolichol-linked mannose? These questions have yet to be fully
explored.
UDP-GlcNAc:O-Linked Mannose �1,2-N-Acetylglucosami-

nyltransferase (POMGnT1)—POMGnT1 catalyzes the exten-
sion of the O-mannose-initiated structure with a GlcNAc in a
�2-linkage and is amember of the CAZyGT13 family of invert-
ing enzymes (6).Mutations in this gene are observed in patients
with multiple forms of dystroglycanopathy (6, 54–59). Mice
with a knock-out of this enzyme present with phenotypes con-
sistent with human muscle-eye-brain disease, a severe form of
CMD (55). Genotype-phenotype correlations have begun to be
established for this enzyme (54). This enzyme is localized in the
cis-Golgi, and its action appears to be essential for not only
2-extension but also 6-branching of the O-mannose moiety
with GlcNAc (28). 6-Branching of the O-mannose is catalyzed
by UDP-GlcNAc:mannose �1,6-N-acetylglucosaminyltrans-
ferase, GnT-Vb (GnT-IX) (60). Although GnT-Vb andO-man-
nose branching is localized primarily to the brain, making the
gene an attractive potential affected target for undiagnosed
CMD with neurological complications, mice lacking GnT-Vb
alone or in combination with a knock-out of GnT-Va (which
can partially compensate for O-Man branching in the absence
of GnT-Vb) do not display any gross brain abnormalities or
muscular dystrophy (61). Given the recent finding that the
6-phosphomannose structure that was presumably extended

FIGURE 1. O-Mannose structures. O-Man-initiated glycans can be elabo-
rated into linear or branched structures. A key structure for binding to extra-
cellular matrix proteins is not fully resolved but contains a phosphodiester
linkage, and a component of the X moiety is likely to be the LARGE-catalyzed
repeating disaccharide. Green circles, Man; blue squares, GlcNAc; yellow
square, GalNAc; yellow circles, Gal; pink diamonds, Neu5Ac; red triangles, Fuc;
orange star, Xyl; blue/white diamond, GlcUA. GlcNAc residues on the O-Man
added in the 2-position are drawn up to the left, in the 4-position straight up,
and in the 6-position up to the right. Asymmetric branched structures are
drawn in only one possible configuration, although isomeric structures are
likely to exist.
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with the functional glycan that is LARGE-dependent had an
extensionwith�4-GlcNAc instead of�2-GlcNAc raises several
questions (see Fig. 1) (10). Was the �4-GlcNAc structure
observed a cell culture artifact from overexpression of a recom-
binant �-dystroglycan fragment in HEK293 cells? If not, which
GlcNAc transferase is responsible for this activity (multiple
GlcNAc transferases can add a�4-GlcNAc structure ontoman-
nose residues in N-linked structures, including GnT-III, GnT-
IV, and GnT-VI), and does its loss induce dystroglycanopathy?
Also, if the functionally glycosylated structure is extended via a
�4-GlcNAc, what is the role of the POMGnT1 enzyme that,
when absent, clearly leads to dystroglycanopathy?
Fukutin and FKRP—The fukutin and FKRP proteins are

highly homologous to one another and currently of unknown
function. A retrotransposon insertion in the 3�-UTR of fukutin
is the most common cause of Fukuyama CMD, a dystrogly-
canopathy (62). In Japan, Fukuyama CMD is the second most
common form of muscular dystrophy (Duchenne muscular
dystrophy is the first) (63). Besides the insertion event in fuku-
tin, point mutations in fukutin and FKRP are also observed in
various dystroglycanopathies (3, 64–66). Although it has been
suggested that they are putative Golgi-localized glycosyltrans-
ferases, they do not fit into any established CAZy glycosyltrans-
ferase family, and mutation of the DXD domain in FKRP does
not appear to alter functional glycosylation of �-dystroglycan
(67). Both proteins are part of the nucleotidyltransferase super-
family and do contain LicD domains, which have been impli-
cated in phosphorylcholine transfer to sugars in a 6-linkage,
forming a phosphodiester (68). Recentwork byBeedle et al. (69)
has demonstrated that �-dystroglycan isolated from fukutin
knock-out animals has exposed phosphates as opposed to phos-
phodiesters, which are critical for functional glycosylation.
Thus, although these putative enzymes are clearly involved in
formation of the functional O-mannose-initiated glycans
important for binding to extracellular proteins, their exact
functions remain a mystery.
UDP-Xyl:GlcUA �1,3-Xylosyltransferase and UDP-GlcUA:

Xyl �1,3-Glucuronosyltransferase (LARGE1 and LARGE2)—
LARGE1 and its close homolog, LARGE2, catalyze the same
reactions with slightly different biochemical properties, and
both enzymes contain two different glycosyltransferase
domains (70). The N-terminal glycosyltransferase domain is a
member of the CAZy retaining mechanism GT8 family and
catalyzes the transfer of Xyl in an �1,3-linkage to GlcUA (7).
The C-terminal glycosyltransferase domain is a member of the
CAZy inverting mechanism GT49 family and catalyzes the
transfer of GlcUA in a �1,3-linkage to Xyl (7). In this way, the
enzyme can build the repeating disaccharide -�3-GlcUA-�3-

Xyl-, as each product of one domain is a substrate for the other
domain (7). Defects in LARGE addition lead to dystroglycano-
pathy and massive hypoglycosylation of �-dystroglycan (71,
72). Of note, LARGE is down-regulated in certain metastatic
cancers, and its forced expression down-regulates motility of
cancer cells (73). The LARGE-dependent repeating disaccha-
ride appears to be the key for �-dystroglycan binding to extra-
cellular matrix partners, but where this repeat is attached to
O-mannosylated structures is unclear (73). Presumably, the
repeat is somewhere on the other side of the phosphate that is
attached to the initiating mannose in a 6-linkage (Fig. 1). Over-
expression of LARGE has been shown to partially rescue func-
tion in cells derived from patients with mutations in other gly-
cosyltransferases of the O-mannose pathway (2). This is
consistent with data obtained by Patnaik and Stanley (74), who
demonstrated, using CHO mutant cell lines, that the LARGE-
dependent glycan modification could occur on O-GalNAc and
N-glycan structures when O-mannosylation was abolished.
Alternatively, given that the mutations in POMGnT1 and
POMT1 in patient cells that could be rescued by LARGE were
not null mutations, it is possible that overexpression of LARGE
could modifyO-mannosyl glycans that were present at low lev-
els. Exactly how the LARGE structure that appears to be key for
function is attached to theO-mannose structure is amajor out-
standing question in the field, along with where the LARGE-
modified O-mannose-initiated glycans are attached to �-dys-
troglycan (and potentially other proteins).
Glycosyltransferase-like Domain-containing 2 Protein

(GTDC2)—The most recent protein associated with CMD is
GTDC2 (75). This glycosyltransferase belongs to the CAZy
inverting GT61 family. Defects in this gene are seen in patients
presenting with Walker-Warburg syndrome, and knockdown
of this gene in zebrafish recapitulated the phenotype of the
knockdown of POMT1 (75). It was speculated that this enzyme
might be a xylosyltransferase (GT61 does contain �1,2-xylosyl-
transferases) (75). Sequence comparison showed that this
enzyme also has high homology to the recently described secre-
tory pathway-localized protein O-�-N-acetylglucosaminyl-
transferase (EGF domain-specific O-GlcNAc transferase) (76,
77). The actual activity of this enzyme and what role it plays
specifically in producing functional glycan-dependent protein
associations related to CMD remain to be elucidated.

Conclusions

Although substantial progress has beenmade in the last dec-
ade in uncovering enzymes and proteins that modulate the
O-mannosylation pathway and that cause CMD, many ques-
tions remain to be answered. As noted above, several of the

TABLE 1
Enzymes/proteins involved in the O-mannosylation pathway and potentially CMD

Gene Protein functions CAZy family

DPM2 and DPM3 Facilitate DPM1-catalyzed formation of DPM GT2 (DPM1)
POMT1 and POMT2 Protein O-Man transferase GT39
ISPD Unknown (putative enzyme) None
POMGnT1 O-Man �2-GlcNAc transferase GT13
Fukutin and FKRP Unknown (LicD motif putative enzymes) None
LARGE1 and LARGE2 Dual-activity glycosyltransferase: GlcUA �3-Xyl

transferase and Xyl �3-GlcUA transferase
GT8/GT49

GTDC2 Unknown (putative glycosyltransferase) GT61
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putative enzymes are poorly characterized in terms of their pre-
ferred substrates and actual enzymatic activity. For the more
defined glycosyltransferases, little work has been done to estab-
lish genotype-phenotype correlations with the existing muta-
tions. Clearly, based on the fact that at least one-third of
patients with dystroglycanopathy do not have defects in the
described gene products, there are other enzymes/proteins to
be discovered and characterized. Although substantial progress
in determining the extracellular matrix-binding glycan struc-
tures has been made in the last few years, a full description of
these structures remains to be presented. The protein sub-
strates for the O-mannosylation pathway have yet to be eluci-
dated, with only a few putative proteins besides �-dystroglycan
being identified to date. This may be particularly important
given that the phenotypes observed in the dystroglycanopathies
clearly overlap but also exceed those observed in Duchenne
muscular dystrophy (65, 78). Thus, like all good science, the
cohort of scientists/clinicians in this field have made substan-
tial advances while creating more questions that need to be
pursued if we are to better understand the disease-relevant
pathway of protein O-mannosylation.
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P., Willemsen, M. A., Ramadža, D. P., Chitayat, D., Bennett, C., Sheridan,
E., Peeters, E. A. J., Tan-Sindhunata, G. M. B., de Die-Smulders, C. E.,
Devriendt, K., Kayserili, H., El-Hashash, O. A. E.-F., Stemple, D. L., Lefe-
ber, D. J., Lin, Y.-Y., and van Bokhoven, H. (2012)Mutations in ISPD cause
Walker-Warburg syndrome and defective glycosylation of �-dystrogly-
can. Nat. Genet. 44, 581–585

52. Willer, T., Lee, H., Lommel, M., Yoshida-Moriguchi, T., de Bernabe,
D. B. V., Venzke, D., Cirak, S., Schachter, H., Vajsar, J., Voit, T., Muntoni,
F., Loder, A. S., Dobyns, W. B., Winder, T. L., Strahl, S., Mathews, K. D.,
Nelson, S. F., Moore, S. A., and Campbell, K. P. (2012) ISPD loss-of-func-
tion mutations disrupt dystroglycanO-mannosylation and causeWalker-
Warburg syndrome. Nat. Genet. 44, 575–580

53. Kuzuyama, T. (2002) Mevalonate and nonmevalonate pathways for the
biosynthesis of isoprene units.Biosci. Biotechnol. Biochem. 66, 1619–1627

54. Biancheri, R., Bertini, E., Falace, A., Pedemonte,M., Rossi, A., D’Amico, A.,
Scapolan, S., Bergamino, L., Petrini, S., Cassandrini, D., Broda, P., Man-
fredi, M., Zara, F., Santorelli, F. M., Minetti, C., and Bruno, C. (2006)
POMGnT1 mutations in congenital muscular dystrophy: genotype-phe-
notype correlation and expanded clinical spectrum. Arch. Neurol. 63,
1491–1495

55. Liu, J., Ball, S. L., Yang, Y., Mei, P., Zhang, L., Shi, H., Kaminski, H. J.,
Lemmon, V. P., and Hu, H. (2006) A genetic model for muscle-eye-brain
disease in mice lacking protein O-mannose 1,2-N-acetylglucosaminyl-
transferase (POMGnT1).Mech. Dev. 123, 228–240

56. Hehr, U., Uyanik, G., Gross, C., Walter, M. C., Bohring, A., Cohen, M.,
Oehl-Jaschkowitz, B., Bird, L. M., Shamdeen, G. M., Bogdahn, U., Schui-
erer, G., Topaloglu, H., Aigner, L., Lochmüller, H., and Winkler, J. (2007)
Novel POMGnT1mutations define broader phenotypic spectrumofmus-
cle-eye-brain disease. Neurogenetics 8, 279–288

57. Clement, E. M., Godfrey, C., Tan, J., Brockington, M., Torelli, S., Feng, L.,
Brown, S. C., Jimenez-Mallebrera, C., Sewry, C. A., Longman, C.,Mein, R.,
Abbs, S., Vajsar, J., Schachter, H., andMuntoni, F. (2008)Mild POMGnT1
mutations underlie a novel limb-girdle muscular dystrophy variant. Arch.
Neurol. 65, 137–141

58. Vuillaumier-Barrot, S., Bouchet-Seraphin, C., Chelbi, M., Eude-Caye, A.,
Charluteau, E., Besson, C., Quentin, S., Devisme, L., Le Bizec, C., Landrieu,

MINIREVIEW: O-Mannosylation and CMD

6934 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 10 • MARCH 8, 2013



P., Goldenberg, A., Maincent, K., Loget, P., Boute, O., Gilbert-Dussardier,
B., Encha-Razavi, F., Gonzales, M., Grandchamp, B., and Seta, N. (2011)
Intragenic rearrangements in LARGE and POMGNT1 genes in severe
dystroglycanopathies. Neuromuscul. Disord. 21, 782–790

59. Saredi, S., Ardissone, A., Ruggieri, A., Mottarelli, E., Farina, L., Rinaldi, R.,
Silvestri, E., Gandioli, C., D’Arrigo, S., Salerno, F., Morandi, L., Gramma-
tico, P., Pantaleoni, C., Moroni, I., andMora,M. (2012) Novel POMGNT1
point mutations and intragenic rearrangements associated with muscle-
eye-brain disease. J. Neurol. Sci. 318, 45–50

60. Inamori, K., Endo, T., Gu, J., Matsuo, I., Ito, Y., Fujii, S., Iwasaki, H., Nari-
matsu, H., Miyoshi, E., Honke, K., and Taniguchi, N. (2004) N-Acetylglu-
cosaminyltransferase IX acts on the GlcNAc�1,2-Man�1-Ser/Thr moi-
ety, forming a 2,6-branched structure in brainO-mannosyl glycan. J. Biol.
Chem. 279, 2337–2340

61. Lee, J. K., Matthews, R. T., Lim, J. M., Swanier, K., Wells, L., and Pierce,
J. M. (2012) Developmental expression of the neuron-specific N-acetylg-
lucosaminyltransferase Vb (GnT-Vb/IX) and identification of its in vivo
glycan products in comparison with those of its paralog, GnT-V. J. Biol.
Chem. 287, 28526–28536

62. Kobayashi, K., Nakahori, Y., Miyake, M., Matsumura, K., Kondo-Iida, E.,
Nomura, Y., Segawa, M., Yoshioka, M., Saito, K., Osawa, M., Hamano, K.,
Sakakihara, Y., Nonaka, I., Nakagome, Y., Kanazawa, I., Nakamura, Y.,
Tokunaga, K., and Toda, T. (1998) An ancient retrotransposal insertion
causes Fukuyama-type congenital muscular dystrophy. Nature 394,
388–392

63. Mercuri, E., Brockington, M., Straub, V., Quijano-Roy, S., Yuva, Y.,
Herrmann, R., Brown, S. C., Torelli, S., Dubowitz, V., Blake, D. J., Romero,
N. B., Estournet, B., Sewry, C. A., Guicheney, P., Voit, T., andMuntoni, F.
(2003) Phenotypic spectrum associated with mutations in the fukutin-
related protein gene. Ann. Neurol. 53, 537–542

64. Manzini, M. C., Gleason, D., Chang, B. S., Hill, R. S., Barry, B. J., Partlow,
J. N., Poduri, A., Currier, S., Galvin-Parton, P., Shapiro, L. R., Schmidt, K.,
Davis, J. G., Basel-Vanagaite, L., Seidahmed, M. Z., Salih, M. A., Dobyns,
W. B., and Walsh, C. A. (2008) Ethnically diverse causes of Walker-War-
burg syndrome (WWS): FCMD mutations are a more common cause of
WWS outside of the Middle East. Hum. Mutat. 29, E231–E241

65. Peat, R. A., Smith, J. M., Compton, A. G., Baker, N. L., Pace, R. A., Burkin,
D. J., Kaufman, S. J., Lamandé, S. R., andNorth, K. N. (2008) Diagnosis and
etiology of congenital muscular dystrophy. Neurology 71, 312–321

66. Yis, U., Uyanik, G., Heck, P. B., Smitka,M., Nobel, H., Ebinger, F., Dirik, E.,
Feng, L., Kurul, S. H., Brocke, K., Unalp, A., Özer, E., Cakmakci, H., Sewry,
C., Cirak, S., Muntoni, F., Hehr, U., and Morris-Rosendahl, D. J. (2011)
Fukutin mutations in non-Japanese patients with congenital muscular
dystrophy: less severe mutations predominate in patients with a non-
Walker-Warburg phenotype. Neuromuscul. Disord. 21, 20–30

67. Esapa, C. T., Benson, M. A., Schröder, J. E., Martin-Rendon, E., Brocking-
ton, M., Brown, S. C., Muntoni, F., Kröger, S., and Blake, D. J. (2002)

Functional requirements for fukutin-related protein in the Golgi appara-
tus. Hum. Mol. Genet. 11, 3319–3331

68. Cipollo, J. F., Awad, A., Costello, C. E., Robbins, P. W., and Hirschberg,
C. B. (2004) Biosynthesis in vitro of Caenorhabditis elegans phosphoryl-
choline oligosaccharides. Proc. Natl. Acad. Sci. U.S.A. 101, 3404–3408

69. Beedle, A. M., Turner, A. J., Saito, Y., Lueck, J. D., Foltz, S. J., Fortunato,
M. J., Nienaber, P. M., and Campbell, K. P. (2012) Mouse fukutin deletion
impairs dystroglycan processing and recapitulates muscular dystrophy.
J. Clin. Invest. 122, 3330–3342

70. Inamori, K., Hara, Y., Willer, T., Anderson, M. E., Zhu, Z., Yoshida-Mori-
guchi, T., and Campbell, K. P. (2013) Xylosyl- and glucuronyltransferase
functions of LARGE in �-dystroglycan modification are conserved in
LARGE2. Glycobiology 23, 295–302

71. Grewal, P. K., and Hewitt, J. E. (2002) Mutation of Large, which encodes a
putative glycosyltransferase, in an animal model of muscular dystrophy.
Biochim. Biophys. Acta 1573, 216–224

72. Longman, C., Brockington, M., Torelli, S., Jimenez-Mallebrera, C., Ken-
nedy, C., Khalil, N., Feng, L., Saran, R. K., Voit, T.,Merlini, L., Sewry, C. A.,
Brown, S. C., and Muntoni, F. (2003) Mutations in the human LARGE
gene cause MDC1D, a novel form of congenital muscular dystrophy with
severe mental retardation and abnormal glycosylation of �-dystroglycan.
Hum. Mol. Genet. 12, 2853–2861

73. Beltrán-Valero de Bernabé, D., Inamori, K., Yoshida-Moriguchi, T., Wey-
dert, C. J., Harper, H. A., Willer, T., Henry, M. D., and Campbell, K. P.
(2009) Loss of �-dystroglycan laminin binding in epithelium-derived can-
cers is caused by silencing of LARGE. J. Biol. Chem. 284, 11279–11284

74. Patnaik, S. K., and Stanley, P. (2005) Mouse Large can modify complexN-
andmucinO-glycans on�-dystroglycan to induce laminin binding. J. Biol.
Chem. 280, 20851–20859

75. Manzini, M. C., Tambunan, D. E., Hill, R. S., Yu, T. W., Maynard, T. M.,
Heinzen, E. L., Shianna, K. V., Stevens, C. R., Partlow, J. N., Barry, B. J.,
Rodriguez, J., Gupta, V. A., Al-Qudah, A. K., Eyaid,W.M., Friedman, J.M.,
Salih,M.A., Clark, R.,Moroni, I.,Mora,M., Beggs, A.H., Gabriel, S. B., and
Walsh, C. A. (2012) Exome sequencing and functional validation in ze-
brafish identify GTDC2 mutations as a cause of Walker-Warburg syn-
drome. Am. J. Hum. Genet. 91, 541–547

76. Matsuura, A., Ito, M., Sakaidani, Y., Kondo, T., Murakami, K., Furukawa,
K., Nadano, D., Matsuda, T., and Okajima, T. (2008) O-Linked N-acetyl-
glucosamine is present on the extracellular domain of Notch receptors.
J. Biol. Chem. 283, 35486–35495

77. Sakaidani, Y., Ichiyanagi, N., Saito, C., Nomura, T., Ito, M., Nishio, Y.,
Nadano, D., Matsuda, T., Furukawa, K., and Okajima, T. (2012)O-Linked
N-acetylglucosamine modification of mammalian Notch receptors by an
atypical O-GlcNAc transferase Eogt1. Biochem. Biophys. Res. Commun.
419, 14–19

78. Muntoni, F., Torelli, S., and Brockington,M. (2008)Muscular dystrophies
due to glycosylation defects. Neurotherapeutics 5, 627–632

MINIREVIEW: O-Mannosylation and CMD

MARCH 8, 2013 • VOLUME 288 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6935



Understanding Human
Glycosylation Disorders:
Biochemistry Leads the Charge*
Published, JBC Papers in Press, January 17, 2013, DOI 10.1074/jbc.R112.429274

Hudson H. Freeze1

From the Genetic Disease Program, Sanford-Burnham Medical Research
Institute, La Jolla, California 92037

Nearly 70 inherited human glycosylation disorders span a
breathtaking clinical spectrum, impacting nearly every organ
system and launching a family-driven diagnostic odyssey.
Advances in genetics, especially next generation sequencing,
propelled discovery of many glycosylation disorders in single
andmultiple pathways. Interpretation of whole exome sequenc-
ing results, insights into pathological mechanisms, and possible
therapies will hinge on biochemical analysis of patient-derived
materials and animal models. Biochemical diagnostic markers
and readouts offer a physiological context to confirm candidate
genes. Recent discoveries suggest novel perspectives for text-
book biochemistry and novel research opportunities. Basic sci-
ence and patients are the immediate beneficiaries of this bidi-
rectional collaboration.

Orientation

Recent progress in exome sequencing (1, 2) places biochem-
istry in the enviable position of having to explain how patients
with inherited glycosylation disorders develop their symptoms
and to suggest therapies to treat them. The technology to
identify defective genes is no longer rate-limiting; it is available,
inexpensive, and in demand. Informatics effectively sifts
through predictions of damaging mutations in hundreds of
cases of patients with unknown genetic disorders (3, 4). Now,
biochemistry must step in to provide context and functional
information for genes, some known only by letters and
numbers.
Each of these developments increases biochemical momen-

tum. The recent report from the National Academy of Sciences
National Research Council on the future of glycosciences (5)
alerts the scientific community, funding agencies, and politi-
cians to this often overlooked field. The creation of theNational
Center for Advancing Translational Sciences marks a fuller
commitment of the National Institutes of Health to transla-
tionalmedicine. The goal of the newly formedCenters forMen-
delian Genomics is to solve the genetic basis of �3500 rare
disorders. About 70 known genetic disorders affect glycan syn-
thesis, and it is estimated that 2% of the genome encodes cur-

rently known glycosylation reactions (7). The bottom line is
that many glycosylation disorders are known, many more will
be found, and gene sequencing technology will deliver diverse
medical specialties to glycobiology in the search for biochemi-
cal validation and a deeper understanding of therapeutic
options. This minireview focuses on how clinical medicine and
basic science, now more than ever, generate an immediate,
symbiotic, cross-fertilizing partnership. Several recently dis-
covered glycosylation disorders will also raise important ques-
tions for further biochemical investigation.
The collection of glycosylation disorders causes abnormali-

ties in nearly every organ system (7, 8). This means that physi-
cians from every specialty will likely encounter patients who
carry glycosylation defects. Although near-term exome (or
genome) sequencingwill undoubtedly indicate either known or
predictable glycosylation genes within their clinical arena,
other genes may appear on the “fringes” of the current under-
standing of what constitutes a “glycosylation gene.” Examples
follow. Essentially all of the known glycosylation biosynthetic
pathways are included in these disorders. Rather than cover all
of them, thisminireview focuses on recent discoveries that gen-
erate novel perspectives and orient future areas for research. A
general point to remember is that although many of the disor-
ders are restricted to a specific biosynthetic pathway, such as
the assembly of the precursor glycan for N-glycosylation, oth-
ers, such as those that generate metabolic precursors or Golgi
trafficking complexes, can impact multiple pathways.

Glycosylation Pathways

Mammals have eight major glycosylation pathways in the
endoplasmic reticulum (ER)2-Golgi (7–9). Three of these will
be highlighted here because they house most of the newly dis-
covered glycosylation disorders. N-Glycosylation (Fig. 1)
occurs in the ER during or soon after the synthesis of nascent
proteins. UDP-GlcNAc, GDP-Man, dolichol-phosphate (Dol-
P)-Man, and Dol-P-Glc provide the activated precursors to
construct a glycan composed of Glc3Man9GlcNAc2, which is
built stepwise onto a dolichol acceptor embedded in the mem-
brane. The glycan from this lipid-linked oligosaccharide (LLO)
precursor is transferred en bloc to asparagine within an
NX(T/S) context of the protein acceptors. Remodeling (pro-
cessing) of the protein-bound chain excises glucose in the ER
and a variable number of mannose units (ER and Golgi), and
this can be followed by the addition of variable amounts of
GlcNAc, Gal, Fuc, and sialic acid (Golgi). Some chains are dec-
oratedwith sulfate or phosphate, and the glycoproteins are sent
to destinations within the cell, on its surface, or beyond (10).
Glycosylphosphatidylinositol (GPI) anchors are assembled

stepwise on phosphatidylinositol in the ER membrane (11),
starting with transfer of GlcNAc by a protein complex on the
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cytoplasmic face (PIG-A), followed by de-N-acetylation (PIG-
L). Flip to the luminal side for addition of an extra acyl chain to
inositol (PIG-W). This is followed by the addition of 2mannose
units (PIG-M and PIG-V), ethanolamine phosphate (PIG-N),
another mannose (PIG-B), and two ethanolamine phosphates
(PIG-O and PIG-F). The entire sugar-lipid unit is transferred to
proteins with the appropriate C-terminal amino acid sequence
using a multisubunit transamidase complex. A deacylase
removes the acyl chain generated by PIG-W (Fig. 2).
O-Mannose-based glycosylation structures and biosynthetic

pathways are incomplete, and studies are ongoing. Selected
Ser/Thr residues on target proteins (primarily �-dystroglycan
(�-DG)) use Dol-P-Man and a POMT1-POMT2 complex to
begin the assembly withmannose (12). The addition of GlcNAc
(POMGnT1) and Gal (�1,4 Galactosyltransferase) and sialic
acid makes simple structures. More complex branched glycans
addGlcNAc and sulfated glucuronic acid (GlcUA) (13). Beyond
this point, the biosynthetic pathways are unclear. Some func-

tionally important chains are phosphorylated to generateMan-
6-P and receive a glycosaminoglycan-like polymer containing
alternating �1,3-Xyl and �1,3-GlcUA residues (14). Man-6-P is
converted to a diester of unknown composition (15). The pre-
requisite glycan structures, order of addition, and donor sub-
strates are undefined. Human glycosylation disorders, the
�-dystroglycanopathies, have been key to solving this pathway.
Mutations in the fukutin (FKTN) and FKRP genes that define
glycosylation-related muscular dystrophies encode putative
glycosyltransferases, but both are enzymes in search of donor
and acceptor substrates (13).

Clinical and Genetic Nomenclature

Many human glycosylation disorders were first described by
physicians and based on their patients’ clinical presentations
because the genetic basis was unknown. A good example is the
severity-based categories of �-dystroglycanopathies that affect
the addition of O-mannose-based glycans on the �-DG com-

FIGURE 1. Schematic of the N-glycosylation pathway. The upper oval rep-
resents the ER. The early steps involve GlcNAc (blue squares), Glc (blue circles),
and Man (green circles) addition to an LLO assembly on Dol-P (red circles with
wavy green lines) using UDP-GlcNAc (orange star with blue square) and GDP-
Man (orange star with green circle) donors on the cytoplasmic face. The par-
tially completed glycan flips to the luminal side, where it is completed using
the donors Dol-P-Man (large green circle with small red circle and wavy green
line) and Dol-P-Glc (large blue circle with small red circle and wavy green line) to
form Glc3Man9GlcNAc2-P-P-Dol, which is then transferred to proteins in the
ER. The lower oval denotes processing of the N-glycans using a series of gly-
cosidases and glycosyltransferases that require UDP-GlcNAc (orange star with
blue square), UDP-Gal (orange star with yellow circle), and CMP-Sia (orange star
with purple diamond) transported into the Golgi. Purple diamonds, sialic acid;
yellow circles, galactose.

FIGURE 2. GPI anchor synthesis. This schematic shows the stepwise pathway
for GPI anchor assembly, including the reaction and the names of the
enzymes and genes involved. Known glycosylation disorders are highlighted
in red. White and blue squares, glucosamine; EtNP (N connected to P with bent
lines), ethanolamine phosphate; GlcNAc-PI, N-acetylglucosaminylphosphati-
dylinositol. This figure was adapted from Ref. 11.
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plex inmuscle cells (12). A revised nomenclature was proposed
(16). However, many cases still lack specific diagnoses as the
search for new gene defects continues.
One group of glycosylation disorders was called carbohy-

drate-deficient glycoprotein syndromes and then congenital
disorders of glycosylation (CDG) (17), subdivided into two
groups based on whether the mutated genes affected the addi-
tion ofN-glycans (type I) or their processing (type II). The latest
simplified version (18) employs a non-italicized gene name fol-
lowed by CDG, e.g. CDG-Ia is now PMM2-CDG. Both systems
will likely co-exist for some time.

Biochemical Markers for Glycosylation Disorders

Potential glycosylation disorders can be assessed with bio-
chemical biomarkers (19–21). However, markers do not iden-
tify the genetic defect. Serum transferrin (Tf) is the best marker
for detectingmost disorders affecting theN-glycosylation path-
way (8, 22). Tf has two N-linked glycans, each containing two
sialic acids. Mass spectrometry, HPLC, or isoelectric focusing
easily identifies disorders in which one or both of the sites are
unoccupied. The same methods yield different abnormal pat-
terns when the defects alter N-glycan processing. Defects in
GPI anchor synthesis can often be identified using antibodies
(20, 23) against the GPI anchor itself or more commonly GPI-
anchored proteins, such as CD59 on leukocytes. The �-dystro-
glycanopathies caused by defects in O-mannose-based glycans
can be recognized in muscle biopsies using monoclonal anti-
bodies (IIH6 and VIA4) directed against the glycan itself (24).
Obviously, obtaining muscle is more invasive than a simple
blood test and would not be routinely done as an inexpensive
first step. There are no simplemarkers for defects in glycosami-
noglycan chain synthesis.

Revolution in Gene Discovery

Previously, the genes responsible for most glycosylation dis-
orders were identified by biochemical analysis of fibroblasts
and serum glycans (8, 25). Now, genetic mapping techniques
have largely replaced this approach (1, 7, 8). This is especially
important for finding defects in consanguineous families.
Plummeting sequencing costs, lightning speed, improved infor-
matic analysis, and widespread availability of technology put
these approaches in hand for solving glycosylation and other
rare disorders. However, employing biomarkers as a first step
quickly focuses the search on glycosylation, and more impor-
tantly, it provides a metabolic context for candidate genes. In
the past 2 years, three defects were solved with traditional bio-
chemical analysis and five by autozygosity mapping, linkage
analysis, or targeted genomic arrays. Ten defects were solved
with state-of-the-art whole exome analysis (Table 1).
The mutated gene must be shown to impair the function of

the protein or cause pathology. In many cases, the effects of the
mutation on RNA splicing or protein structure are predicted
based on multiple programs, such as SIFT (26), PolyPhen (27),
andCondel (28), alongwith evolutionary conservation (phyloP)
(29) and frequency of the occurrence of the non-synonymous
SNP. A physiologically relevant approach is to complement
the patient’s fibroblasts with the normal allele of themutated
gene and show it corrects abnormal insufficient glycosyla-

tion (30–33). Another is to complement yeast or mammalian
cells with defects in the candidate gene with the normal human
allele but not the mutated version. Restoration of cell growth,
lectin binding, or normal glycosylation of target proteins is typ-
ically done. In more complex systems (flies, fish, worms, and
mice), functional knockdown of the gene that generates a sim-
ilar gross phenotype is taken as evidence that the mutations in
the gene are damaging (34–36).

Rediscovering Sugar Metabolism

The well established metabolic pathways connecting mono-
saccharide metabolism to protein glycosylation are incomplete
(Fig. 3). They show potential reactions but do not reflect con-
tributions of different sources to convergent pathways, cell and
organ preferences, or allowance for metabolic states. Glycosyl-
ation disorders and models of these diseases are adding unex-
pected dimensions to the two-dimensional pathways (10,
37–39).
Patients deficient in mannose-6-phosphate isomerase (Fru-

6-P7 Man-6-P) lack sufficient Man-6-P for full N-glycosyla-
tion. Clearly, glucose is a vital source of this precursor. How-
ever, modest daily supplements of mannose correct most of the
patients’ glycosylation deficiencies (40, 41). On the other hand,
hypomorphic PMM2-deficient patients (Man-6-P3Man-1-P)
do not benefit frommannose treatment. In mice, null alleles of
either gene are embryonic lethal (embryonic days 2–10.5) (42,
43). Compound heterozygousmice carrying patient-equivalent
mutations in Pmm2with�10% residual enzymatic activity also
die in midgestation. Surprisingly, providing mannose to the
dams in their drinking water (intake of�25mg/day) bypasses a
critical block and produces viable full-term embryos that con-
tinue to thrive beyond weaning without mannose (38). This
result suggests that the critical period is a gestational glycosyl-
ation insufficiency. It is premature to advise at-risk parents to
consider mannose supplements in an attempt to ameliorate
potential defects in their glycosylation-deficient pathways (7).
Zebrafish morphants deficient in pmm2 ormpi have signifi-

cant morphological abnormalities in many ways comparable to
the patients (35, 44). Thempimorphants could be substantially
rescued with 50 mM mannose in the water, but supplementa-
tion was only required in the first 24 h. Removal of mannose or
continued treatment beyond that time did not alter the out-
come. The pmm2 morphant fish were not given mannose, but
reducing the metabolic flux through the glycosylation pathway
by generating double morphants deficient in both pmm2 and
mpi actually improved the pmm2 phenotype. A curious aspect
is that pmm2morphants have increased amounts of Man-6-P.
The accumulation correlates with the loss of LLO and appear-
ance of free oligosaccharides, presumably released from the
LLO (45, 46). These results recall important in vitro studies
showing that increased Man-6-P levels lead to degradation of
mature LLO precursor and release of the intact glycan. This
suggests that Man-6-P may function as an intracellular sensor
or signaling molecule. The mechanism is unknown.
Congenital myasthenic syndromes result from impaired sig-

nal transmission at the neuromuscular synapse (47). Using
genetic linkage, one study (48) identified 13 unrelated families
with mutations in GFPT1 (glutamine:fructose-6-phosphate
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TABLE 1
Glycosylation disorders identified in 2011–2012
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transaminase 1), used for UDP-GlcNAc synthesis supplying
most glycosylation pathways. No specific pathway was shown
to cause pathology, but knockdown of the zebrafish ortholog
gfpt1 altered muscle fiber morphology and impaired neuro-
muscular junction development in embryos. A surprising fea-
ture of this studywas that someGFPT1mutations had no effect
on enzymatic activity, suggesting that the organization or local-
ization of the enzyme in the cytoplasm is important for normal
function.
Another whole exome study (49) describes five patients with

a limb-girdlemyasthenia syndrome andmutations inDPAGT1,
the first enzyme in LLO synthesis andwell known cause ofCDG
(7, 8). The deficiency may be due to a failure to export acetyl-
choline receptors to the end plate. No enzymatic assay was per-
formed, but patients had abnormal Tf and a much milder phe-
notype than seen in previous CDG patients (50).
Whole exome and other genetic mapping studies showed

glycosylation abnormalities due to mutations in G6PT1,
G6PG3, and PGM1. All of these involve Glc-6-P metabolism
(Fig. 3). G6PT1 encodes the Glc-6-P (51) translocator, which
causes glycogen storage disease Ib; and G6PC3 encodes glu-
cose-6-phosphatase catabolic-3. These disorders have pro-

found effects on neutrophils: neutropenia, ER stress, and
abnormal N- and O-linked glycans. Abnormal glycosylation in
particular affects gp91phox, the electron-transporting compo-
nent of the NADPH oxidase that is critical for the oxidative
burst. This leads to a poor oxidative response, and increased ER
stress causes excessive apoptosis. BothN- andO-glycan chains
were truncated, with many lacking galactose and sialic acid.
However, it was unclear whether N-glycosylation sites were
fully occupied. This is important because tunicamycin causes
similar ER stress by generating unoccupied sites.
How these two genes exert their effects on glycosylation is

unknown, but deficiency of galactose and sialic acid on bothN-
and O-linked glycans suggests that it involves insufficient sup-
ply of UDP-Gal. Exome sequencing showed that mutations in
PGM1 (Glc-1-P 7 Glc-6-P) in two patients cause hypoglyce-
mia and liver abnormalities and result in both absence ofN-gly-
can chains and insufficient galactosylation/sialylation (52, 53).
Incomplete glycan chains could be due to PGM1 effects on the
UDP-Gal pool through the well knownmetabolic steps (Fig. 3).
There is no explanation for how PGM1 deficiency causes the
absence of entire glycan chains fromproteins.However, uncon-
trolled galactosemia that leads to Gal-1-P accumulation (54)

FIGURE 3. Monosaccharide metabolism in mammals and human glycosylation disorders. The gray oval indicates the ER, and all other reactions are
thought to occur in the cytoplasm. The purple asterisks indicate known points of metabolic regulations. This figure was adapted from Ref. 10.
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and hereditary fructose intolerance and Fru-1-P accumulation
produce similar glycosylation abnormalities (55). Intracellular
accumulation of various sugar phosphates or other metabolic
byproducts appears to prevent full N-glycosylation in selected
cells and tissues. Only Man-6-P has been shown to have an
effect onLLO levels (45). It is clear thatmutations in fundamen-
tal glucose utilization pathways must now consider additional
cell-specific effects on glycosylation.
Although Tf analysis led to the identification of 35 glycosyl-

ation disorders spanning a large clinical spectrum, it focused
most of the attention on the lack ofN-glycans. Accumulation of
toxic incomplete or unnatural products (as seen in uncon-
trolled galactosemia) is seldom considered. Disorders involving
dolichol biosynthesis or activation of mannose and its down-
stream donors could also impair synthesis of GPI anchors,
O-mannose glycans, andC-mannosylation (56), but few studies
have probed other types of glycans (57). Synthesis of Dol-P-
Man requires a complex containing DPM1–3, each encoded by
a different gene. DPM1 is the catalytic subunit, andDPM3 teth-
ers the complex to the ER membrane (58), whereas DPM2 sta-
bilizes DPM1 and enhances binding of Dol-P-Man (59). A sin-
gle patient with mutations in DPM3 showed a mild and late
onset muscular dystrophy but did not have any of the typical
symptoms seen in Dol-P-Man-deficient patients. The muta-
tions disrupt the DPM1/DPM3 binding interface (57). Two
families with much more severe pathology typical of CDG
patients had mutations in DPM2 with muscular dystrophy,
with reduced O-mannose staining in muscle (60).

�-Dystroglycanopathies

An entire set of congenital muscular dystrophies (CMDs)
with variable severity results from defects in the biosynthetic
pathway that adds O-mannose-linked glycans to �-DG. This
peripheral membrane component of the dystrophin-glycopro-
tein complex is located inmuscle, nerve, heart, and brain.�-DG
is one of the two subunits of the dystrophin-glycoprotein com-
plex, bridging the extracellular matrix to the cytoskeleton.
�-DG and�-DG are derived from a single gene,DAG1. Inmus-
cle, cytoskeletal actin is linked to �-DG, which spans the cell
membrane. The extracellular domain of �-DG binds to �-DG,
which in turn binds to laminin in the extracellular matrix via its
glycan-containing domain. The degree and types of �-DG gly-
cosylation vary in different tissues. Monoclonal antibodies
against the glycans have been key to identifying glycosylation-
related defects that affect �-DG.

Collectively, these disorders, called �-dystroglycanopathies,
result from mutations in seven genes, and more will likely be
found. Other proteins probably contain these glycans and
might contribute toCMDpathology in the brain because brain-
specific deletion of �-DG does not reduce the amount of those
glycans. Recently, Dwyer et al. (61) reported that these glycans
occur on a receptor protein-tyrosine phosphatase and the
secreted form, phosphacan, and that mutations in POMGnT1,
the second enzyme in the pathway, in a mutant mouse strain
result in a lower molecular weight and loss of the glycan
antigen.
Defining the structure of the critical glycan(s) and their loca-

tion on the protein has been challenging (34, 62). The key

laminin-binding glycans contain Man-6-P residues in an acid-
resistant diester linkage. Details of biosynthesis are nebulous,
but Man-6-P addition is unrelated to the lysosomal enzyme-
targeting pathway. LARGE is a protein with two putative glyco-
syltransferase domains and functions as a co-polymerase that
adds a variable number of alternating units of �1,3-Xyl and
�1,3-GlcUA to the protein (14). The acceptor sugar and struc-
ture of the glycan are unknown. Solving this long-standing
enigma relied on compositional analysis of expressed�-DGand
testing a series of glycosides as acceptors for expressed LARGE.
Walker-Warburg syndrome (WWS) is a clinically defined,

severe CMD. Only about 50% of these cases result from muta-
tions in POMT1 or POMT2. One study showed that a putative
glycosyltransferase,GTDC2, is mutated in someWWSpatients
based on whole exome analysis and homozygosity mapping of
consanguineous families (63).Morpholino knockdown of gtdc2
in zebrafish duplicated the WWS phenotype. Two additional
studies using a combination of linkage analysis and exome
sequencing identified a large number of patients with recessive
mutations in ISPD (isoprenoid synthase domain-containing).
One study complemented patients’ fibroblasts with wild-type
ISPD (62), and the other used zebrafish morphants to recapit-
ulate the human phenotype, including hydrocephalus, smaller
eye size, muscle degeneration, and reduced�-DG glycosylation
(34). The gene ISPD is the human homolog of a series of genes
found in plants and prokaryotes in the non-mevalonate (2-C-
methyl-D-erythritol 4-phosphate) pathway of isoprenoid syn-
thesis (64). However, this pathway does not exist in chordates,
so its biochemical function, presumably in the biosynthesis of
theO-mannosyl glycan, is unknown. Two homologs in bacteria
have cytidylyltransferase activity and are used in the synthesis
of CDP-methylerythritol and CDP-ribitol. One suggestion (34)
is that the gene is involved in CTP-driven substrate activation
to a precursor in the pathway, but this idea awaits more struc-
tural information on the glycan.
Human glycosylation defects in the isoprenoid-derived

dolichol pathway are well established. Mutations in SRD5A3,
the long-sought polyprenol reductase, show the existence of
another unknown route of dolichol biosynthesis (65, 66).Muta-
tions in DHDDS, a cis-isoprenyltransferase, cause retinitis pig-
mentosa but no other clinical deficits (67, 68). Knockdown of
NUS1, the Nogo-B receptor that contains a cis-isoprenyltrans-
ferase domain, reduces the LLO level and decreases N-glycosyl-
ation (69). To date, no defects are known in this likely CDG
target gene.

Defects in GPI Anchor Synthesis

Whole sequencing and autozygosity mapping identified six
disorders in GPI anchor biosynthesis: PIG-A, PIG-L, PIG-M,
PIG-N, PIG-O, and PIG-V. PIG-A catalyzes the first step inGPI
anchor synthesis, and somatic mutations in the X-linked gene
cause the well known hematological disorder paroxysmal noc-
turnal hemoglobinuria, which results in erythrocyte lysis (70).
A lethal germ-line mutation in PIGA was found in one patient
who appeared to retain residual activity (71).
PIG-L carries out the second step of the pathway, de-N-

acetylation of N-acetylglucosaminylphosphatidylinositol, and
mutations in it cause CHIME syndrome, with ocular coloboma,
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heart defects, ichthyosis, mental retardation, and ear anoma-
lies. PIG-M is a mannosyltransferase that adds the first man-
nose to the core GPI (72). Its decrease causes venous thrombo-
sis and seizures (73). However, the mutation occurs at an SP1
transcription factor-binding site. Butyrate restores normal
PIGM transcription and cell surface GPI expression in patients’
lymphoblasts. Two-week treatment with phenylbutyrate elim-
inates seizures and improves motor skills (74). PIGN encodes
the ethanolamine phosphate transferase, which adds the etha-
nolamine phosphate to the first mannose on the GPI anchor.
Mutations in PIGN cause multiple congenital anomalies,
including hypotonia and seizures (23).
Mutations in the second mannosyltransferase, PIGV, were

first identified as the cause of hyperphosphatasia and mental
retardation syndrome (75). Patients with a similar phenotype
who lacked mutations in PIGV had mutations in PIGO, an eth-
anolamine phosphate transferase (76). Both had reduced level
of GPI-anchored substrates at the cell surface. Alkaline phos-
phatase (ALP) is normally GPI-anchored, but it is secreted into
the blood, accounting for the characteristic of these two disor-
ders. The other GPI disorders do not result in ALP secretion. It
appears that secretion of ALP depends on GPI transamidase
removal of the C-terminal GPI attachment signal peptide and
GPI addition. Defects in which shorter, non-mannosylated GPI
chains accumulate result in ALP degradation, whereas it is
secreted from cells with incomplete mannose-containing
chains. Transamidase appears to recognize the presence of
incomplete mannose-containing chains and cleaves a hydro-
phobic signal peptide, resulting in secretion (77).

Fringes of Glycosylation Disorders

Most glycosylation disorders are caused by defects in genes
that conform to our current concepts. Others suggest that an
expanded view might be better. One case in point is a glycosyl-
ation disorder caused by mutations in the gene TMEM165
(TPARL) (78). Tf and total serum N- and O-glycans from
patients are deficient in sialic acid and galactose, suggesting a
defect in the Golgi. Staining with Golgi markers TGN46 and
GM130 showed a dilated morphology and fragmented trans-
Golgi network. TMEM165 encodes a 324-amino acid mem-
brane protein with six predicted transmembrane regions. It is
ubiquitously expressed, and �230 residues are highly con-
served in eukaryotes andmany bacteria. Several motifs emerge,
but none indicates function. Patients’ fibroblasts are deficient
in the late Golgi-localized protein. This deficiency leads to
modest decreased sialylation in patients’ cells and siRNA
knockdown in HEK cells. The function eluded detection, and
the best guess was a cation (proton, calcium?) pump. Conser-
vation from bacteria to human suggests a very ancient func-
tion, and previous glycosylation disorders in the Golgi are
known to affect pH homoeostasis.
Poor N-glycosylation causes ER stress (79), and cellular

responses are aimed at reducing the stress. Glycosylation inhib-
itors, such as tunicamycin, or genetic defects up-regulate the
ER stress response (80), which includes reducing protein syn-
thesis or up-regulating variousmolecular chaperones to restore
homeostasis. Hopelessly misfolded ER-located glycoproteins
are dispatched to the cytoplasm for proteasomal degradation,

but first, the N-glycan chains must be stripped. The gene
NGLY1 encodes a stripper enzyme that clears the glycan, and
exome mapping identified a patient with mutations that elimi-
nated the protein (81). This may be considered the first “con-
genital disorder of deglycosylation” and is predicted to cause
accumulation of N-glycosylated proteins in the cytoplasm and
possibly ER stress. Accumulation of the undegradedmaterial in
the cytoplasm could have separate toxic effects.

Conclusions and Perspectives

A thorough whole exome sequencing study (3) focused on
100 patients with intellectual disability and solved about half of
the cases by employing sophisticated informatics to identify the
gene and Sanger sequencing for confirmation. Causality was
based on programs used to predict the effects of mutations on
the protein structure or analogy to known genes in the same or
related pathway. Surprisingly, the study identified 22 patients
with potentially causative de novomutations in novel candidate
genes. Sixteen patients hadmutations in known intellectual dis-
ability genes.
Whole exome/genome sequencing will continue to identify

new glycosylation disorders. Biochemical markers will help
focus the search, but these approaches will also identify glyco-
sylation-related genes that the serum biomarkers missed or
patients who were never tested for the markers. Both
approaches will continue to focus on new genes that impact
glycosylation, and biochemical analysis will continue its prom-
inent role to provide a physiological context and basis for
therapies.
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The discoidin domain receptors (DDRs) are receptor tyrosine
kinases that recognize collagens as their ligands. DDRs display
unique structural features and distinctive activation kinetics,
which set them apart from other members of the kinase super-
family. DDRs regulate cell-collagen interactions in normal and
pathological conditions and thus are emerging as major sensors
of collagen matrices and potential novel therapeutic targets.
New structural and biological information has shed light on the
molecular mechanisms that regulate DDR signaling, turnover,
and function. This minireview provides an overview of these
areas of DDR research with the goal of fostering further investi-
gation of these intriguing and unique receptors.

The discoidin domain receptor (DDR)2 family comprises two
distinct members, DDR1 and DDR2, which were initially dis-
covered in the early 1990s and characterized as receptor tyro-
sine kinases (RTKs) based on the presence of a catalytic kinase
domain (KD) (1–7). Subsequently, collagens were identified as
ligands for DDRs (8), thus establishing the unique characteris-
tic of these receptors among other members of the RTK super-
family. Upon collagen binding, DDRs undergo tyrosine auto-
phosphorylation with distinctive activation kinetics, which
elicits genetic and cellular programs that regulate a variety of
cell-collagen interactions. Despite their unique characteristics,
the biochemical and cellular mechanisms by which DDRs
mediate their multiple biological effects remain poorly defined.
This minireview provides an overview of current information
on DDR structure, regulation, and signaling. For information
on specific DDR biological functions in processes such as cell

adhesion, migration, and invasion over collagen matrices and
their role in normal and pathological processes, the reader is
directed to the following recent reviews (9–11)

DDR Structure

The DDR1 subfamily is composed of five membrane-an-
chored isoforms, and the DDR2 subfamily is represented by a
single protein. The five DDR1 isoforms are generated by alter-
native splicing. DDR1a, DDR1b, and DDR1c are full-length
functional receptors, and DDR1d and DDR1e are truncated or
kinase-inactive receptors (10, 12). Two additional secreted
splice variants of DDR1 have also been identified (13). DDR1b
and DDR1c contain an additional 37 residues within the intra-
cellular juxtamembrane (IJXM) region. With the exception of
the two secreted DDR1 isoforms, all DDRs are single-pass type
I transmembrane glycoproteins that are characterized by the
presence of six distinct protein domains: a discoidin (DS)
domain, a DS-like domain, an extracellular juxtamembrane
(EJXM) region, a transmembrane (TM) segment, a long IJXM
region, and an intracellular KD (Fig. 1A). The presence of the
N-terminal DS and DS-like domains is the defining feature of
the DDR RTK subfamily. The DS domain exhibits high homol-
ogy to a protein module originally identified in proteins from
Dictyostelium discoideum (14). In this organism, the DS
domain functions as a galactose-binding lectin, which is impor-
tant for the maintenance of cell morphology and cytoskeletal
organization (14). In eukaryotes, many unrelated proteins con-
tain DS domains, which, depending on the protein, recognize
distinct ligands and thereby fulfill distinct biological functions.
In DDRs, the DS domain contains the collagen-binding region
and is responsible for mediating DDR specificity for fibrillar
and non-fibrillar collagens (15–18). NMR (19) and x-ray (20,
21) structural studies of theDS domain of DDRs revealed that it
is structurally similar to all DS domains, consisting of two
antiparallel sheets for a total of eight �-strands in a jellyroll
configuration, with six loops at the top, forming a collagen-
binding motif. The structure is further stabilized by four cys-
teine residues forming two intramolecular disulfide bonds:
Cys-74 (Cys-73 in DDR2) and Cys-177 link loops 2 and 6,
whereasCys-31 (Cys-30 inDDR2) andCys-185 are located near
the N- and C-terminal regions. Sequence differences in these
loops define the specificity for each ligand among different DS
domain-containing proteins. Conserved residues within loops
1, 2, and 4 of the DS domain were shown to be involved in
fibrillar collagen binding (19, 20), and thusmediate interactions
of DDRs with their common ligands. In contrast, unique resi-
dues located within loops 4 and 6 of the DS domain of DDR1
were shown to be critical for collagen IV-mediated activation
(18). Thus, distinct regions within the DS domain can discrim-
inate between fibrillar and non-fibrillar collagens. It has been
suggested that a patch of conserved surface residues in the DS
domain that is away from the collagen-binding site is also
required for collagen-mediated activation, possibly by affecting
receptor dimerization or alternatively acting as a second, weak
affinity collagen-binding site (21).
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Following theDSdomain, there is a 182-residue-longDS-like
domain unique to DDRs. This domain shows two antiparallel
�-sheets comprising a total of eight �-strands with jellyroll
topography. In addition, the DS-like domain of DDR1 contains
five additional strands protruding between the �1- and
�2-strands, which contain two N-glycosylation sites, Asn-211
and Asn-260, and a calcium-binding site (21). The function of
the DS-like domain of DDRs is not fully understood, but recent
data suggest that it contributes to collagen-induced receptor
activation (21). The EJXM region of human DDRs (49 residues
in DDR1 and 31 residues in DDR2), which connects the DS
domain to the TM segment, is of unknown structure. The
EJXM region contains several putative N- and O-glycosylation
sites (Fig. 1A), which may regulate receptor trafficking, turn-
over, and/or ligand-induced activation (15). Recent evidence
indicates that the EJXM region of DDR1 is cleaved by mem-
brane-type matrix metalloproteinases (MT-MMPs) MMP-14,
MMP-15, and MMP-16, which release the entire ectodomain,
consequently regulating collagen-induced receptor activation,3
consistent with previous studies reporting shedding of DDR1
by a metalloproteinase-dependent mechanism (7, 22, 23).
Interestingly, in contrast toDDR1, DDR2 is not cleaved byMT-

MMPs at the EJXM region, possibly due to the significant lack
of sequence homology in this area. Thus, DDRs evolved to be
differentially regulated by ectodomain shedding, a process that
may alter signaling. A short TMhelical segment (�20 residues)
links the ectodomain and the intracellular domains of DDRs.
The TM segment plays a role in receptor dimerization (24), and
in DDR1, it contains a series of leucine residues, thought to
constitute a leucine zipper motif, critical for receptor signal-
ing (24). An unusually large (130–140 residues) IJXM region
connects the TM segment with the KD. The IJXM region
contains several tyrosine residues that serve as docking sites
for cytoplasmic effectors and regulators that are essential for
signal transduction. In DDR1b and DDR1c, the IJXM region
contains an insertion of 37 residues that includes an extra
tyrosine residue within an NPXY motif, which serves as a
docking site for the ShcA adaptor molecule (8) and possibly
for other proteins containing phosphotyrosine-binding
(PTB) domains (25). Thus, these isoforms may recruit differ-
ent adaptor proteins and consequently activate distinct sig-
naling and/or endocytic pathways.
A classical KD (�300 residues) follows the IJXM region in

the DDR1a, DDR1b, and DDR1c isoforms and in DDR2.
Although the structure of the KDhas not been solved, adequate
sequence similarities to kinases with structural information
made homology models feasible, which we generated. Our KD
homology models illustrate structural features that are com-
mon to kinases, such as N- and C-terminal lobes, an�C-helix, a
P-loop, an activation loop, an F-helix, and the DFG motif (26).
Twomodels were generated based on the two well known con-
formations of theDFGmotif, DFG-in andDFG-out, which bind
type I and II inhibitor classes, respectively (Fig. 1, B andC) (27).
The DFG-in model was based on the crystal structure of the
insulin-like growth factor 1 receptor (36% overall sequence
identity; Protein Data Bank code 1K3A) (28), and the DFG-out
model was based on TrkA (45% overall sequence identity; code
4F0I) (29). We observed two loop areas with low conforma-
tional reliability due tomultiple amino acid insertions in theKD
of DDR1a compared with the templates. However, both areas
are remote from the catalytic pocket. The secondary structure
of one of these regions, Gly-821–Arg-825, was predicted to add
an extra �-helical turn to the existing helix of the template. The
insertion at the other region, Ser-594–Asn-605, was too large
to make reliable predictions. Although it is difficult to reliably
predict the function of the Ser-594–Asn-605 region based
solely on our models given its well exposed position, the prox-
imity to the IJXM region, and the flexibility observed during
modeling, it could be playing a key role in DDR kinase activity.
The catalytic site of the DDR1a KD shows several conserved
residues in the kinase family, such as Glu-672, Lys-655, and
Asp-784. The hinge region is composed of amino acid residues
701–705, with Thr-701 serving as the gatekeeper residue as in
Abelson (Abl) kinase and the stem cell factor receptor KD.
Additionally, Day et al. (30) used a homology model based on
multiple templates to illuminate the structural basis for the
inhibition of DDR1 by imatinib, nilotinib, and dasatinib. One of
these templates, the Abl kinase, shares a 61% sequence identity
at the binding pocket with DDR1. Furthermore, the authors
indicate that DDRs could potentially form a hydrophobic cage-

3 H.-L. Fu, A. Sohail, R. R. Valiathan, B. D. Wasinski, M. Kumarasiri, K. V. Maha-
senan, M. M. Bernardo, D. Tokmina-Roszyk, G. B. Fields, S. Mobashery, and
R. Fridman, manuscript submitted for publication.

FIGURE 1. A, domain structure of DDRs. Only cysteine residues involved in
intramolecular disulfide bond formation are shown. Predicted N-glycosyla-
tion (italic) and O-glycosylation (underlined) sites are indicated. B, ribbon rep-
resentation of the modeled DFG-in (red) and DFG-out (blue) conformations of
the DDR1a KD shown in stereo. C, close-up stereoview of the catalytic pocket
with several key residues in stick representation.
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like pocket as in the Abl kinase to interact with type II inhibi-
tors. Compared with the crystal structure of the Abl kinase
bound to dasatinib, 11 of the 14 residues that have protein-
ligand contacts are conserved in DDR1 (31), including the thre-
onine gatekeeper residue, which forms important hydrogen
bonds with type II inhibitors. Interestingly, other phylogeneti-
cally related kinases such as muscle-specific kinase, the insulin
receptor, and the insulin-like growth factor 1 receptor have a
methionine at this position and thus are not inhibited by these
drugs. Consistent with this observation, DDR2 harboring the
T654M gatekeeper mutation is resistant to dasatinib inhibition
(32). The elucidation of the crystal structure of theDDRKDwill
aid in the design of specific kinase inhibitors, which may be
beneficial in various pathological conditions in which DDRs
have been identified as potent potential therapeutic targets.

DDR Regulation

Collagen Specificity—Both DDR1 and DDR2 bind to and are
activated by fibrillar collagens I–III and V. Basement mem-
brane collagen IV activates DDR1 but not DDR2 (8, 16),
whereas non-fibrillar collagen X primarily activates DDR2 (33).
Four DDR2-binding sites (34) and one DDR1-binding site (35)
have been identified in collagens II and III so far. The primary
binding site for both DDR1 and DDR2 in collagens II and III
contains the GVMGFO motif (where O is hydroxyproline),
which is also conserved in the �1(I) (35) and �1(V) (36) chains.
However, none of the six �(IV) chains contain the GVMGFO
motif (37), suggesting the possibility that other sites in non-
fibrillar collagens are involved in DDR1 binding. DDRs bind to
the native triple helix of collagens and not to individual collagen
�-chains or denatured collagens (8, 16). Likewise, deglycosy-
lated or degraded collagen cannot support DDR activation (8,
38, 39). It is also likely that DDR-collagen interactions may be
influenced by factors post-fibrillogenesis, such as matrix min-
eralization, glycation, and cross-linking. Although DDRs pre-
serve the capacity to bind to both monomeric (40, 41) and
polymerized (42) collagen I, cells cultured onmonomeric versus
polymerized collagen exhibit reducedDDR2 activation (38, 43).
Thus, structural alterations during conditions that promote
collagen remodeling may alter DDR signaling.
The importance of DDRs as collagen receptors is demon-

strated by the phenotype of DDR knock-out mice, which
exhibit a variety of skeletal abnormalities (44, 45). Interestingly,
DDR-deficient mice also display various reproductive abnor-
malities (44, 46, 47), which highlight an unexpected impact of
DDRs in normal reproductive processes. Also, studies with
DDR-deficient mice showed a key role for these receptors in
inflammatory and fibrotic responses in various conditions (for a
detailed description of DDR roles in knock-out mice and other
biological functions, see Ref. 10).
Activation—Upon collagen binding, DDRs undergo tyrosine

autophosphorylation. The two distinguishing features of DDR
phosphorylation dynamics are a delayed and a sustained
response. Rapid quenching experiments have shown that clas-
sical RTKs such as the EGF receptor (EGFR) and FGF receptor
undergo tyrosine autophosphorylation within seconds of
ligand binding (48, 49). In contrast, depending on the cell type,
the DDRs require a remarkably long period to achieve a similar

activated state (minutes to hours) (8). After receptor activation,
many classical RTKs undergo negative regulation via mecha-
nisms such as receptor/ligand internalization and subsequent
degradation or dephosphorylation by phosphatases (50, 51).
However, in the case of the DDRs, phosphorylation levels per-
sist for days, with no apparent means for signal attenuation (8).
The molecular basis and the biological effects of these two
intriguing characteristics of DDR phosphorylation are poorly
understood, but lessons from classical RTKsmay provide some
clues to these outstanding questions. The kinetic profile of
DDR phosphorylation is reminiscent of delayed negative feed-
back mechanisms commonly elicited to down-regulate imme-
diate-early RTK activation (52). It has previously been reported
thatDDR1 serves to counteract the signaling effects of the�2�1
integrin by reducing the activation of STAT1/3 (signal trans-
ducers and activators of transcription 1/3) and Cdc42 (53, 54).
Because �2�1 integrin activation and formation of focal adhe-
sion signaling complexes occur within minutes of collagen
binding, it is plausible that DDRs have evolved as a late-wave
negative feedbackmechanism for the down-regulation of integ-
rin signaling. The network motif of slow accumulation of late
effectors for negative regulation has been postulated to facili-
tate the transition to a new cellular state (52). This idea raises
questions as to the functional relevance of the sustained DDR
phosphorylation profile and the apparent lack of negative reg-
ulation of the receptor itself. Previous RTK studies have shown
that sustained signaling often results in contrasting biological
outcomes compared with transient signals. In classical experi-
ments with EGF versus NGF signaling in PC12 cells, transient
ERK activation via EGFR led to cell proliferation, whereas sus-
tained ERK phosphorylation through the activation of TrkA
(the NGF receptor) promoted neuronal differentiation (55, 56).
Sustained activation of DDR1 in this cellular system did not
promote neuronal differentiation, likely due to a failure of
DDR1 tomaintain sustained ERK activation (57). This negative
finding is likely to be due to the choice of biological system
rather than the lack of a functional role in DDR-mediated sig-
naling. However, this study suggests that, in addition to their
role as active signaling kinases, DDRs may act as molecular
scaffolds similar to other kinases such as integrin-linked kinase
and KSR1 (kinase suppressor of Ras1) (58, 59). Chimeras com-
prising the ligand-binding domain of PDGF receptor � fused to
the IJXM region of DDR1 and the KD of TrkA were capable of
promoting PC12 cell differentiation through the recruitment of
adaptors FRS2 and Shc to the DDR1 IJXM region (57). There is
precedence for such DDR1 scaffold function in interactions
with the PDZ domains of Par3 and Par6 at cell-cell junctions
(60). Perhaps one role of DDR-sustained phosphorylation is to
sequester a high local concentration of adaptor and signaling
proteins such as Shc and PI3K in close proximity to classical
RTKs. Upon growth factor activation, the increased affinity of
the SH2 (Src homology 2) and PTB domains of these adaptor/
signaling proteins for classical RTK tyrosine phosphorylation
sites would result in the competitive recruitment of proteins
from the DDRs to these RTKs, thereby facilitating rapid prop-
agation of signaling networks (61). Once the phosphorylation
levels of these classical RTK have diminished as a result of neg-
ative feedback regulations, the adaptor proteins could then
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revert to the still activatedDDRs,maintaining steady-state pro-
tein levels.
The delayed/maintained receptor phosphorylation profile

would likely contribute to both the extracellular ligand binding
and intracellular signaling dynamics. In contrast to growth fac-
tors, which are normally secreted in an autocrine or paracrine
manner in response to stimuli, collagen is a relatively stable and
abundant ligand. Thus, the slow activation rate of the DDRs
could represent an evolutionary mechanism to avoid rapid and
excessive receptor activation in the presence of ubiquitous col-
lagen levels until a threshold of ligand concentration or expo-
sure time is achieved. Intracellular effects are also critical, as
DDR1 is hyperphosphorylated in the presence of pervanadate,
suggesting that the slowDDR phosphorylation dynamics is due
at least in part to regulation by tyrosine phosphatases (62).
Studies with EGFR demonstrate that six different EGF ligand
family members display distinct receptor tyrosine phosphoryl-
ation patterns, dynamics, and intensities (63). These differences
are independent of ligand affinity and are thought to be due to
subtle differences in receptor-ligand binding conformations,
which result in distinct endocytic trafficking, recycling, and
degradation characteristics (63, 64). These data may shed light
on themechanisms ofDDR-sustained activation, as persistence
in EGFR tyrosine phosphorylation largely correlates with the
ability of the individual ligand to promote receptor ubiquitina-
tion and degradation (63).
Receptor Endocytosis and Shedding—Receptor internaliza-

tion upon ligand-induced activation is a common cellular
response aimed at regulating RTK signaling (65). Several RTKs
are known to be internalized following ligand binding by clath-
rin-dependent and clathrin-independent mechanisms, leading
to degradation of the receptor-ligand complex in lysosomes or
recycling of the receptor to the cell surface. StudieswithDDR1b
fused to fluorescent proteins have shown that exposure of cells
to collagen I induces receptor aggregation of preformeddimers,
followed by receptor internalization into Rab5a-positive endo-
somes and recycling to the cell surface (66). Interestingly, the
onset of DDR1 endocytosis and recycling precedes receptor
phosphorylation, suggesting that full receptor activation and
signaling occur partly within the endocytic vesicles (67). Thus,
it is possible that DDR activation and signaling proceed away
from the plasma membrane. It will be interesting to determine
whether activated DDR1 continues to transmit signals within
the endocytic pathway, as reported with EGFR (50). In the case
of integrins, the presence of an NPXYmotif on the integrin tail
has been shown to regulate clathrin-dependent endocytosis
and to play a role in integrin recycling during cell adhesion,
spreading, migration, and epithelial morphogenesis (68, 69).
Interestingly, DDR1b and DDR1c, but not DDR1a, contain an
NPXY motif within the IJXM region, suggesting that the inter-
nalization and intracellular fate of these isoforms may be
unique among members of the DDR1 subfamily. It will there-
fore be important to determine whether DDRs display isoform
type-specific endocytic regulation and, if so, how this process
regulates receptor function in collagen- and cell context-de-
pendent manners.
Evidence indicates that the pool of DDR1 on the cell surface

is also regulated by ectodomain shedding, a process generally

mediated by the action of metalloproteases, which causes the
release of the extracellular domain of membrane proteins. Ect-
odomain shedding canmodulate RTK signaling by reducing the
amount of functional receptors on the cell surface and/or con-
trolling the availability of membrane-anchored ligands (70).
DDR1 is shed both in a collagen-dependent (23, 71) and colla-
gen-independent (7) manner by a metalloprotease, which
cleaves the ectodomain of DDR1 and generates a membrane-
anchoredC-terminal fragment. Recent evidence shows that the
membrane-anchored collagenases (MMP-14, MMP-15, and
MMP-16) are all capable of DDR1 shedding by cleaving at the
EJXM region, whereas the secreted collagenases (MMP-1 and
MMP-13) are not.3 However, additional evidence suggests that
ADAM proteases also shed DDR1, indicating that cleavage of
the DDR1 ectodomain is mediated by multiple metallopro-
teases. Functionally, DDR1 shedding may terminate receptor
signaling by releasing activated receptors and/or reducing
receptor availability. The released ectodomainmay also act as a
“decoy receptor,” which could negatively impact collagen bind-
ing to surface receptors. The released ectodomain could also
modulate the organization of the neighboring collagen matrix.
Indeed, it has been shown that both membrane-anchored
DDR1 and soluble DDR1 inhibit fibrillogenesis by reducing the
rate and quantity of collagen I deposition and altering fiber
morphology and matrix mineralization (41, 72, 73). Thus,
DDR1 sheddingmay represent amajor process of receptor reg-
ulation. At present, it is unclear whetherDDR2 is also regulated
by proteolytic processing. However, our evidence suggests that
DDR2 is not cleaved by MT-MMPs at the EJXM region,3 con-
sistent with the lack of homology in this area between DDRs,
which possibly evolved to confer a differential sensitivity to the
action of sheddases. The relationship between MT-MMPs and
DDRs may go beyond differential sensitivity to receptor shed-
ding. MT-MMPs are major pericellular collagenases capable of
hydrolyzing both basement membrane and interstitial colla-
gens (74). As such, MT-MMPs may regulate DDRs by altering
the integrity of the collagen matrix, exposing or degrading col-
lagen-binding sites, which consequently may impact receptor
activation. Fig. 2 summarizes the current understanding of
DDR1 endocytosis and ectodomain shedding.

DDR Signaling

Phosphorylation of tyrosine residues within the intracellular
domains of activated DDRs generates docking sites for SH2,
SH3, and PTB domain-containing proteins (8, 53, 62, 75–78).
These protein complexes, as in all RTKs, result in the activation
of distinctDDR-initiated signaling pathways, someofwhich are
summarized in Fig. 3. Evidence so far suggests that stimulation
of DDR1 with collagen is coupled to the activation of the PI3K/
Akt and Ras/ERK MAPK cascades (79–81). In the case of
DDR2, the evidence points to a role for Src as a downstream
effector and regulator of DDR2 signaling (82–84). Although
more needs to be done to understand DDR signaling, it is
becoming evident that defining the signal transduction path-
ways coupled to DDR activation by collagens is a challenging
task. First, DDRs bind to multiple collagen types, which exhibit
both unique and common structural and biological properties,
and consequently different collagen types may produce differ-
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ent receptor responses (81). Second, collagens display multiple
cell interaction sites that recognize different binding proteins
(e.g. integrins) (85). Indeed, collagen-induced DDR1 activation
has been shown to synergize or antagonize phenotypic
responses upon integrin activation (53, 80, 86–88). Third,DDR
signaling is cell/tissue type-specific and context-dependent (53,
54, 79–81). Fourth, DDRsmay act in concert with other signal-
ing receptors, including the Wnt5a/Frizzled (76, 89, 90) and
Notch1 (91) receptors and the insulin receptor (92, 93), in the
case of DDR1 and DDR2, respectively. Finally, the signaling
pathways activated by DDR1 and DDR2 are likely to be influ-
enced by the acquisition of point mutations and gene amplifi-
cations, as recently reported in several human cancers (32, 94).
However, understanding whether and how these DDR altera-
tions may potentially contribute to cancer development and
progression would require identifying signaling pathways that
are specifically activated byDDRs in cancer cells and their func-
tional consequences.

Concluding Remarks

Considerable structural and functional knowledge exists on
manymembers of the RTK family, yet we are only beginning to
comprehend the unique properties and functions of DDRs.
These receptors are intriguing because of their distinctive acti-
vation kinetics in response to a unique class of ligands, the col-
lagens, setting them apart from the other RTK familymembers.
The accumulating evidence indicates that DDRs are major cel-
lular sensors of environmental cues and thus are critical for
normal development as revealed by the phenotype of DDR-
deficient mice (44, 45). Moreover, the reported alterations in
DDR genes in human cancer (32, 94) suggest that these recep-
tors could impact disease progression, and therefore, DDRs
may represent new therapeutic targets worth exploring.
Despite these exciting new developments, the data so far pro-
vide only a glimpse into the mechanisms of DDR action at the
cell-collagen interface. Eventually, only a multidisciplinary
approach comprised of genomic, structural, and biological
methods will help to shed light on how DDRs signal and func-
tion in physiological and pathological conditions.
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A large group of bacterial small regulatory RNAs (sRNAs) use
the Hfq chaperone to mediate pairing with and regulation of
mRNAs. Recent findings help to clarify how Hfq acts and high-
light the role of the endonuclease RNase E and its associated
proteins (the degradosome) in negative regulation by these
sRNAs. sRNAs frequently uncouple transcription and transla-
tion by blocking ribosome access to the mRNA, allowing other
proteins access to the mRNA. As more examples of sRNA-me-
diated regulation are studied, more variations on how Hfq,
RNase E, and other proteins collaborate to bring about sRNA-
based regulation are being found.

Post-transcriptional Regulation by Small Noncoding
RNAs in Bacteria

The idea that RNAs could function as regulators of gene
expression has been around since the earliest studies of gene
regulation. In their seminal paper entitled “Genetic Regulatory
Mechanisms in the Synthesis of Proteins”, Jacob and Monod
originally hypothesized, “The specific ’repressor’ (RNA?), act-
ingwith a given operator, is synthesized by a regulator gene” (1).
Although the repressor in the case of the lac operon turned out
to be the Lac repressor protein, the later discovery of small RNA
(sRNA)3 regulators confirmed their original hypothesis.
Currently, examples of this form of gene regulation are wide-

spread among organisms. Here, we will focus on pairing sRNAs
in bacteria and, specifically, those that are often termed trans-
encoding sRNAs. These RNAs are expressed from the DNA in
trans, i.e. the sRNA genes are far from the genes encoding their
mRNA target(s) and have limited complementarity with their
target mRNAs. These bacterial sRNAs typically range in length
from �50 to 300 nucleotides. Many of these sRNAs are highly
expressed when cells are undergoing some type of stress (for
instance, oxidative stress, sugar phosphate accumulation, or
nutrient starvation). The sRNAs base pair with their mRNA
targets, leading to a variety of outcomes. Base pairing can lead
to stabilization and/or translational activation of anmRNA tar-
get. Usually, activation occurs by base pairing within the

5�-UTR, changing folding of the 5�-UTR to allow entry of the
ribosome and translation to occur (reviewed in Refs. 2 and 3).
Another mode of action by sRNAs ultimately leads to transla-
tional repression and/or degradation of anmRNA target. In the
majority of characterized cases, an sRNA base pairs at or
around the ribosome-binding site (RBS) of an mRNA target.
This leads to inhibition of translational initiation and, in most
cases, the subsequent destabilization of the target. Negative
regulation can also occur in other ways, as discussed below.
Degradation of the mRNA target reinforces the translational
repression and makes it irreversible.
In many bacteria, an RNA chaperone, Hfq, is required for

efficient base pairing between an sRNA and its target mRNA
(reviewed in Ref. 4). In this minireview, we will focus on recent
advances in understanding sRNA-mediated negative gene reg-
ulation in Escherichia coli and Salmonella enterica. More spe-
cifically, we will focus on the variety of pathways that lead to
sRNA-mediated degradation of specific mRNA targets and
how Hfq engages the various proteins associated with these
pathways.

Hfq and Its Role in sRNA-mediated Regulation

Originally identified in E. coli as a host factor required for the
efficient replication of the RNA bacteriophage Q� (5), Hfq is
now understood to function as an RNA chaperone within bac-
terial cells. Hfq has been characterized as a member of the con-
served RNA-binding Lsm (like-Sm)/Sm-like protein family
found in eukaryotes, bacteria, and archaea. In eukaryotes, the
Sm and Lsm proteins have been implicated in many functions,
including roles in mRNA splicing, RNA decapping, and RNA
stabilization (reviewed in Refs. 6 and 7). This protein family is
characterized as forming a ring-like multimeric complex that
binds RNA. The eukaryotic Sm proteins generally form hetero-
multimeric rings, whereas the bacterial Hfq proteins character-
ized thus far are homomultimeric.
In recent years, Hfq has gained much attention after it was

shown to play a critical role in sRNA-mediated gene regulation.
It is required for efficient stabilization and annealing of sRNAs
to their mRNA targets (reviewed in Refs. 7 and 8). Homologs
have been found in �50% of sequenced bacteria (9). Although
the mechanism by which Hfq facilitates these interactions
remains unclear, crystal structures in complex with RNA mol-
ecules and in vitro analyses have shed some light on its multiple
RNA-binding surfaces. The Staphylococcus aureus Hfq crystal
structure in complex with a uridine-rich aptamer revealed that
RNA winds around the central cavity of the ring structure on
one face of Hfq termed the proximal face (Fig. 1A) (10). A crys-
tal structure of E. coli Hfq in complex with a poly(A) aptamer
demonstrated that the face opposite to that where poly(U)
binds, termed the distal face, preferentially binds adenine-rich
sequences (11).
In vitro studies have confirmed that mutants in the proximal

face disrupt binding of uridine-rich sequences (12). The proxi-
mal facemay be the site for initial sRNA interactions. One basis
for this interaction may be the Rho-independent terminators
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with polyuridine tails characteristic of these sRNAs. It has been
demonstrated in vitro that Hfq has a strong affinity for stem-
loops followed by a run of uridines (13–15). However, internal
binding sites for Hfq have also been identified in many sRNAs,
including OxyS (16), DsrA (17), RyhB (18), and RybB (19). A
recent study on SgrS (15) further characterized this internal
binding motif; in addition to the Rho-independent terminator,
SgrS also required an internal U-rich sequence flanked by a
stem-loop for stable binding to Hfq and subsequent sRNA-me-
diated regulation. The study found that this motif is present in
a large portion of the currently characterized sRNAs, suggest-
ing more extensive interactions between Hfq and sRNAs.
Recent tests with mutant Hfq proteins indicated that these
interactions are abrogated orweakened uponmutation of prox-
imal site residues; these same mutations lead to reduced sRNA
accumulation in vivo, consistentwith loss of tight binding to the
sRNAs (20).
Studies on the distal face of Hfq have further characterized it

as a site for poly(A) binding and, more specifically, for mRNA
interactions (12, 21). The distal face has a strong affinity for
mRNAs containing anARN-bindingmotif, in which R is purine
and N is any base (11). The requirement for an ARN motif for
Hfq binding and subsequent sRNA-mediated gene regulation
was first reported with the DsrA mRNA target rpoS (22). Later
studies confirmed the importance of this motif and its role in
sRNA regulation (23–25). In addition, mutations in the distal

face binding residues disrupt positive regulation and some neg-
ative regulation (20).
Recently, a third site for interaction has been characterized,

termed the lateral surface or the rim of the Hfq ring. This sur-
face harbors a positively conserved patch that has been impli-
cated in sRNA binding. It has been suggested that this third
interaction sitemay play an important role in the stepwise asso-
ciation with sRNAs that eventually leads tomRNA binding and
dissociation from Hfq (21),4 and this model is supported by in
vivo studies of regulation in rim mutants (20).
As noted above, the mechanism by which Hfq facilitates

sRNA-mRNA interactions remains unclear. One current
hypothesis for the role of Hfq in the cell is to increase the local
concentration of the RNAs and thereby increase the likelihood
of base pairing. This requires that a givenHfq hexamer bind the
appropriate pair of sRNA and mRNA.
Alternatively (or in addition), Hfq may facilitate base pairing

by restructuring the RNAs to take on more favorable confor-
mations for interaction (7, 27). Both (or yet othermodels) could
apply in different cases. Regardless, further experiments will be
required to elucidate the mechanism by which Hfq facilitates
these RNA-RNA interactions.
Although Hfq is an abundant protein, recent studies suggest

that there is competition for binding to Hfq (28–30). Each Hfq

4 S. Panja and S. A. Woodson, manuscript in preparation.

FIGURE 1. Important protein players in sRNA-mediated gene repression. A, faces of Hfq for RNA interactions, illustrating the proximal face of Hfq (orange)
bound to sRNA (green), the distal face of Hfq (purple) bound to an mRNA target (blue), and the rim of Hfq (red), shown to have interactions with some sRNAs. The
currently understood function of each face in sRNA-mediated regulation is summarized at the bottom of each panel. B, organization of the RNA degradosome
in E. coli. The endonuclease RNase E consists of two domains. The N-terminal domain (residues 1–529) resembles RNase G and contains the catalytic site of the
enzyme. The C-terminal domain (residues 530 –1061) serves as a scaffold domain with which the other components of the degradosome associate to form an
active complex. These components and the residues at which they have been shown to interact with RNase E are shown. Interactions of Hfq with RNase E
regions closer to the C terminus have also been suggested. See text for references.
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hexamer appears to bind one sRNA and one mRNA at a time
(31).

Introduction to the Degradosome and Its Role in sRNA
Regulation

Studies of proteins that facilitate the role of Hfq in sRNA-de-
pendent negative regulation have focused on RNase E and its
role in degradation of target mRNAs (32–35). The N terminus
of RNase E encodes an essential endonuclease. RNase E cuts
RNAs at single-stranded regions and is important for both
mRNA degradation and processing of some structured RNAs.
The C terminus of RNase E acts as a scaffold for the binding

of several proteins, including the RNAhelicase RhlB, the 3�–5�-
exoribonuclease polynucleotide phosphorylase (PNPase), and
the glycolytic enzyme enolase (36). The resulting complex of
proteins is referred to as the degradosome. RNase E itself is
active as a tetramer, and thus, it can be imagined that different
subunits of the tetramer may interact with different auxiliary
proteins. After endonucleolytic cleavage, PNPase helps to
degrade RNAs further by its exonucleolytic activity, and the
RhlB helicase is believed to help PNPase deal with secondary
structures in RNA targets (reviewed in Ref. 37). Thus, these
three proteins provide a machine for the stepwise degradation
of RNAs. The role of enolase in this complex is not understood.
In addition, the C-terminal scaffold domain has two arginine-
rich domains involved in RNA binding (termed ARRBD and
AR2) (Fig. 1B) (reviewed in Ref. 38).
RNase E was first shown byMassé et al. (39) to be important

for the coupled degradation of RyhB and its target sodBmRNA;
it is also necessary for the rapid degradation of RyhB that occurs
in the absence ofHfq. Either heat inactivation of a temperature-
sensitive RNase E or replacement of rne with an allele that
expresses RNase E lacking the C-terminal scaffold domain (Fig.
1B) inhibits degradation of sodB (39). Subsequent studies have
shown that RNase E catalyzes degradation of other target
mRNAs after sRNA pairing and that the C-terminal scaffold
domain of RNase E is required for degradation of thesemRNAs
(35, 40–42). In addition, Hfq has been found to interact with
the scaffold domain of RNase E (Fig. 1B; discussed below) (35).

Multiple Pathways for Negative Regulation

Through bioinformatics and experimental approaches, many
Hfq-binding sRNAs were identified in E. coli and S. enterica
serovar Typhimurium.One particularly powerful approach has
been to isolate Hfq from cells and analyze both the bound
sRNAs and mRNAs that are presumably targets for these
sRNAs (43–45). Although computational approaches tomatch
sRNAswith their targets are available, these programs still miss
many targets and return many false positives. Target mRNAs
have been identified for many of these sRNAs by two general
experimental approaches. One is to monitor the change in
abundance or the turnover of the target mRNA; this approach
has been used to identify targets in microarray experiments
following short-term overexpression of the sRNA or after
expression of the sRNA in response to the natural inducing
signal (46, 47). The second approach has been to create a trans-
lational fusion of GFP or lacZ to a gene of interest and to mon-

itor the effect of deleting or overexpressing a set of sRNAs on
this translational fusion (see, for instance, Refs. 48 and 49). Both
of these approaches have identifiedmRNA targets that are neg-
atively regulated by sRNAs. Characterization of themechanism
bywhich the sRNA leads to the down-regulation of these target
mRNAs has revealed that there are multiple pathways for
sRNAs to cause degradation of their target mRNAs.
Pairing of the sRNA with a target mRNA can result in trans-

lational inhibition by blocking theRBS or ribosome-loading site
(Fig. 2B). Even binding of an sRNA early within the first few
codons of an mRNA can block translation (50). For several
sRNAs and their mRNA targets, translational inhibition in the
absence ofmRNAdegradation is sufficient for the negative reg-
ulation of gene expression, and cleavage of themRNAbyRNase
E is a subsequent step. For example, pairing of the SgrS sRNA
with ptsGmRNA is sufficient to inhibit translation even if deg-
radation of the ptsGmRNA is blocked (in an rnemutant). How-
ever, in a wild-type strain, pairing subsequently leads to degra-
dation of the mRNA (51, 52). In a similar fashion, RyhB pairing
with the sodB mRNA leads to inhibition of the translation of
SodB whether or not the mRNA is degraded (52).
Is translational inhibition by an sRNA and the resulting

absence of ribosomes on the mRNA sufficient to lead to degra-
dation of the mRNA by RNase E? Normally, transcription and
translation are tightly coupled inE. coli, and thus,mostmRNAs
may be covered with ribosomes soon after they emerge from
RNA polymerase (Fig. 2A) (53, 54). There is a variety of evi-
dence suggesting that blocking translation generally increases
mRNA degradation, presumably because RNase E is able to
bind to sites in themRNA that would otherwise be protected by
translating ribosomes (Fig. 2B) (reviewed in Ref. 2). However,
there is also evidence that inhibition of translation is not always
sufficient, suggesting that pairing has a second important role
in recruiting RNase E. For ptsGmRNA, translational inhibition
of the ptsG mRNA by addition of the translational inhibitor
kasugamycin does not lead to destabilization of this mRNA
unless SgrS is expressed (52). This suggests that pairing of SgrS
with the ptsGmRNA leads to active recruitment of RNase E for
degradation. Similarly, for RyhB regulation of sodB, a specific
RNase E site far from the site of pairing was found to be neces-
sary for sodB degradation, and blocking translation by inserting
a stop codon early in the ORF was not sufficient to recruit
RNase E; pairing by RyhB significantly improved RNase E-de-
pendent cleavage (55).
Another consequence of sRNA-dependent decoupling of

translation from transcription is exemplified by the regulation
of the chiPQ mRNA by ChiX. The sRNA ChiX pairs with a
region of the chiPQ mRNA that encompasses the RBS of chiP
(56). Pairing of ChiX with the chiPQ mRNA leads to termina-
tion of the transcription of themRNA by decoupling transcrip-
tion and translation and therefore allowing entry of Rho onto
the mRNA (Fig. 2B) (57). As a result, the downstream gene is
not transcribed. This mechanism of negative regulation by
decoupling of transcription and translationmay be particularly
important for polycistronic mRNAs.
Negative regulation of gene expression by an sRNA does not

always result from translational inhibition. In S. enterica sero-
var Typhimurium, theMicC sRNAbinds far downstreamof the
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start codon of ompD, which encodes an outer membrane pro-
tein. Binding of the sRNA does not disrupt translation of the
ompD mRNA by ribosomes but leads to mRNA degradation
(Fig. 2C) (41). The mechanism by which MicC stimulates deg-
radation of the ompDmRNA has been recently elucidated. The
cleavage of mRNAs by RNase E is stimulated by a monophos-
phate at the 5�-end of the sRNA. Bandyra et al. (58) have shown
that, after pairing with the ompD mRNA, the 5�-monophos-
phate on MicC stimulates cleavage of the ompDmRNA. Stim-
ulated cleavage requires pairing between the sRNA andmRNA.
This type of regulation presumably allows RNase E to recognize
target mRNAs that would otherwise lack an ideal RNase
E-binding site. Regulation of lpxR by the MicF sRNA is also
partially dependent on stimulation of RNase E cleavage, in this
case, by changes in the folding of the lpxR mRNA upon MicF
binding (59).

Interaction of RNase E with Hfq May Be Important for
RNase E Recruitment

The regulatory examples discussed above all imply recruit-
ment of RNase E as a result of sRNA-mRNA pairing. Thus, it
might not be surprising if RNase E and Hfq interact directly. In
fact, several co-immunoprecipitation studies have found that
Hfq interacts with RNase E and other components of the degra-
dosome, although whether this interaction is direct or via RNA
(or both) remains unclear (33, 35, 60–62).
By co-immunoprecipitation experimentswith crude extracts

or purifiedHfq andRNase E,Hfqwas found to bind to a peptide
composed of residues 711–844 of RNase E, and this interaction
still occurred after treatment with RNases (35). These results
suggest that the interaction between Hfq and RNase E is direct
and not indirect through RNA. Consistent with an important
site in this region, deletion of residues 701–845 of RNase E

FIGURE 2. Mechanisms of sRNA-mediated regulation. A, the coupling of transcription by RNA polymerase (green) and translation by the ribosome (blue) in
the absence of sRNA regulation. Growing evidence suggests the possibility of interactions between RNA polymerase and the ribosome to ensure coupling (see
text). B, sRNAs can block ribosome entry by pairing with sequences at or near the RBS of the mRNA. Pairing of the sRNA with the target mRNA is facilitated by
Hfq (orange). As a result of blocking ribosome binding, the sRNA can decouple transcription and translation. Arrow 1, the unprotected mRNA may then be
subject to cleavage by RNase E (yellow). Arrow 2, in addition to access to RNase E, the untranslated RNA can also provide a binding site for Rho (purple), leading
to transcription termination. C, alternatively, sRNAs may induce cleavage of the mRNA by recruiting RNase E, causing mRNA cleavage without inhibiting
translation. Recruitment of RNase E may be through interactions with Hfq, the RNAs, or both.
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caused a defect in regulation of the ptsG mRNA by SgrS (35).
This deletion removes the region of RNase E containing the
RhlB-binding site and an arginine-rich domain (AR2) involved
in RNA binding but leaves the other arginine-rich binding
domain (ARRBD) intact. Consistentwith the idea that RhlB and
Hfq occupy similar sites onRNase E, independent of RNAbind-
ing, overexpression of RhlB resulted in a decrease in the amount
of Hfq bound to RNase E, and Hfq was pulled down with an
RNase E derivative containing only the first 750 amino acids,
lacking the AR2 domain but containing the ARRBD (35). These
experiments do not rule out the possibility that either the
ARRBD or AR2 domain is sufficient to bind Hfq through RNA.
Ikeda et al. (35) also noted that Hfq is likely to interact with

RNase E at multiple sites, even if the site they identified is crit-
ical for regulation. These additional interactions may help to
explain contrasting results obtained byWorrall et al. (62), who
demonstrated in vitro that purified Hfq bound to a C-terminal
fragment of RNase E from residues 628 to 843 but that this
interaction did not occur unless RNA was present. This region
does contain the two arginine-rich RNA-binding domains (Fig.
1B), and it is possible that the indirect binding of RNase E toHfq
by RNA can occur at lower Hfq concentrations than the direct
binding reported by Ikeda et al. (35). It is certainly possible that
both protein-protein interactions and RNA-mediated interac-
tions take place in vivo. Future experiments should clarify this
situation, but the data all point to an association of Hfq and
RNase E that plays a role in negative regulation.

PNPase May Block RNase E Recruitment of Hfq-bound
sRNAs Prior to mRNA Pairing

As discussed above, Hfq interacts directly or indirectly with
the C-terminal scaffold domain of RNase E. In addition, degra-
dation of the sRNA and target mRNA after pairing has been
shown to require the C-terminal scaffold domain (35, 40–42).
Together, these results suggest that Hfq may deliver the sRNA
and targetmRNA to the degradosome after pairing. If this is the
case, what prevents Hfq from delivering the sRNA to the degra-
dosome before the sRNA pairs with the mRNA?
For some sRNAs, PNPase blocks recruitment of Hfq-bound

sRNAs by RNase E (42, 63). PNPase is a 3�–5�-exoribonuclease
that catalyzes the decay of RNAs via a nucleophilic attack of the
phosphodiester backbone with an inorganic phosphate.
PNPase can also catalyze the reverse reaction, adding ribo-
nucleotides to RNA, under conditions of high nucleotide
diphosphate and low phosphate concentrations. PNPase can
associate with the C-terminal scaffold domain of RNase E and
with Hfq (32).
Two recent studies have shown that PNPase can protect

sRNAs from premature degradation by RNase E (42, 63). In
both studies, deletion of pnp resulted in a decreased stability of
several sRNAs. Deletion of pnp also resulted in the abrogation
of sRNA-dependent regulation, presumably because the sRNAs
were unable to accumulate (42). In the absence of PNPase, these
sRNAs were degraded by RNase E prior to pairing with target
mRNAs. Premature degradation of sRNAs in the absence of
PNPase required recruitment via the C-terminal domain of
RNase E because deletion of this domain increased the stability
of sRNAs in a pnp mutant (42). Presumably, it is Hfq-bound

sRNAs that are recruited to the C-terminal scaffold domain of
RNase E in the absence of pnp.
It is not yet clear whether PNPase protects only a subset of

Hfq-dependent sRNAs from premature degradation or pro-
tects them only under some conditions. PNPase also contrib-
utes to degradation of sRNAs, as expected for an exonuclease,
although these data reflect studies done in stationary phase,
whereas the studies in which PNPase protected sRNAs were
done during exponential growth. Viegas et al. (64) demon-
strated that PNPase is important for degradation of two sRNAs,
theHfq-dependentMicA sRNA and theHfq-independent SraL
sRNA in S. enterica serovar Typhimurium, in stationary phase.
It was also found that PNPase is critical for the degradation of
MicA and RybB sRNAs, again during stationary phase, because
deletion of pnp increased their stability in E. coli (65). It appears
that PNPase degrades sRNAs that are not bound toHfq because
the effect of a pnp deletion in stabilizingMicA sRNAwasmuch
greater in an hfq mutant (63). RyhB and SgrS accumulated to
higher levels, and their stability was modestly higher in an hfq
pnp double mutant compared with the stability in an hfq or a
pnp single mutant, particularly in stationary phase (63). This
result is different from that found in exponential phase in our
studies (42). A possible explanation for the increased degrada-
tion of these sRNAs in the hfq� pnp� strain is that PNPase acts
as a polymerase, extending the 3�-tail of the sRNA and thus
providing a foothold for 3�–5�-exoribonucleases, including
PNPase itself; this polymerase activity is significantly increased
in the absence of Hfq (32). PNPase may also act by regulating
access of the sRNA to RNase E, known to degrade sRNAs in the
absence of Hfq (39), protecting them when they are bound to
Hfq and accelerating their recognition and/or degradation by
RNase E in the absence of Hfq.
This was not the first evidence supporting a role of pnp in

protecting RNAs from degradation. In a genome-wide expres-
sion profiling experiment, deletion of pnp was shown to result
in a significant increase in the expression of �500 mRNAs, as
might be expected if PNPase was important for degradation of
these RNAs (66); some of these increasesmay also reflect failure
of sRNA-based negative regulation. However, deletion of pnp
also led to a substantial decrease in the expression of 140 genes,
suggesting the possibility that PNPase also protects many
mRNAs from degradation, directly or indirectly (via failure of
sRNA positive regulation, for instance) (66). Our studies of
mRNA targets of sRNA regulation also support a decrease in
the steady-state level of some mRNAs in pnp mutants (42).
Consistent with this idea of PNPase being able to protect RNAs
from degradation, Briani et al. (67) showed that overexpression
of the ribosomal protein S1 results in stabilization of mRNAs
and that this stabilization requires PNPase. This is intriguing
because S1 bindsRNAwith a similar sequence specificity asHfq
and clearly carries out RNAchaperoning activities independent
of the ribosome (reviewed in Ref. 68). One could imagine that
PNPase regulates the accessibility to RNase E of RNAs bound to
both of these proteins. Although many of the details of how
PNPase affects sRNA trafficking remain unexplored, these
studies all suggest that Hfq, PNPase, and RNase E interact with
each other in ways that have significant effects on the fate of
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both sRNAs and theirmRNA targets and that reflect previously
unsuspected roles for PNPase (42, 66, 67).

Conclusions, Comparisons, and Future Directions

sRNA-dependent regulation is now well established in bac-
terial cells. The list of Hfq-dependent sRNAs in E. coli and
S. enterica serovar Typhimurium is large, and each sRNA has
multiple mRNA targets. Although these sRNA-mRNA pairs
share dependence on some common machinery (primarily
Hfq) for regulation to occur, it is becoming increasingly clear
that there are many variations on how regulation actually
occurs. These variations are helping us to understand more
about how translational regulation in general can occur.
One important insight is the impact of the usual coupling of

transcription and translation and how uncoupling this affects
the ability of sRNAs to act (Fig. 2). The uncoupling of transcrip-
tion and translation that underlies the ability of both RNase E
and Rho to access the mRNA makes clear the important role
that competition between sRNAs and ribosomes plays in trans-
lational regulation, and thus, ribosomes and their ability to load
on a given mRNA must be considered as important compo-
nents of the sRNA-dependent regulatory network. The growing
understanding of ribosome occupancy on different mRNAs
(see, for instance, Ref. 69) will help in unraveling these issues.
Other protein participants in sRNA trafficking seem likely to be
discovered in the near future. The complex interactions of the
translation apparatus, the mRNA degradation apparatus, and
the sRNAs themselves are likely to take longer to unravel.
To what extent do findings for bacterial sRNAs mirror our

understanding of the eukaryotic microRNAs (miRNAs) and
siRNAs (reviewed in Ref. 70)? In their mature form, miRNAs
function as 21–23-nucleotide RNAs that can bind their target
through imperfect complementarity, usually in the 3�-UTR,
leading to gene silencing. For silencing to take effect, the
mature miRNA must be presented to its targets in the context
of a set of proteins called the RNA-induced silencing complex
(RISC). The first job of RISC is to take the pre-miRNA exported
from the nucleus and process it to a mature single-stranded
miRNA. This task presumably is not essential for bacterial
sRNAs that are frequently, if not always, active in their unpro-
cessed form.
At the core of RISC are a glycine-tryptophan repeat-contain-

ing protein of 182 kDa (GW182) and the Argonaute protein
(Ago), which includes domains for nucleic acid binding and a
PIWI domain that has ribonuclease activity. RISC loaded with
an miRNA can then bind to an mRNA target through RNA-
RNA interactions. Presumably, RISC is important to stabilize
and present the very short miRNA, a role that Hfq also plays
with its longer sRNA substrates. RISC is also directly involved
in the outcome of pairing/recruitment. If perfect complemen-
tarity exists between the miRNA and mRNA target, then
annealing can induce endonuclease activity by Ago, and subse-
quent degradation of the target can occur. In the case of imper-
fect complementarity to a target mRNA, miRNA-mediated
translational repression and/or subsequent deadenylation and
decapping will occur, leading to mRNA decay (reviewed in Ref.
26). Ago proteins both present the sRNA to the mRNA and
serve as the platform to recruit factors for RNAprocessing. Hfq

and RNase E may serve in similar capacities, with Hfq certainly
promoting pairing.Weunderstand less about howHfqpresents
the paired RNAs to RNase E and how the RNase E scaffold acts
to recruit other players.
As foundwith bacterial sRNA-mediated repression,multiple

pathways of miRNA-mediated translational repression have
been characterized, blocking initiation in multiple ways or, in
some cases, blocking translation beyond initiation (reviewed in
Ref. 70). For eukaryotic mRNAs, there is certainly no direct
coupling of transcription and translation, but the coupling of
maturation of mRNA and translation is achieved by the direct
communication of the poly(A) tail with the initiation of
translation.
It seems clear that prokaryotes and eukaryotes have evolved

different machineries to process and present regulatory RNAs,
but these sRNAs facilitate similar outcomes, well regulated
control of translation, using machinery that is sensitive to the
state of themRNAand its ability to be translated and that can be
tuned in multiple ways to fit the physiological requirements.
Therefore, future lessons learned in eukaryotes may also hold
true for prokaryotes and vice versa: what is true for an elephant
may actually be true for E. coli.
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Interstitial collagen mechanical and biological properties are
altered by proteases that catalyze the hydrolysis of the collagen
triple-helical structure. Collagenolysis is critical in develop-
ment and homeostasis but also contributes to numerous pathol-
ogies. Mammalian collagenolytic enzymes include matrix met-
alloproteinases, cathepsin K, and neutrophil elastase, and a
variety of invertebrates and pathogens possess collagenolytic
enzymes. Components of the mechanism of action for the col-
lagenolytic enzyme MMP-1 have been defined experimentally,
and insights into other collagenolytic mechanisms have been
provided. Ancillary biomolecules may modulate the action of
collagenolytic enzymes.

Enzymes That Catalyze Interstitial Collagen Catabolism

Collagens are composed of three � chains of primarily
repeating Gly-Xaa-Yaa triplets, which induce each � chain to
adopt a left-handed poly-Pro II helix. Three chains then inter-
twine, staggered by one residue and coiled, to form a right-
handed triple helix. Triple helices assemble to form semicrys-
talline aggregates referred to as fibrils, and bundles of fibrils
form fibers. The proteolysis of interstitial collagen (types I–III)
is integral for numerous physiological functions, including
morphogenesis, tissue remodeling, and wound healing, and has
been recognized as a contributing factor to multiple pathologies,
including tumor cell spreading (metastasis), arthritis, glomerulo-
nephritis, periodontal disease, tissue ulcerations, cardiovascular
disease, and neurodegenerative diseases. Identifying proteases
capable of processing triple helices provides a starting point for
defining the roles of collagen catabolism in health and disease.
Members of the matrix metalloproteinase (MMP)2 family of

zinc-dependent endopeptidases possess collagenolytic activity
(1). Interstitial collagens are hydrolyzed by the “classic” colla-
genases, MMP-1, MMP-8, and MMP-13 (Fig. 1), into 1/4 and
3/4 length fragments (Table 1) (1, 2). MMP-2 (Fig. 1) cleaves
type I collagen (3), although how robust the collagenolytic
activity is has been brought into question (4). MMP-9 (Fig. 1)
cleaves type I and III collagens (5). Hydrolysis of type I collagen
was monitored at 37 °C, at which some denatured triple helices
might exist. For MMP-2 and MMP-9, the cleavage site is the
same as for the classic collagenases (Table 1).

Two membrane-type (MT) MMPs (MT-MMPs), MT1-
MMP and MT2-MMP, allow invasion-incompetent cells to
penetrate type I collagen matrices (6). MT1-MMP (Fig. 1) pro-
cesses type I-III collagens at the same site as the classic collage-
nases (Table 1) (3). MT3-MMP also cleaves type III collagen at
the classic site (Table 1) (3). MT6-MMP was initially reported
to have little or no collagenolytic activity (7, 8) but was subse-
quently found to cleave type I and II collagens (albeit at 37 °C)
(9) and a triple-helical peptide (THP) model of the classic col-
lagenase cleavage site (10). The catalytic (CAT) domain of
MMP-12 processes type I and III collagens, where hydrolysis
occurs at the classic cleavage site and numerous other sites (11).
The classic collagenase cleavage site seems to be the most sen-
sitive to MMP-12 (Table 1). Xenopus laevis MMP-18 and
chicken MMP-22/MMP-27 cleave type I collagen at the same
site as the classic collagenases (3).
The interstitial collagen triple helix is cleaved by the Cys

protease cathepsin K under acidic conditions (optimum pH
5.0). Five distinct sites of cathepsin K hydrolysis type I collagen
have been identified, as well as one in type II collagen (Table 1)
(12, 13).
An extracellular Ser protease contributes to collagenolysis by

temporomandibular joint fibroblasts (14). Several Ser proteases
possess interstitial collagenolytic activity, including human
neutrophil elastase, Uca pugilator (fiddler crab) collagenase 1,
Hypoderma lineatum (insect) collagenase, Penaeus vanameii
(shrimp) chymotrypsin, and Pseudoalteromonas sp. SM9913
deseasin MCP-01 (3, 15–18). However, neutrophil elastase is
ineffective toward fibrillar type III collagen (19). For a number
of collagenolytic Ser proteases, the site of collagen cleavage is
close to the site of MMP action (Table 1). Although initially
reported as being collagenolytic, the Ser proteases fibroblast
activation protein/separase and trypsin-2 do not cleave inter-
stitial collagens within their triple helices (20).3
Additional interstitial collagenases include several that act

under acidic conditions, such as Cynara cardunculus Asp pro-
tease cardosin A (22) and Alicyclobacillus sendaiensis Ser-car-
boxyl protease kumamolisin-As/ScpA (23), as well as the Cys
proteases ginger (Zingiber officinale) GP2 and GP3 (24) and
Fasciola hepatica FhCL2 and FhCL3 (25). GP2 hydrolyzes type
I collagen at three distinct sites (Table 1) (24). FhCL2 cleaves
the �1(I) chain at 43 sites and the �2(I) chain at 26 sites,
whereas FhCL3 cleaves the �1(I) chain at 24 sites and the �2(I)
chain at 24 sites, with only three sites shared by the two pro-
teases (25).
Clostridium histolyticum possesses two zinc proteases with

collagenolytic activity: class I (ColG) and class II (ColH) (Fig. 1).
ColG cleaves interstitial collagens initially near the N termini,
whereas ColH cleaves interstitial collagens near the middle to
produce 35- and 62-kDa fragments (Table 1) (26). Clostridium
perfringens produces a collagenase that is highly similar to
ColG, whereas Vibrio alginolyticus collagenase is a zinc prote-
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ase that initially processes collagen at a similar site as collageno-
lytic MMPs (3).

Pathways of Collagen Catabolism

There are presently four pathways that have been considered
for mammalian collagen catabolism: 1) phagocytosis mediated
by the �2�1 integrin, where internalized insoluble collagen is
transported to lysosomes and degraded by cathepsins (27); 2)
cathepsin K collagenolysis in osteoclast-mediated bone resorp-
tion (28); 3) extracellular MMP hydrolysis, followed by gelati-
nolytic MMPs laterally diffusing on collagen extracellularly,
finding “tails” from the cleaved sites, denaturing the triple helix,
and further proteolyzing the � chains (29, 30); and 4) extracel-
lular MMP hydrolysis, followed by the resulting collagen frag-
ments undergoing endocytosis (mediated by urokinase plas-
minogen activator receptor-associated protein/Endo180 on
mesenchymal cells and mannose receptor on macrophages),
lysosomal delivery, and cathepsin-catalyzed degradation (31).
Collagen can also be degraded intracellularly by autophagy-
mediated lysosomal processes, whichmay be a form of collagen
regulation (32).
In vivo processing of collagen for pathways 1) and 2) above

initially involves MMP interaction with fibrils. Hydrolysis of
collagen proceeds at the outer edge of the fibril (33, 34).MMP-1
is a diffusion-based “burnt bridge” Brownian ratchet capable of
biased diffusion on the surface of collagen fibrils, where the bias
is driven by proteolysis (35). Surface-boundMT1-MMPmove-
ment is via a similar diffusionmechanism (4).While on collagen
fibrils, MMP-1 spends �90% of its time in one of two distinct
pause classes (36). Class I occurs randomly along the fibril,
whereas class II occurs periodically at 1.3 and 1.5 �m along the
fibril and exhibitsmultistep escape kinetics (36). Five percent of

the class II pauses result in initiation of processive collagen
degradation for�15 consecutive cleavage events (36). The tem-
perature dependence of the pauses suggests local unfolding, but
the low probability of hydrolysis (�5%) indicates that local
unfolding is not sufficient for hydrolysis (36).

Unique Features of Interstitial Collagen Cleavage Sites

MMPs bind to multiple sites in collagen (37), but hydrolysis
ultimately occurs at a single site (Table 1). Collagen primary
structure is not the only basis for discriminatory MMP collag-
enolytic behavior (1). Amodel of the cleavage sites in interstitial
collagens suggested that all of the information necessary for
efficient hydrolysis of collagen is contained in a 24-residue
stretch (subsites P13–P12�) (2). Cleavage site regions were dis-
tinguished by �10% charged residues, being “tightly” triple-
helical (high Pro/Hyp content) prior to the cleavage site and
being “loosely” triple-helical (low Pro/Hyp content) following
the cleavage site (2). Arg residues in the P5� or P8� subsite have
been proposed to stabilize the triple helix through electrostatic
interactions, and these interactions may need to be disrupted
for hydrolysis to occur (38).
Soluble collagens are thermally unstable at physiological

temperatures, slowly melting unless incorporated into fibrils
(39). This instability may lead to local flexibility/microunfold-
ing that is needed for protease processing of collagen. Molecu-
lar dynamics simulations indicatemicrounfolding of interstitial
collagens at the MMP cleavage site (40–42). Based on enzyme
susceptibility, the type I collagenMMP cleavage site undergoes
local reversible relaxation (43), whereas the cleavage site in type
III collagen has been proposed to be more flexible than the one
in type I collagen (19, 44).
Homotrimeric type I collagen (�1(I)3) is much less suscepti-

ble to MMP-1 hydrolysis than heterotrimeric type I collagen,
and the effect is not due to binding (45). The homotrimer is
more thermally stable than the heterotrimer by �2.5 °C and
melts 100 times slower (46, 47). Themicrounfolding patterns of
the two collagen subtypes are different (47). Thus, the differ-
ence betweenMMP-1 activity toward homotrimeric versushet-
erotrimeric type I collagen is due to local triple-helical unwind-
ing at the cleavage site (45). The �2(I) chain also increases
hydrophobicity compared with the �1(I) chain, driving out
structuredwater and facilitating hydrolysis (46). Homotrimeric
type I collagen is produced by a variety of tumor cells and
enhances tumor cell proliferation and migration compared
with heterotrimeric type I collagen (48).
The Ile residue in one of the three chains at the site of MMP

hydrolysis has a distinct chemical shift, a higher J coupling
value, increased dynamics, and decreased local stability (49).
This suggests that a single locally dynamic chain, rather than a
labile region with three comparably dynamic chains, is a deter-
mining factor for collagen to be cleaved by MMPs (49). Also, a
Pro residue at the P3 subsite influences the P1� subsite Ile resi-
due, enhancing its accessibility to collagenolytic MMPs (49).
The collagen cleavage site model would be valid only if col-

lagenases had extended active or substrate-binding sites. Mod-
ulation of MMP-1, MMP-8, MMP-13, and MT1-MMP activi-
ties was observed in THP substrates spanning subsites P13–P17�
(50–53). Utilizing interstitial collagen sequences inserted into

FIGURE 1. Domain structures of collagenolytic proteases. A, MMP-1,
MMP-8, and MMP-13. B, MT1-MMP. C, MMP-2 and MMP-9. D, cathepsin K. E,
neutrophil elastase. F, fiddler crab collagenase. G, C. histolyticum class I colla-
genase (ColG). Signal, secretory signaling peptide; Pro, prodomain; TM, trans-
membrane domain; CT, cytoplasmic tail; FN, fibronectin domain; Pre, predo-
main; PKD, polycystic kidney disease-like domain.
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bacterial collagen, the minimum type III collagen sequence
necessary forMMP-1 orMMP-13hydrolysiswas found to be 15
residues (subsites P4–P11�), whereas a similar rate of hydrolysis
to type III collagenwas obtainedwith a sequence spanning sub-
sites P7–P11� (54). Thus, both the THP and bacterial collagen
studies confirm that the collagenolytic MMPs interact with a
significant span of the collagen triple helix.

Molecular Mechanisms of Collagen Catabolism

The 15 Å collagen triple helix does not fit into the 5 ÅMMP
CAT domain active site cavity (55). Models have generally
accounted for this steric clash by (a) requiring active unwinding
of the triple helix by an MMP (55–57) and/or (b) considering
that the site of hydrolysis within collagen has a distinct confor-
mation or conformational flexibility, rendering it more suscep-
tible to proteolysis than other regions in collagen (2). The “vul-
nerable” site hypothesis proposes that the distinct cleavage site
region within collagen is alone responsible for collagenolysis
(58).
A detailedmechanism of initial collagenolysis was developed

from examination of structures of MMP-1 and MMP-1�THP
complexes (59). MMP-1 is in equilibrium between open/ex-
tended and closed structures (Fig. 2A) (60). An open form of
MMP-1 is favored in solution (see below). The hemopexin-like
(HPX) domain binds the leading chain (1T) and the middle
chain (2T) of theTHP, anddue to the flexibility of the linker, the

CAT domain is guided toward the Gly�Ile bond of chain 1T
(Fig. 2B). This structure would thus correspond to the first
event of collagen recognition by MMP-1. The exposure of the
MMP cleavage site by removal of the collagen C-terminal telo-
peptide (34) permits interactions of theMMP-1 HPX and CAT
domainswith triple helices on the outer edge of the fibril. Visual
inspection of the complex at this point suggests that a back-
rotation of the CAT and HPX domains would need to occur to
achieve the x-ray crystallographic closed MMP-1 conforma-
tion. To approximate this action, the residues at the interface
between the HPX and CAT domains in the x-ray structure of
MMP-1 in the closed form (ProteinData Bank code 1SU3)were
imposed as constraints in a docking calculation. In the resulting
structure, with the CAT and HPX domains arranged in the
x-ray crystallographic closed conformation, the THP is
unwound (Fig. 2C). The domain movement drives chain 1T
into the active site, allowing the polypeptide to establish a num-
ber of H-bonding interactions and the carbonyl oxygen of the
cleavage site amide bond to coordinate the metal ion. This
result is consistent with the experimentally observed weaken-
ing in NOEs for the interaction of chain 1T with chains 2T and
3T (the trailing chain) at the cleavage site. It has been proposed
that when released from the triple-helical conformation, the
cleavage site sequence in type I collagen has the propensity to
form �-bend and �-strand structures (61). Protease active sites

TABLE 1
Representative protease cleavage sites within interstitial collagen triple-helical domains

Enzyme Collagen chain Sequencea

MMP-1/2/8/9/12/13 and MT1-MMP �1(I) Pro-Gln-Gly775�Ile776-Ala-Gly
MMP-1/2/8/9/12/13 and MT1-MMP �2(I) Pro-Gln-Gly775�Leu776-Leu-Gly
MMP-1/8/13 and MT1-MMP �1(II) Pro-Gln-Gly775�Leu776-Ala-Gly
MMP-1/8/9/12/13, MT1-MMP, and MT3-MMP �1(III) Pro-Leu-Gly775�Ile776-Ala-Gly
Cathepsin K �1(I) Gly-Pro-Arg9�Gly10-Leu-Pro
Cathepsin K �1(I) Gly-Pro-Gln21�Gly22-Phe-Gln
Cathepsin K �1(I) Gly-Leu-Asp96�Gly97-Ala-Lys
Cathepsin K �1(I) Gly-Pro-Gln189�Gly190-Val-Arg
Cathepsin K �1(I) Gly-Pro-Ser810�Gly811-Ala-Ser
Cathepsin K �2(I) Gly-Pro-Arg9�Gly10-Pro-Pro
Cathepsin K �2(I) Gly-Pro-Gln21�Gly22-Phe-Gln
Cathepsin K �2(I) Gly-Leu-Lys99�Gly100-Pro-Gln
Cathepsin K �2(I) Gly-Ala-Arg144�Gly145-Ser-Asp
Cathepsin K �2(I) Pro-Pro-Gly814�Ala815-Arg-Gly
Cathepsin K �1(II) Lys-Pro-Gly61�Lys62-Ser-Gly
Elastase �1(III) Ala-Gly-Ile779�Thr780-Gly-Arg
Crab collagenase 1 �1(I) Ala-Gly-Gln779�Arg780-Gly-Val
Crab collagenase 1 �1(I) Gly-Gln-Arg780�Gly781-Val-Val
Crab collagenase 1 �1(I) Gly-Glu-Arg792�Gly793-Phe-Hyp
Crab collagenase 1 �1(I) Arg-Gly-Leu587�Thr588-Gly-Pro
Crab collagenase 1 �2(I) Gly-Phe-Leu783�Gly784-Leu-Pro
Cardosin A �2(I) Pro-Gly-Phe464�Asn465-Gly-Leu
Kumamolisin-As/ScpA �1(I) Gly-Pro-Lys108�Gly109-Glu-Hyp
Kumamolisin-As/ScpA �1(I) Gly-Pro-Arg183�Gly184-Ser-Glu
Kumamolisin-As/ScpA �1(I) Gly-Ala-Arg396�Gly397-Gln-Ala
Kumamolisin-As/ScpA �1(I) Gly-Asp-Ala489�Gly490-Ala-Hyp
Kumamolisin-As/ScpA �2(I) Gly-Pro-Arg42�Gly43-Pro-Ala
GP2 �1(I) Gly-Pro-Ala285�Gly286-Glu-Glu
GP2 �1(I) Gly-Ala-Arg498�Gly499-Glu-Arg
GP2 �1(I) Gly-Pro-Ser711�Gly712-Asn-Ala
GP2 �2(I) Gly-Pro-Ser285�Gly286-Glu-Glu
GP2 �2(I) Gly-Ala-Arg498�Gly499-Glu-Arg
GP2 �2(I) Gly-Pro-Ser711�Gly712-Ile-Ser
ColG �1(II) Gly-Phe-Gln24�Gly25-Asn-Pro
ColG �1(III) Gly-Glu-Arg69�Gly70-Leu-Hyp
ColH �1(I) Gly-Ala-Arg396�Gly397-Gln-Ala
ColH �2(I) Gly-Ala-Arg396�Gly397-Glu-Pro
ColH �1(II) Gly-Phe-Pro405�Gly406-Pro-Lys
ColH �1(III) Gly-Pro-Arg399�Gly400-Gln-Hyp

a Numbering begins at the N terminus of the triple-helical region of each collagen.
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appear to accommodate �-strand structures universally (62).
Besides liberating theN-terminal region of chain 1T for hydrol-
ysis, the destabilization of the THP also causes a partial detach-
ment of chain 3T near the THPC terminus (Fig. 2C), consistent
with the observed lengthening in NOEs of chain 3T. The posi-
tion that the two peptide fragments assume after cleavage (Fig.
2, D and E) is almost superimposable on the x-ray crystallo-
graphic structure of the complex between the MMP-12 CAT
domain and the two fragments obtained by enzymatic cleavage
of the �1(I) collagen model Pro-Gln-Gly-Ile-Ala-Gly hexapep-
tide at the Gly�Ile bond (Protein Data Bank code 2OXZ).
TheMMP-1�THP complex, in which one strand of the triple

helix is displaced from the other two (Fig. 2C), is an energeti-
cally andmechanistically feasible route between the complexes
in Fig. 2 (B and D) (59). MMP-1 may not actively unwind the
triple helix (45). Rather,MMP-1 shifts the equilibrium between
native helical and locally unwound states, destabilizing the hel-
ical state and/or stabilizing the unwound state (45).
The maximum occurrence (MO) of MMP-1 conformations

in solution has been recently calculated by paramagnetic NMR
and small angle x-ray scattering.4 Many of the MMP-1 confor-
mations with the highestMO value (�35%) were found to have

interdomain orientations and positions that could be grouped
into a cluster.4 Within this cluster, the collagen-binding resi-
dues of the HPX domain are solvent-exposed, and the CAT
domain is correctly positioned for its subsequent interaction
with the collagen. A �50° rotation around a single axis of the
CAT domain with respect to the HPX domain positions the
CAT domain right in front of the interstitial collagen cleavage
site.
Binding sites for the triple helix within theHPXdomain have

been identified (52, 59, 64, 65). Initially, in MMP-1, Ile290 and
Arg291 in the blade I A-B loop were identified as key residues in
collagenolysis (52). Subsequently, Phe301, Val319, and Asp338

were implicated in collagen binding (64). Phe320 was found to
be an important contributor, along with Ile290 and Arg291, to
the S10� binding pocket (65). The S10� binding pocket binds the
P10� subsite of collagen, which possesses a conserved Leu resi-
due important for interaction of triple helices withMMP-1 (53,
64, 65). The lack of this Leu residue explains why an earlier
study did not observe binding of a THP to the HPX domain
(66). Other residues within the HPX domain may also partici-
pate in collagen binding (52, 64, 65).
There is some controversy over MMP-1 Phe301, which was

identified as a binding site by NMR spectroscopy but was
deemed as buried in the CAT domain/HPX domain interface
by x-ray crystallography (64, 65). All available x-ray structures

4 I. Bertini, L. Cerofolini, G. B. Fields, M. Fragai, C. F. G. C. Geraldes, C. Luchinat,
G. Parigi, E. Ravera, D. I. Svergun, and J. M. C. Teixeira, manuscript submit-
ted for publication.

FIGURE 2. Initial steps of collagenolysis (59). A, closed (left) and open/extended (right) forms of full-length MMP-1 in equilibrium. B, the extended protein
binds �1(I)-(772–786) THP chains 1T-2T at Val23–Leu26 with the HPX domain and the residues around the cleavage site with the CAT domain. The THP is still in
a compact conformation. C, closed full-length MMP-1 interacting with the released 1T chain (magenta). D, after hydrolysis, both peptide fragments (C- and
N-terminal) are initially bound to the active site. E, the C-terminal region of the N-terminal peptide fragment is released. This figure has been reprinted with
permission from the Journal of the American Chemical Society.

MINIREVIEW: Interstitial Collagen Catabolism

8788 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 13 • MARCH 29, 2013



of human full-length MMP-1 (Protein Data Bank codes 1SU3,
2CLT, and 4AUO) display relatively closed conformations. The
MO values obtained for the x-ray structures for pro-MMP-1
(code 1SU3) and active MMP-1 (2CLT) were 20 and 19%,
respectively.4 The x-ray crystallographic structure of anMMP-
1�THP complex (code 4AUO) has amore closed structure com-
pared with code 2CLT (65) and has a MO of 18%. Thus, these
structures are not the dominant ones sampled by the protein in
solution. The radii of gyration (Rg) of the crystallographic struc-
tures range from 25.5 to 25.7 Å, whereas the structures with the
highest MO (�35%) have Rg of 28.9 � 1.3 Å. This range of Rg is
in better agreement with values from small angle x-ray scatter-
ing data, indicating that the x-ray structures are more compact
than the average solution conformation. Furthermore, the rel-
ative orientations of the HPX and CAT domains in the struc-
tures with the highest MO are different from those in the x-ray
crystallographic structures. It was reported that the x-ray crys-
tallographic structure of theMMP-1�THPcomplex is a nonpro-
ductive complex (65). Thus, Phe301 probably interacts with the
triple helix initially but is then utilized for domain interaction
during collagenolysis (64).
Based on chimeric studies using MMP-3 sequences, the

active site cleft of MMP-1 is a significant determinant for col-
lagenolytic activity (67, 68). Tyr210 is specifically involved in
collagenolytic (but not general peptidase) activity (50, 69).
MMP-3 binds to type I collagen but does not cleave the native

triple helix (70). However, theMMP-3 CAT domain can cleave
collagen when the triple helix is unwound by catalytically inac-
tiveMMP-1 (55). Thus, MMP-3 is entirely competent to cleave
type I collagen but does not. Based on the MMP collagenolysis
mechanism, the linker needs to be able to properly orient the
CAT andHPXdomains (59). Gly272 is critical for the collageno-
lytic activity of MMP-1, with its role proposed to be the linker-
bending motion that allows the HPX domain to present colla-
gen to the CAT domain (71). The MMP-1 and MMP-8 linkers
are considerably shorter than the MMP-3 linker, whereas the
MT1-MMP linker is very long (33 residues), with significant
and heterogeneous O-glycosylation (72). An MMP-8 chimera
with the linker region (16 residues) replaced with the corre-
sponding MMP-3 sequence (25 residues) loses activity toward
collagen (73). In a similar fashion, MMP-1/MMP-3 chimeras
possessing the MMP-3 linker are not active toward collagen
(67, 70). The linker appears to be critical for proper alignment
of the CAT and HPX domains during collagenolysis. Ulti-
mately, theremay be negative regulation of collagenolytic activ-
ity due to (mis)alignment of the CAT and HPX domains in the
case of MMP-3 and other non-collagenolytic MMPs.
The experimentally determinedmechanism is not consistent

with the vulnerable site hypothesis, as fluctuations in the triple
helix were not observed until after MMP-1 binding (59). As
indicated earlier in the studies of MMP movement on fibrils,
local unfolding was not sufficient for hydrolysis (36). Support
for the vulnerable site hypothesis comes from the action of the
CAT domains of MMP-1 and MMP-8 against type I collagen
(58). However, high concentrations of CAT domains were uti-
lized to obtain hydrolysis, and a prior study demonstrated that
the MMP-8 CAT domain had a different pattern of type I col-
lagen hydrolysis compared with full-length MMP-8 (74). A

highly temperature-dependent collagenolytic activity was
observed for the MMP-13 CAT domain but not for full-length
MMP-13, indicating that the activity of the CAT domain was
based on partial denaturation of the substrate (54). Although
the MMP-12 CAT domain hydrolyzes interstitial collagens
(11), it appears to possess unique properties that allow it to
destabilize the triple helix (75, 76).
It has been noted that although MMP-1 and MMP-8 have

similar collagenolytic mechanisms, MMP-2 and MT1-MMP
have mechanisms distinct from MMP-1 and MMP-8 (50, 56,
77, 78). In the case ofMMP-2 (andMMP-9 as well), interaction
with collagen is primarily via the fibronectin type II-like mod-
ules within the CATdomain, not theHPXdomain (3). All three
fibronectin type II-likemodules contribute to collagen binding,
with the greatest effects observed for modules 2 and 3 (56, 79).
Individual residues involved in collagen binding are primarily
Arg (positions 252, 296, and 368) and aromatics (Phe297, Tyr302,
Tyr323, Tyr329, Trp374, and Tyr381) (79). It has been proposed
that MMP-2 preferentially binds the �1(I) chain and grossly
distorts the triple helix, followed by initial hydrolysis of the
�2(I) chain (77).
A mechanism has been proposed for C. histolyticum collag-

enolysis based on x-ray crystallographic analysis of the colla-
genase module (activator � CAT domains), the polycystic kid-
ney disease-like domain, and one or both of the collagen-
binding domains (CBDs) and mutagenesis analysis of substrate
binding and/or hydrolysis of C. histolyticum class I collagenase
(ColG) (80–82). The CBDs of ColG promote interaction with
fibrils, not individual triple helices, along the fibril axis.
Mutagenesis analysis of ColG CBD binding to THP Gly-(Pro-
Hyp-Gly)8 revealedThr957, Tyr970, Leu992, Tyr994, andTyr996 as
participating in binding, with all of these residues centrally
located on one face of the CBD (80). The ColG CBD binds
unidirectionally to the undertwisted C terminus of the triple
helix but does not facilitate unwinding (83). The polycystic kid-
ney disease-like domain swells the collagen but does not
unwind it (18, 82). The ColG collagenase module forms a sad-
dle-shaped two-domain architecture that “squeezes” the fibril,
facilitating enzyme (CAT domain) accessibility to monomeric
triple helices (81). Initial collagen contact ismadewith theCAT
domain, followed by a closing of the saddle and contact by the
activator domain. Only the open state was observed in x-ray
crystallographic analysis, whereby the opening between the
CAT and activator domains matched that of collagen microfi-
brils (40 Å) (81). Removal of the activator domain or the Gly-
rich hinge region between the activator and CAT domains
greatly decreased collagenolytic activity. The mechanical
energy for substrate unwinding comes from the release of
stored ordered water upon hydrolysis (81). This is consistent
with force measurement studies that concluded that C. histo-
lyticum collagenase processes collagen independent of an
unwinding transition (84). Supporting this notion is the much
lower activation energy for C. histolyticum collagenase hydrol-
ysis of fibrillar type I collagen compared with MMP-1 (33).
The entrance to the cathepsin K active site is 5 Å wide (85),

and thus, manipulation of the triple helix in a similar fashion as
inMMPs is anticipated. Collagenolytic activity of cathepsinK is
lost by the T67L/L205A double mutation, as this mutation ren-
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ders the S2 subsite unable to accommodate Pro (86). Efficient
collagenolytic activity requires a complex between cathepsin K
and chondroitin sulfate (87).

Facilitation of Collagen Catabolism

Cell surface collagenolysis may be facilitated by collagen-
binding integrins providing strain on the collagen, protease-
binding partners, and/or protease dimerization. Binding of a
THP by the �2�1 integrin results in disruption of interactions
between Arg and Glu side chains in the ligand and significant
changes in main chain conformation, reflected in the bending
of the triple helix (88). Strain could be induced by integrin-
collagen interactions and/or cellular traction forces (57).
The reported effects of strain on collagenolysis have been

contradictory. Molecular dynamics simulations indicated that
force stabilizes the MMP cleavage site in heterotrimeric type I
collagen, slowing proteolysis (89). However, homotrimeric type
I collagen possesses a more stable cleavage site, so force
enhances proteolysis by destabilizing the cleavage site (89).
MMP-1 hydrolysis of a homotrimeric model of type I collagen
was increased by 81-fold by a mechanical load (57), whereas
similar force enhancedMMP-1 catalysis of heterotrimeric type
I collagen by 8-fold (84). These data suggested that heterotrim-
eric type I collagenwasmore unwound than homotrimeric type
I collagen, and hence, the effect of strain on further unwinding
the triple helix was less pronounced in the former case (84).
Conversely, strain of reconstituted type I collagen fibrils
increased degradation time by MMP-8 (90). The discrepancy
between the single-molecule study (84) and the fibrillar colla-
gen study (90)may be due to effects on diffusive transport of the
MMP in fibrils (84).
In one study, applied force had little effect onC. histolyticum

collagenase processing of heterotrimeric type I collagen (84),
whereas in another, the application of force significantly
reduced C. histolyticum collagenase activity (91). The different
results could be due to themixtures of collagenases used.C. his-
tolyticum collagenase activity was decreased by increasing
strain in corneal tissue (92). As the enzymeprocessed the tissue,
the same applied load strained the remaining tissue to a greater
degree, limiting diffusion and slowing collagenolysis (92).
Related to strain, fibronectin binds to type I collagen at

Gly788–Gly799, near the classic collagenase cleavage site (93).
Fibronectin binding destabilizes the collagen triple helix,
potentially facilitating MMP collagenolysis (93).
Many “soluble” collagenolytic MMPs have cell surface bind-

ing partners, including the �2�1 integrin (MMP-1) and CD44
(MMP-9) (94). MT1-MMP has numerous cell surface binding
partners, including tetraspanins, the �2�1 and �v�3 integrins,
and CD44 (94–96). The HPX domain of MT1-MMP binds to
tetraspanins CD63 and CD151 (96). MT1-MMP association
with CD151 modulates collagenolysis in that knockdown of
CD151 decreases collagenolysis (96).
Highly efficient collagenolysis requires homodimerization of

MT1-MMP, where association includes interactions of the
HPX domain (3). Homodimerization is symmetrical, involving
Asp385, Lys386, Thr412, andTyr436 in blades II and III of theHPX
domain (97). MT6-MMP also forms homodimers through a
disulfide bond in the stem region (98).MMP-1 andMMP-9 can

form an active heterodimeric complex capable of fibrillar type I
collagen catabolism (63).
Cell surface-bound MT1-MMP has only a partially

decreased collagenolytic activity upon deletion of the HPX
domain (21). This suggests that other factors contribute to
enzyme activity on the cell surface, possibly by straining the
collagen.

Conclusion

Interstitial collagenolytic activity is a convergent evolution-
ary process. The initial steps of MMP-1 collagenolysis have
been experimentally derived, and individual residues involved
in this process have been identified. In addition, the roles of
specific collagen residues in MMP substrate specificity have
been quantified. Binding partners that modulate the activity of
collagenolytic enzymes have begun to be identified. Collageno-
lytic MMPs utilize subtly different mechanisms for processing
triple helices, and these differencesmay be exploited to develop
selective inhibitors. As further information on interstitial col-
lagenolytic processes is obtained, inhibition can be fined-tuned
to be disease- or pathogen-specific.
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The most distinguishing feature of neurons is their capacity
for regenerative electrical activity. This activity imposes a signif-
icant mitochondrial burden, especially in neurons that are
autonomously active, have broad action potentials, and exhibit
prominent Ca2� entry. Many of the genetic mutations and tox-
ins associated with Parkinson’s disease compromise mitochon-
drial function, providing a mechanistic explanation for the pat-
tern of neuronal pathology in this disease. Because much of the
neuronalmitochondrial burden can be traced to L-type voltage-
dependent channels (channels for which there are brain-pene-
trant antagonists approved for human use), a neuroprotective
strategy to reduce this burden is available.

Neurons, Electrical Excitability, and Bioenergetics

Parkinson’s disease (PD)2 is a disease of neurons, but not all
neurons are affected by the disease. The pathological hallmarks
of PD are 1) the presence of proteinaceous intracellular depo-
sitions called Lewy bodies (LBs) or Lewy neurites (LNs) and 2)
frank neuronal loss (1). In general, these two signs of the disease
are correlated, although not perfectly. If LB/LN deposition is
used to quantify pathology, �1% of the neurons in the brain
appear to be affected at mid-stages of the disease, so although
PD is a disease of neurons, only a subset of neurons are at risk.
What then are the phenotypic features of neurons at risk? A

cardinal feature of neurons is their electrical excitability. Neu-
rons use a steep electrochemical gradient across their plasma
membrane to integrate incoming chemical signals from other
neurons and to pass the outcome of this computation on to
other neurons. Excitability and synaptic transmission between
neurons depend upon themaintenance of electrochemical gra-
dients for Na�, K�, Ca2�, and Cl� across the plasma mem-
brane. Amajor challenge to these gradients is the action poten-
tial, a regenerative event that transiently opens membrane
channels that allow ions to redistribute. In most neurons, the

action potential or spike depends upon the opening of voltage-
dependent channels that are selectively permeable to Na� ions,
allowing positively charged Na� ions to move from the extra-
cellular space into the cytosol. This redistribution of charge
pushes the transmembrane potential from relatively negative
membrane potentials to near 0 mV. This depolarization causes
voltage-dependent channels that are selectively permeable to
K� ions to open, resulting in the movement of positively
charged K� ions in the opposite direction: from the cytosol to
the extracellular space, re-establishing the potential gradient.
This sequence of events requires that the concentration of Na�

ions be low in the cytosol, but the concentration of K� ions
needs to be high.
Another cation that crosses the plasma membrane during

spikes is the Ca2� ion. In most neurons, voltage-dependent
Ca2� channels are opened only by strong depolarization during
the action potential. With repolarization of the membrane,
these channels close slowly, creating a period during which
the driving force for influx of Ca2� is large and the conductance
remains high. This makes the total Ca2� influx during a spike
very sensitive to spike duration. Neurons that need to spike at
high frequencies typically restrict Ca2� entry by keeping spikes
very brief (�1 ms). Also, neurons often express fixed Ca2�-
buffering proteins (2), like parvalbumin, in addition to Ca2�-
signaling proteins (3) to help manage Ca2�.
Exchangers and pumps are responsible for maintaining the

electrochemical gradients for Na�, K�, Ca2�, and Cl�. These
transmembrane proteins fall into two broad categories. The
first comprises pumps that rely upon ATP to drive the move-
ment of ions. Pumps that fall into this category include the
Na�/K�-ATPase, the plasma membrane Ca2�-ATPase, and
the smooth endoplasmic reticulum Ca2�-ATPase. The pro-
teins in the second category utilize the energy stored in an exist-
ing electrochemical gradient to move ions. A good example of
this type of protein is the Na�/Ca2� exchanger, which, under
physiological conditions, uses the Na� gradient to move Ca2�

ions out of the cytosol. Together, this combination of pumps
and exchangers maintains the transmembrane ionic gradient
for cations. Ca2� that is not pumped back out of the neuron
rapidly is sequestered in intracellular organelles, including lyso-
somes (4, 5) and the endoplasmic reticulum (6). High affinity
ATP-dependent transporters move Ca2� from the cytoplasm
into these organelles.
Although the molecular events coupling ion movement to

ATP hydrolysis are still not fully understood, the thermody-
namics of ion movement are worth considering because they
establish lower limits on the cost of pumping. For Na� and K�

ions, the concentration differences maintained across the
plasma membrane are similar, being 10–30-fold. In contrast,
the concentration difference for the Ca2� concentration is
�20,000-fold, being 2 mM in the extracellular space and �100
nM in the intracellular space. Because the free energy change
needed to move an ion from one compartment to another
depends upon the logarithmof the concentration ratio between
the two compartments, Ca2� should be �8 times more ener-
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getically expensive than oneNa� ion (�4 times greater on a per
charge basis). The Na�/K�-ATPase extrudes three Na� ions
and takes up two K� ions per ATP molecule consumed. The
plasma membrane Ca2�-ATPase pumps one Ca2� molecule
out for each ATP consumed. Overall, it takes about one ATP
molecule for each Ca2� ion and one ATP molecule for every
three Na� ions, making Ca2� more energetically expensive
than Na�.

The At-risk Neuronal Phenotype

Although all neurons maintain steep electrochemical gradi-
ents across their plasma membrane and spike, not all neurons
show signs of pathology in PD. As a consequence, vulnerability
in PD must depend upon some constellation of features that
define the specific neuronal phenotype, i.e. something more
specific than just being a neuron. One way to determine that
at-risk neuronal phenotype is to characterize neurons affected
by the disease in terms of common features. The neurons with
the best documented vulnerability are dopamine (DA)-releas-
ing neurons in the substantia nigra pars compacta (SNc). The
cardinal motor symptoms of PD, including bradykinesia, rigid-
ity, and resting tremor, are clearly linked to the degeneration
and death of these neurons (7). There are only a few tens of
thousands of these neurons out of the billions in the brain.
Why do these neurons exhibit LB/LN pathology and die?

One possibility is their distinctive physiological phenotype.
Adult SNcDAneurons are autonomous pacemakers exhibiting
slow broad spikes and lacking significant intrinsic Ca2�-buffer-
ing capacity (8–12). Pacemaking is necessary to maintain a
basal DA tone in target structures, like the striatum; without it,
movement ceases. Although most neurons rely exclusively on
channels permeable to Na� to drive pacemaking, SNc DA neu-
rons also engage L-type channels with a Cav1.3 pore-forming
subunit, leading to elevated intracellular Ca2� concentrations
(10, 13–16). In adult SNc DA neurons, the currents that flow
through these channels are of sufficient magnitude to sustain a
membrane potential oscillation when voltage-dependent Na�

channels are blockedwith tetrodotoxin (8, 11). Ventral tegmen-
tal area (VTA)DAneurons, which also are slowpacemakers but
do not manifest these Ca2� oscillations, have much lower
Cav1.3 Ca2� channel density (17) and express high levels of the
Ca2�-buffering protein calbindin (18). VTAneurons have a sig-
nificantly lower risk of degeneration in PD (18, 19).
A second possibility is that oxidation of cytosolic DA (and its

metabolites) leads to the production of cytotoxic free radicals
(20). However, there are reasons to doubt whether this type of
cellular stress alone is responsible for PD pathology. For exam-
ple, there is considerable regional variability in the vulnerability
of DA neurons in PD, with someDA neurons in the brain being
devoid of pathology (19, 21–24). Moreover, many of the neu-
rons showing signs of pathology in PD do not use DA as a
transmitter (e.g. cholinergic neurons in the dorsal motor
nucleus of the vagus (DMV)). Finally, L-3,4-dihydroxyphenyla-
lanine administration (which relieves symptoms by elevating
DA levels in PD patients) does not accelerate disease progres-
sion (25), suggesting that DA itself is not a significant source of
reactive oxidative stress, at least in the short term. Sulzer and
co-workers (26) recently reported that cytosolic DA concentra-

tions are greater in SNc DA neurons than in neighboring VTA
neurons because the former utilize Ca2� entry through L-type
channels to stimulate DA synthesis. This led to early toxicity in
SNcDAneurons during L-3,4-dihydroxyphenylalanine loading,
which was abolished by antagonizing L-type Ca2� channels,
suggesting that differences in calcium signaling might lead to
SNc-specific toxicity arising from excessive DA synthesis (26).
Nevertheless, taken together, the available data do not make a
compelling argument that DA itself is the principal culprit in
PD.
What about at-risk neurons outside of the mesencephalon?

The best characterized pathology in PD is found in neurons in
the DMV, in the locus ceruleus (LC), in the raphe nuclei (RN),
in the gigantocellularis nucleus, in the tuberomammillary
nucleus of the hypothalamus, in the olfactory bulb, and in the
basal forebrain (BF) (1, 27). These neurons do not share a com-
mon neurotransmitter. DMV and BF neurons are cholinergic,
LC neurons are noradrenergic, and RN neurons are serotoner-
gic. However, these neurons do seem to share physiological
features. All of these nuclei are dominated by spontaneously
active neurons, which often have prominent transmembrane
Ca2� currents (28–38). Although the spontaneous activity in
BF neurons is extrinsically generated (39), the activity of neu-
rons in the LC, DMV, tuberomammillary nucleus, and RN is
known to be intrinsically generated, as in SNc DA neurons.
Many of these have broad (�2-ms half-width) action potentials
like SNc DA neurons. Furthermore, where it has been exam-
ined (LC, BF, and DMV), these neurons have low intrinsic
Ca2�-buffering capacity (40, 41).3

Collectively, these neurons form a distinct subset of pace-
making neurons in the brain. Autonomous pacemakers can be
divided into fast and slow spiking classes. Fast autonomous
pacemakers, like globus pallidus and substantia nigra pars
reticulata GABAergic neurons, spike at rates above 20 Hz at
physiological temperature (42, 43), have very brief action
potentials (�1 ms), and robustly express Ca2�-binding pro-
teins (44). These neurons show no obvious pathology in PD.
The slow pacemakers (the neurons at risk in PD) spike at much
lower frequencies (�2–5 Hz) but have broad spikes (�2 ms)
that favor Ca2� entry.

Thus, at this point, a reasonable hypothesis is that neurons at
greatest risk in PD share a common physiological phenotype:
sustained spontaneous spiking, broad spikes, prominent Ca2�

currents, and low intrinsic Ca2�-buffering capacity. This phe-
notype is very rare in the diencephalon and telencephalon but is
more common in the phylogenetically older parts of the brain,
like the mesencephalon and brainstem.

Why Is This Phenotype a Risk Factor?

Because of their high basal energy demand, neurons depend
upon mitochondria to supply the ATP necessary for survival.
Under normal conditions, glucose ismetabolized by neurons to
produce ATP. Glycolysis results in the generation of 2 mol of
ATP/mol of glucose converted to pyruvate. However, when the
pyruvate is transported into the mitochondria and further oxi-
dized by the TCA cycle and the electron transport chain, the

3 D. J. Surmeier and P. T. Schumacker, unpublished data.
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total yield of ATP increases to 36 mol/mol of glucose. The
dependence of a cell on mitochondrial oxidative phosphoryla-
tion can be evaluated with genetic models. For example, dele-
tion of TFAM (transcription factor A,mitochondrial) abolishes
mitochondrial gene transcription, undermines the stability of
mtDNA, and leads to a progressive decline in mitochondrial
ATP production even though the mitochondrial mass may be
increased. Deletion of TFAM in SNc DA neurons leads to res-
piratory chain deficiency, cell loss, and impaired motor func-
tion (45). This observation is consistent with an abundance of
literature demonstrating that mitochondrial toxins taken up by
dopaminergic neurons lead to their demise (46). That said, the
dependence upon mitochondria for survival is probably a uni-
versal feature of neurons, not just SNc DA neurons (47).
What differentiates neurons at risk in PD? The metabolic

demands posed bymaintaining transmembrane ionic gradients
underlying excitability led Nicholls (48) to postulate that neu-
rons are at risk in neurodegenerative disease because they have
a modest bioenergetic or respiratory reserve. This reserve is
defined as the difference between the maximum capacity for
ATP generation by oxidative phosphorylation and the basal
consumption of ATP. The smaller this respiratory reserve, the
greater the likelihood that episodic demands on metabolism,
like exposure to a toxin or bursts of spiking, will cause cellular
ATP levels to fall and create a bioenergetics crisis that could
lead to failure of membrane pumps or other ATP-dependent
processes. Persistent loss of membrane potential leads to mas-
sive Ca2� influx and cell death (49, 50). Clearly, slow pacemak-
ing neurons with broad action potentials, sustained Ca2�

influx, and low intrinsic Ca2�-buffering capacity (like SNc DA
neurons) would be at the bad end of the respiratory reserve
distribution of neurons, putting them at risk for deficits of this
kind.
A second possibility is that the increasedmetabolic demands

on at-risk neurons give rise to an increase in the basal level of
oxidant stress in their mitochondria. Mitochondria have long
been known to generate reactive oxygen species (ROS) (51).
The transfer of four electrons to O2 at Complex IV yields H2O,
but on occasion, single electrons are captured byO2 at proximal
sites in the chain, yielding superoxide anion, a free radical. Sites
implicated in that process include Complexes I and III and pos-
sibly certain dehydrogenases of the TCA cycle (52). Complex II
can potentially generate superoxidewhen electron flux through
its B, C, or D subunit is disrupted by mutations, pharmacolog-
ical inhibition, or genetic deletion (52). To protect against the
detrimental effects of matrix oxidant stress, a set of “antioxi-
dant” systems is expressed in themitochondria to degradeROS.
Manganese superoxide dismutase is a nuclear gene imported
into the matrix, where it dismutes superoxide anions into
hydrogen peroxide (H2O2). H2O2 is then degraded by glutathi-
one peroxidase and peroxiredoxins III and V, which are also
expressed in thematrix. A pool ofGSH resides in themitochon-
dria and is used by the reductase systems to clearH2O2 and lipid
hydroperoxides. The resulting GSSG is subsequently re-re-
duced to GSH by glutathione reductase, which utilizes
NADPH. The resulting NADP� is then re-reduced to NADPH
by dehydrogenases in the TCA cycle, such as isocitrate dehy-
drogenase-2. Under physiological conditions, the rate of super-

oxide production is balanced by the rate of clearance, prevent-
ing the accumulation of superoxide/H2O2, thereby protecting
the mitochondria from oxidative damage.
Superoxide can affect protein function by reacting with iron-

sulfur centers or heme groups, whereas peroxides can react
with lipids, proteins, and DNA. To the extent that these mito-
chondrial ROS can impair mitochondrial function, they
threaten the function of cells with limited respiratory reserve by
further limiting the ability of the mitochondria to respond to
increases in metabolic demand.
The factors regulating the generation of superoxide from the

electron transport chain are not fully understood. Some obser-
vations suggest that mitochondrial membrane hyperpolariza-
tion can augment ROS generation. In Complex I, reducing
equivalents from NADH are transferred to ubiquinone, gener-
ating ubiquinol, a membrane-soluble electron carrier that
delivers a pair of electrons to Complex III. Complex II links the
TCA cycle to the electron transport chain by oxidizing succi-
nate to fumarate, also delivering the electrons to Complex III
via ubiquinol. In isolated mitochondria given succinate to sup-
ply electrons to Complex II in the absence of ADP, the mem-
brane potential increases. As Complex I is reversible, hyperpo-
larization can create a retrograde electron flux from ubiquinol
to NADH. This is associated with a large increase in ROS pro-
duction from Complex I (53). It can be inhibited by a modest
drop in membrane potential, as the reverse flux is favored only
when the membrane is highly polarized. Importantly, this phe-
nomenon is generally limited to isolated mitochondria given
succinate as the sole electron source and is otherwise not active
in mitochondria respiring on mixed substrates.
Other mechanisms of ROS production in the mitochondrial

matrix may relate to electron flux, with high rates of activity
correlating with increased ROS generation. In that regard, a
high rate of metabolic activity by the cell would be associated
with a high rate of ATP hydrolysis, with a corresponding
increase in the returnofADP�Pi to the oxidative phosphoryla-
tion system. The resulting increase in ATP synthase activity
would tend to decrease the membrane potential, thereby
increasing the flux of electrons down the chain, increasing the
likelihood that some electrons will be captured by O2 before
they reach cytochrome oxidase (54, 55).
Genetic defects in the expression or structure of electron

transport complex subunits also can enhance the generation of
superoxide. For example, in humans who are heterozygous for
the B, C, orD subunit of succinate dehydrogenase (Complex II),
cells can undergo somatic cell loss of heterozygosity, leading to
the deletion of that subunit from the cell (56). The A subunit of
Complex II contains the succinate dehydrogenase catalytic site,
whereas the B, C, and D subunits are responsible for transfer-
ring the electrons to ubiquinone. If the B, C, or D subunit func-
tion is disrupted while the A subunit is still expressed, transfer
of the electrons to ubiquinone cannot occur, and they become
stranded on the flavin group, which provides a ready source of
electrons for superoxide generation. Accordingly, Guzy et al.
(57) found that knockdownof the B subunitwas associatedwith
an increase in the basal ROS generation by mitochondria,
whereas knockdown of the A subunit was not. The complete
loss of Complex II function in a cell leads to inhibition of elec-
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tron transport coupled to proton extrusion and thus a loss of
oxidative phosphorylation. Survival of the cell then depends
entirely on ATP production by glycolysis, resulting in the
release of lactic acid. Ironically, in that state, the mitochondria
shift to become consumers of ATP, which is taken up from the
cytosol and used to maintain the mitochondrial membrane
potential through reverse operation of Complex V.
Recentwork by our grouphas shown that pacemaking in SNc

DA neurons does indeed create a basal mitochondrial oxidant
stress (58). In this study, we utilized a transgenic mouse that
expressed a mitochondria-targeted redox-sensitive variant of
GFP (mito-roGFP) (59) under the control of the tyrosine
hydroxylase promoter. The use of roGFP allowed us to quanti-
tatively estimated the mitochondrial matrix redox state, some-
thing not possible with conventional redox probes. Using two-
photon laser scanning microscopy to monitor mito-roGFP in
brain slices from young adult mice, we found that pacemaking
created an oxidant stress in the mitochondria that was specific
to the vulnerable SNc DA neurons and not apparent in neigh-
boring VTADAneurons. This difference in oxidant stress level
was virtually eliminated by antagonizing L-type Ca2� channels,
as well as by limiting mitochondrial calcium uptake using the
ruthenium-based compound Ru360. These findings suggest
that the increasedmitochondrial activity caused by the entry of
extracellular Ca2� and the subsequent increase in Ca2� uptake
by mitochondria leads to an increase in the basal generation of
oxidant stress in the mitochondria of SNc DA neurons.
That oxidant stress engages defensesmanifested by transient

mild mitochondrial depolarization or uncoupling. The mild
uncoupling was not affected by deletion of cyclophilin D, which
is a component of the permeability transition pore, but was
attenuated by genipin and purine nucleotides, which are antag-
onists of cloned uncoupling proteins. Knocking out DJ-1 (also
known as PARK7 in humans and Park7 in mice), a gene associ-
ated with an early-onset form of PD, increased oxidation of
matrix proteins specifically in SNc dopaminergic neurons. The
results with the DJ-1 knock-out, showing that the impact of
DJ-1 deletion depends upon a physiological phenotype that
engagesmitochondrial oxidant defenses, provide an example of
how mutations in a widely expressed gene can affect a select
subpopulation of neurons.
Can oxidant stress (regardless of how it is generated) and

mtDNA damage induced by oxidants explain the selective loss
of SNc DA neurons in PD? Deletion mutations in mtDNA can
arise when H2O2 in the matrix introduces double-strand
breaks; accordingly, the frequency of these mutations is
decreased in hearts of mice expressing mitochondrial catalase
(69). In two studies published simultaneously, Bender et al. (60)
and Kraytsberg et al. (61) assessed the abundance of mtDNA
deletions, as opposed to point mutations, in SNc neurons from
human subjects. The number of mtDNA deletions was signifi-
cantly greater in SNc neurons from older compared with
younger subjects. By contrast, undetectable levels of deletions
were found in the cerebral cortex, cerebellum, and dentate
nucleus of aged individuals (61). This indicates that cell-specific
differences in the occurrence of deletions can exist, consistent
with the cell-specific manifestations of PD. Comparisons
among single neurons from the same subject revealed that one

neuron might contain no deletions whereas another would
contain multiple copies of a single species, indicating that they
originated froma single initialmutantDNAcopy thatwas clon-
ally amplified in that cell (61). The mechanisms responsible for
the clonal expansion of a single deletion mutant copy of
mtDNA are not fully known, but the consequences are
profound.
mtDNA mutations can affect cell survival by causing bioen-

ergetic failure. When the abundance of damaged mtDNA is
below a critical level, the normal copies ofmtDNAare adequate
to supply the organelle with the proteins needed for ATP pro-
duction. However, when the abundance of the mutant form
exceeds a critical level (typically 60%), the phenotypic defect in
function becomes evident. Accordingly, Kraytsberg et al. (61)
found that the presence of mtDNA deletions correlated
strongly with the absence of cytochrome oxidase immuno-
staining.mtDNAencodes three critical subunits of cytochrome
oxidase, so these findings suggest thatmtDNAdeletionsmay be
responsible for the development of respiratory insufficiency in
the affected cells. Like other neurons, SNc DA neurons depend
on mtDNA for survival (45), so the accumulation of mutations
can lead to the development of a bioenergetic deficiency that
becomes lethal over time. As discussed above, loss of electron
transport chain function can turn mitochondria into ATP con-
sumers, further stressing bioenergetic status. In PD, it is con-
ceivable that the progressive clonal expansion of the deletion
mutant could occur over many years, resulting in the progres-
sive demise of DA cells.
Does the accumulation of deletion mutations in mtDNA of

SNc neurons lead to an amplification of ROS generation that
triggers a “vicious cycle” in this population of cells? Deletions of
mtDNA can lead to the expression of truncation mutant pro-
teins or to the complete loss of subunit expression. When one
subunit of a mitochondrial complex is genetically deleted, the
remaining subunits are still expressed and degraded, which can
lead to the generation of an unfolded protein response in the
matrix (62, 63). By augmenting mitochondrial and possibly
endoplasmic reticulum stress responses, deletion mutations in
mtDNA can thereby amplify oxidant stress in mitochondria
and other cellular compartments, pushing the cell already bur-
dened with enhanced oxidant stress even closer to the edge.
Hence, the cellular consequences of mtDNA damage may
depend importantly on the nature of the mutation.
How do SNc neurons in aged subjects compare with those

from individuals with PD? Bender et al. (60) found that the
degree of mtDNA deletions was somewhat higher in neurons
from affected individuals compared with aged-matched con-
trols. This was associated with a significantly greater propor-
tion of cytochrome oxidase-deficient cells, compatible with the
idea that bioenergetic crisis could be responsible for the pro-
gressive cell loss. Consistent with the study of Kraytsberg et al.
(61), this group detected clonal expansion of the unique species
of mtDNA deletions in individual SNc neurons, indicating that
these are indeed somatic mutations. By contrast, high levels of
mtDNA deletions were not detected in the hippocampus.
If this type of functional design puts neurons at risk, why did

evolution not eliminate it? On average, symptoms in PD appear
after 6 decades of life, which is well past the reproductive period
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and well past the normal life expectancy until recently. Hence,
the evolutionary pressure to change this design is minimal.

Are L-type Ca2� Channels a Viable Therapeutic Target?

L-type Ca2� channels might be a viable therapeutic target in
the early stages of PD. These channels are antagonized by orally
deliverable dihydropyridines (DHPs) with good brain bioavail-
ability that have a long record of safe use in humans. Is there
evidence that DHP L-type channel antagonist use might work
in humans to prevent or slow PD? Threemajor epidemiological
studies unequivocally suggest that use of brain-penetrantDHPs
diminishes the risk of developing PD (64–66). This linkage is
especially surprising given the short period of treatment for
inclusion and the lack of DHP potency at Cav1.3 L-type Ca2�

channels. What is less clear is whether DHP use can slow the
progression of the disease once diagnosed, as the clinical signs
of PD become apparent only when dopaminergic cell loss is
extensive. Recent work suggests not (67), possibly because the
existing drugs are weak Cav1.3 channel antagonists or, at this
advanced stage, other factors, like inflammation, begin to alter
disease progression (68). In the absence of biomarkers that pre-
dict disease onset well in advance of the transition to the symp-
tomatic phase, the only obvious way of addressing this question
is by early treatment of those harboringmutations that increase
disease risk, but this is a small (�10%) fraction of the PD pop-
ulation, making statistical power problematic. The only alter-
native at this point is a carefully designed prospective clinical
trial in early-stage patients with isradipine, the DHP with the
highest Cav1.3 channel affinity and good pharmacokinetics.
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Voltage-gated Ca2� channels in presynaptic nerve terminals
initiate neurotransmitter release in response to depolarization
by action potentials from the nerve axon. The strength of syn-
aptic transmission is dependent on the third to fourth power of
Ca2� entry, placing the Ca2� channels in a unique position for
regulation of synaptic strength. Short-term synaptic plasticity
regulates the strength of neurotransmission through facilitation
anddepressionon themillisecond time scale andplays a key role
in encoding information in the nervous system.CaV2.1 channels
are themajor source of Ca2� entry for neurotransmission in the
central nervous system. They are tightly regulated by Ca2�, cal-
modulin, and related Ca2� sensor proteins, which cause facili-
tation and inactivation of channel activity. Emerging evidence
reviewed here points to this mode of regulation of CaV2.1 chan-
nels as a major contributor to short-term synaptic plasticity of
neurotransmission and its diversity among synapses.

Ca2� influx through voltage-gated Ca2� (termed CaV) chan-
nels at presynaptic nerve terminals is an essential step in neu-
rotransmission and plays a crucial role in short-term synaptic
plasticity. The CaV2 subfamily is predominant in initiating syn-
aptic transmission at fast conventional synapses (1–3).Multiple
mechanisms modulate the function of presynaptic CaV2 chan-
nels and thereby regulate synaptic transmission (2, 4–6). CaV2
channels bind the ubiquitous Ca2� sensor protein calmodulin
(CaM)2 to a site in their C-terminal domain, which induces
Ca2�-dependent facilitation and inactivation of CaV2.1 chan-
nel activity in response to repetitive stimuli (7–10). Facilitation
and inactivation of CaV2 channel activity can cause facilitation
and depression of synaptic transmission (11, 12). In this mini-
review, we focus on regulation of the presynaptic CaV2 chan-
nels by different calcium sensor proteins and the role of this
mechanism in short-term synaptic plasticity.

Presynaptic Calcium Channel

The Ca2� channels in the CaV1 and CaV2 subfamilies are
composed of an �1 subunit and auxiliary subunits �, �2�, and
sometimes � (Fig. 1) (4, 13). The �1 subunit of 190–250 kDa
includes the pore, voltage sensors, gating apparatus, and most
sites of channel regulation. The auxiliary subunits have an
important influence on Ca2� channel function (4, 13). The

intracellular� subunit is a hydrophilic protein of 50–65 kDa (4,
13). Its structure is composed of an SH3 (Src homology-3)
domain and a guanylate kinase domain, both well known pro-
tein interaction motifs (14, 15). The guanylate kinase domain
binds to an �-helical segment in the intracellular loop connect-
ing domains I and II (Fig. 1), leaving the SH3 domain available
for interaction with other binding partners. The transmem-
brane disulfide-linked �2� subunit complex is encoded by a
single gene, but the resulting prepolypeptide is post-transla-
tionally cleaved, disulfide-bonded, and lipid-anchored to yield
the mature �2 and � subunits (4, 13, 16, 17). A � subunit having
four transmembrane segments is a component of skeletal mus-
cle Ca2� channels (4, 13) but may not be a component of Ca2�

channels in brain, where related �-like proteins serve as trans-
membrane AMPA receptor modulators (18). CaV� subunits
greatly enhance cell-surface expression of �1 subunits and shift
their kinetics and voltage dependence (4, 13). The �2� subunits
enhance cell-surface expression of �1 subunits (16) and are
important for efficiently coupling entry of Ca2� to exocytosis at
active zones in nerve terminals (19).

Presynaptic Ca2� Current and Neurotransmission

Ca2� influx through CaV2 channels is the predominant
source of Ca2� for initiation of exocytosis of neurotransmitters
(2, 3). CaV2.1 channels play a major role in neurotransmission
at the neuromuscular junction andmost synapses in the central
nervous system (2). In contrast, CaV2.2 channels are predomi-
nant at synapses in the autonomic nervous system (3) and some
synapses in the central nervous system (20, 21). CaV2.3 chan-
nels also contribute to neurotransmitter release at central nerv-
ous system synapses (22).
Ca2� entry through a single Ca2� channel can trigger neu-

rotransmitter release with low efficiency (23), but presynaptic
active zones are thought to contain several Ca2� channels that
cooperate in triggering exocytosis (24, 25). The release proba-
bility of a single synaptic vesicle increases with the number of
Ca2� channels at the active zone (24–26). Vesicle fusion and
exocytosis depend on the SNARE proteins synaptobrevin, syn-
taxin, and SNAP-25 and onMunc18 (27–29). A primed SNARE
complex requires the Ca2�-binding protein synaptotagmin,
which provides rapidCa2�-dependent regulation of exocytosis.
Five presynaptic proteins (RIM,Munc13, RIM-binding protein,
liprin-�, and ELKS) interact with the SNARE complex, dock
and prime synaptic vesicles, and recruit docked and primed
vesicles to Ca2� channels (26). Binding of SNARE proteins to
the synaptic protein interaction (termed synprint) site (Fig. 2A)
regulates expression, localization, and function of CaV2 chan-
nels (12, 30–34). The SNARE-interacting protein RIM inter-
acts with the distal C terminus of CaV2.1 channels and with
their� subunits, and these interactions are required for recruit-
ing CaV2 channels to active zones (35–37).
Neurotransmitter release is proportional to the third or

fourth power of Ca2� entry (38, 39) and occurs in three modes:
synchronous (phasic), asynchronous (tonic), and low-probabil-
ity spontaneous (miniature) release (40–44). Synchronous
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release driven by precisely timed presynaptic Ca2� current
results in fast postsynaptic responses (45, 46). Slower asynchro-
nous release results from residual Ca2� remaining in the termi-

nal after an action potential (44, 47, 48). Spontaneous release
results from fluctuations in resting Ca2� concentrations or
from Ca2� release from internal stores (49). Synchronous

FIGURE 1. Subunit structure of Ca2� channels. Predicted �-helices are depicted as cylinders. The lengths of lines correspond to the lengths of the polypeptide
segments represented. The three-dimensional structure of the � subunit is illustrated, as in Ref. 15. The zigzag line on the � subunit illustrates its glycophos-
phatidylinositol anchor.

FIGURE 2. Site and mechanism of Ca2� channel regulation. A, presynaptic Ca2� channel signaling complex. Sites of interaction of SNARE proteins (the
synprint site) and CaM and CaS proteins on the �1 subunit are illustrated. B, model for sequential Ca2�/CaM-dependent facilitation and inactivation. Local rises
in intracellular Ca2� activate the two C-terminal Ca2�-binding EF-hands of CaM, strengthening interaction with the IQ-like motif and causing facilitation.
Following prolonged Ca2� entry, global rises in intracellular Ca2� allow CaM to become fully liganded and to interact with both the IQ-like motif and CBD to
produce inactivation. This figure was reproduced from Ref. 12 with permission.
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release is triggered by the Ca2� sensor synaptotagmin (29,
50–52), whereas the Ca2� sensor Doc2 plays an important role
in asynchronous release (53). CaV2 channels may serve as a
Ca2� source for asynchronous release by conducting an asyn-
chronously activated Ca2� current that contributes to residual
Ca2� (54).

Short-term Synaptic Plasticity

Neurons fire at frequencies of �1 Hz to several hundred Hz.
Changes in firing rate induce different forms of synaptic plas-
ticity. Short-term synaptic plasticity represents an increase
(facilitation) or decrease (depression) in synaptic strength,
which lasts from hundreds of milliseconds to seconds and is
crucial for information processing (55–57). Short-term synap-
tic plasticity is Ca2�-dependent and predominantly presynap-
tic, although postsynapticmechanismsmay also contribute (55,
56, 58, 59).

Regulation of Presynaptic Ca2� Channels by Ca2�

and CaM

P/Q-type Ca2� currents recorded in the large calyx of Held
synapse in the brain stem or in transfected non-neuronal cells
expressing CaV2.1 channels facilitate in response to pairs or
short trains of depolarizations (7, 8, 60, 61) and inactivate in
response to prolonged trains (8, 62, 63). Both facilitation and
inactivation are Ca2�-dependent, and the facilitation process
has higher affinity and/or more rapid binding of Ca2� than the
inactivation process, as judged by sensitivity to intracellular
chelators (8).
Both Ca2�-dependent facilitation and inactivation of CaV2.1

channels are dependent on interaction with CaM (8), which
binds to a modified IQ-like domain (IM motif) and a down-
stream CaM-binding domain (CBD) (Fig. 2A) (7, 9, 10). Ca2�-
dependent facilitation is reduced by mutations in C-terminal
EF-hands of CaM and by complementary mutations in the IM
motif of CaV2.1 channels (7, 9, 10). In contrast, Ca2�-depen-
dent inactivation is inhibited by mutations in the N-terminal
lobe of CaM and by deletion of the CBD of CaV2.1 channels (7,
9, 10). Based on these results, a model has been proposed in
which local Ca2� causes facilitation through interaction of the
C-terminal lobe ofCaMwith the IMmotif, whereas globalCa2�

causes inactivation of CaV2.1 channels by binding of the N-ter-
minal lobe of CaM to the CBD (Fig. 2B).
CaM can bind to CaV2 channels without or with Ca2� bound

(64). Multiphoton microscopy and rapid microfluidic mixing
revealed conformational changes in the CaM C-terminal lobe
with a time constant of �0.5 ms and in the CaM N-terminal
lobe with a time constant of �20 ms (65). These rate constants
are faster than facilitation and inactivation of CaV2.1 channels,
but lobe-specific conformational transitions in CaM would be
slowed by binding to a regulatory target that requires additional
conformational changes as part of its regulatory mechanism.
Thus, Ca2� binding to CaM prebound to CaV2.1 channels may
induce two sequential conformational changes, which in turn
induce facilitation and inactivation (Fig. 2B).
Crystal structures of CaM bound to short peptides contain-

ing the IQ motif show that both lobes of Ca2�/CaM bind this
sequence (66, 67). Complexes of CaMwith IQmotif-containing

peptides from CaV2.1, CaV2.2, and CaV2.3 channels all have
similar structures, even though CaV2.1 channels show much
stronger facilitation (68). Available crystal structures of CaM
with the IQ motif bound contain only short peptides from
CaV2.1 (66–68), which may not retain their native structures.
Crystal structures of the C-terminal domain of CaV2 channels
containing the IM motif and CBD binding sites in their native
structural context with bound CaM would be very informative
in determining the structural basis for CaV2 facilitation and
inactivation.

Ca2� Channel Regulation and Short-term Facilitation

Much evidence indicates that short-term facilitation is
caused by residual Ca2� that builds up from action potentials
(55, 56). However, the molecular mechanism by which residual
Ca2� induces synaptic plasticity remains unknown. Twomajor
effector mechanisms have been proposed for facilitation. In
one, facilitation is proposed to result from saturation of local
Ca2� buffers, such as calbindin-D28k and parvalbumin (69–
71). TheseCa2� buffers are partially saturated by residual Ca2�,
resulting in an additional Ca2� increase during subsequent
action potentials (69–71). The second mechanism suggests
residual Ca2� binds to a Ca2� sensor other than that for exocy-
tosis and activates it to increase the probability of release.
Unlike Ca2� buffers, Ca2� sensor proteins bind Ca2� and
undergo a conformational change to regulate targets (72). Acti-
vation of a Ca2� sensor protein could increase Ca2� entry and
thereby enhance neurotransmitter release according to the
power law (12) or could directly modulate exocytosis (73, 74).
Increased Ca2� entry could result from Ca2�-dependent
increase in Ca2� channel activity by facilitation, which occurs
on themillisecond time scale. Alternatively, Ca2� channel den-
sity at the active zone could be increased, which increases syn-
aptic strength (19, 24, 25), but there is no evidence to date that
Ca2� channels can be inserted into active zones on themillisec-
ond time scale.
At the calyx ofHeld, activity-dependent increase in P/Q-type

Ca2� current correlates with synaptic facilitation according to
the power law (75, 76). In CaV2.1 �1 subunit-deficient knock-
out mice, activity-dependent facilitation of presynaptic Ca2�

current and synaptic facilitation are lost (75–77), and the
remaining synaptic transmission driven by presynaptic N-type
Ca2� currents does not cause facilitation of Ca2� current or
synaptic strength (77). These data suggest that Ca2� entry
throughCaV2.1 channels is necessary for synaptic facilitation at
the calyx of Held; however, quantitative comparisons indicate
that facilitation via Ca2� channels accounts for no more than
half of the synaptic facilitation at the mature synapse (78).
Analysis of presynaptic Ca2� channel regulation in synaptic

transmission using molecular methods is challenging because
of the need to alter regulation only in the presynaptic cell. Supe-
rior cervical ganglion (SCG) neurons provide a unique expres-
sion system. They lack CaV2.1 channels, which are expressed
primarily in central neurons, and their large cell bodies allow
microinjection of cDNA encodingCaV2.1 channels, which trig-
gers synaptic transmission at 30–40% of the level of endoge-
nous CaV2.2 channels (79). The contribution of CaV2.1 chan-
nels to synaptic transmission can be isolated by blocking
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endogenous CaV2.2 channels with �-conotoxin GVIA. As in
the calyx of Held, synaptic transmission mediated by P/Q-type
Ca2� currents through transfected CaV2.1 channels in SCG
neurons undergoes short-term facilitation and depression (11).
Mutation of the IM motif prevents synaptic facilitation by
paired pulses or trains (11). These results show that facilitation
of the activity of CaV2.1 channels by binding of CaM to these
motifs is the primary mechanism of synaptic facilitation in
transfected SCG neurons expressing CaV2.1 channels.

Ca2� Channel Regulation and Short-term Depression

Synaptic depression reduces the strength of synaptic trans-
mission during paired pulses (paired-pulse depression) or lon-
ger trains of stimuli. Depression results primarily from deple-
tion of the readily releasable pool of synaptic vesicles that can be
released with high probability in response to Ca2� signals (56,
80). After prolonged stimulation, depletion of the readily
releasable pool can result from physical depletion of the total
pool of synaptic vesicles observed in electron microscopy at
neuromuscular and ganglionic synapses (81, 82). However,
studies using short trains of stimuli suggest that short-term
synaptic depression is independent of vesicle depletion (63, 83).
At the calyx of Held, even after complete depletion of the read-
ily releasable pool of vesicles by repetitive stimulation, substan-
tial neurotransmitter release can be elicited by light-induced
uncaging of Ca2� simultaneously throughout the nerve termi-
nal (Fig. 3A) (84). Remarkably, the remaining synaptic vesicles
respond as rapidly as those recruited by action potentials and
have similar sensitivity toCa2� (Fig. 3B) (84). Thus, depletion of
the readily releasable pool by repeated action potentials reflects
selective depletion of docked vesicles near functionally active
Ca2� channels, leaving other distant docked vesicles ready to be
released with normal sensitivity by the uncaging of Ca2� near
them. These results indicate that the pool of vesicles released in

response to action potentials is docked near active Ca2� chan-
nels. Vesicles docked far from Ca2� channels or near inacti-
vatedCa2� channels cannot participate in the readily releasable
pool accessed by action potential-triggered neurotransmission.
Decreased release probability caused by decreased Ca2�

entry due to changes in action potential waveform (85) or feed-
back inhibition by metabotropic autoreceptors (86, 87) has
been proposed to contribute to short-term synaptic depression.
Moreover, physiological studies of the calyx of Held showed
that Ca2�-dependent inactivation of the presynaptic P/Q-type
current correlates with the rapid phase of synaptic depression
(62, 63, 88). Because inactivation of Ca2� channels would tran-
siently remove synaptic vesicles docked nearby from the func-
tional readily releasable pool, inactivation of Ca2� channels
would contribute to synaptic depression that is measured as a
reduction in the readily releasable pool of vesicles in response to
action potentials. CaM inhibitors partially relieve inactivation
of the presynapticCa2� current and reduce synaptic depression
(63), suggesting that synaptic depression is Ca2�/CaM-
dependent.
An essential role for regulation of Ca2�/CaM-dependent

inactivation of CaV2.1 channels in short-term synaptic depres-
sion was demonstrated in transfected SCG neuron synapses
(11). Deletion of the CBD in the C terminus of transfected
CaV2.1 channels, which blocks inactivation of P/Q-type Ca2�

currents (7, 10), reduced paired-pulse depression and rapid
synaptic depression during trains (11). These data showdirectly
that CaM binding to the CBD induces inactivation of presyn-
aptic CaV2.1 channels, which in turn causes rapid synaptic
depression evoked by physiological activity patterns. A slower
phase of synaptic depression in SCG synapses expressing
mutant CaV2.1 channelsmay be caused by physical depletion of
the synaptic vesicle pool.

FIGURE 3. Two classes of readily releasable synaptic vesicles. A, at the calyx of Held, the presynaptic terminal was stimulated to generate a series of
presynaptic Ca2� currents (Ipre; upper trace), which elicited a series of excitatory postsynaptic currents (EPSC; middle trace). Calculation of the total neurotrans-
mitter release showed a rise and fall in the release rate during the train (lower trace). Following the train, a single light flash was given (arrow), and the resulting
excitatory postsynaptic current and release were recorded. Integration of the excitatory postsynaptic currents showed that 66% of the total pool of synaptic
vesicles was released during the train of action potentials, and 34% was released by uncaging of Ca2�. The rate and Ca2� sensitivity of the synaptic vesicles
released by the light flash were the same as those released by action potentials. This figure was reproduced from Ref. 84 with permission. B, drawing illustrating
four docked synaptic vesicles, two tethered near CaV2.1 channels and two docked farther away. Left, Ca2� entry through CaV2.1 channels induces exocytosis
from the two synaptic vesicles docked near the channels but not from the two docked farther away. Right, a general increase in Ca2� from photo-uncaging
causes neurotransmitter release from all four docked synaptic vesicles.
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CaV2 channel function is greatly influenced by auxiliary
CaV� subunits, and CaV�4a and CaV�2a have marked effects
on synaptic plasticity (89). Expression of CaV�2a in cultured
neurons favors synaptic depression, whereas expression of
CaV�4a favors facilitation (89). Expression of the 14-3-3 pro-
tein also modulates the rate of synaptic depression in cultured
neurons by changing the rate of inactivation of CaV2.2 chan-
nels, further supporting a role of inactivation of presynaptic
Ca2� channels in rapid synaptic depression (90). Thus, Ca2�-
dependent inactivation of CaV2 channels is a negative feedback
process that prevents excessive Ca2� entry and also mediates a
rapid phase of depression of synaptic transmission.

Regulation of CaV2 Channels by Neuronal Ca2�

Sensor Proteins

CaMbelongs to a superfamily of CaS (Ca2� sensor) proteins,
and someCaS proteins are highly expressed in neurons (72, 91).
Like CaM, CaS proteins have four EF-hand Ca2�-binding
motifs organized in two lobes connected by a central �-helix.
However, in contrast toCaM, at least one of the twoN-terminal
EF-hands of CaS proteins does not bind Ca2� due to changes in
amino acid sequence, and CaS proteins share a consensus
sequence for N-terminal myristoylation (72).
CaBP1 (Ca2�-binding protein-1) is similar to CaM in amino

acid sequence but is differentially expressed in neurons (92). It
is co-localized with presynaptic CaV2.1 channels and binds to
the CBD of the CaV2.1 �1 subunit (93). However, binding of
CaBP1 causes rapid CaV2.1 inactivation in a Ca2�-independent
manner, and it does not support CaV2.1 facilitation (Fig. 4A)
(93). Thus, the changes in amino acid sequence of CaBP1 have
profound effects on its regulatory properties. VILIP-2 (visinin-
like protein-2), which is highly expressed in the neocortex and
hippocampus (72), has complementary regulatory effects to
CaBP1: it increases CaV2.1 facilitation but inhibits CaV2.1 inac-
tivation (Fig. 4A) (94). Thus, CaBP1 and VILIP-2 bind to the
same site as CaM but have opposite effects on CaV2.1 channel
activity.
Analysis of chimeras in which intact domains from neuronal

CaS proteins were transferred to CaM has begun to unravel the

molecular code used by CaS proteins to induce their different
effects on CaV2.1 channels. Myristoylation of the N termini of
CaBP1 and VILIP-2 is required for their distinctive regulatory
effects (95), implicating the unique N-terminal domains of CaS
proteins in differential modulation. However, transfer of the
N-terminal domains of CaBP1 and VILIP-2 to CaM is neces-
sary, but not sufficient, to induce their distinct regulatory prop-
erties (95, 96). The second EF-hand motif of CaBP1, which is
inactive in Ca2� binding, is also required to enhance inactiva-
tion of CaV2.1 channels (96). These results imply that EF-hand
2 is in an active conformation with respect to channel regula-
tion, even though it does not bindCa2�. Unlike CaBP1, transfer
of the central �-helix, EF-hands 3 and 4, and the N-terminal
domain of VILIP-2 is required for its regulation of CaV2.1 chan-
nels (97). Thus, VILIP-2 uses a complex set of interactions of
three of its domains with the IM and CBD motifs in regulation
of CaV2.1 channels. These results point to the importance of
conformationally intact domains of CaS proteins and their tar-
get sites on CaV2.1 channels in mediating channel regulation.
Defining the structural domains of CaV2.1 channels that inter-
act with these crucial domains of CaS proteins will give much
needed insight into the structural basis for their selective mod-
ulation of CaV2.1 channels.

Regulation of Synaptic Plasticity by Ca2� Sensor Proteins
Acting on Ca2� Channels

Different synapses show diverse patterns of facilitation and
depression, and the underlying mechanism for this diversity is
unknown (56, 57). The differential regulatory effects of CaM,
CaBP1, and VILIP-2 on CaV2.1 channel activity are potentially
important determinants of this diversity of short-term synaptic
plasticity, which would substantially change the encoding
properties of the synapse in response to trains of action poten-
tials (57). Residual Ca2� in active zones can act on CaS proteins
to enhance synaptic facilitation. For example, NCS-1 (neuronal
Ca2� sensor-1) increases presynaptic facilitation at the calyx of
Held by accelerating activation of P/Q-type Ca2� currents (98).
Similarly, in cultured hippocampal neurons, expression of
NCS-1 enhances synaptic transmission (74). These results sug-

FIGURE 4. Regulation of Ca2� channels and synaptic plasticity by Ca2� sensor proteins. A, regulation of CaV2.1 channel activity. Ca2� currents were
recorded during a train of 5-ms depolarizations from �80 to �10 mV at 100 Hz in transfected non-neuronal cells expressing CaV2.1 channels. Ca2� currents in
the presence of endogenous CaM (black) show initial Ca2�-dependent facilitation, followed by Ca2�-dependent and voltage-dependent inactivation. In
contrast, CaV2.1 channel currents modulated by exogenously expressed CaBP1 (blue) or VILIP-2 (green) show different patterns of regulation: facilitation
without inactivation for VILIP-2 and inactivation without facilitation for CaBP1. B, synaptic transmission in SCG neurons transfected with wild-type (left panel)
or mutant (IM-AA/�CBD; right panel) CaV2.1 channels alone (black) or with CaBP1 (blue). C, synaptic transmission in SCG neurons transfected with wild-type (left
panel) or mutant (right panel) CaV2.1 channels alone (black) or with VILIP-2 (green). Cultured SCG neurons were injected in their nuclei with cDNAs encoding
CaV2.1, CaBP1, and VILIP-2. After 2–3 days, the injected cell was impaled with a sharp microelectrode and served as the presynaptic cell. Neighboring cells were
similarly impaled, and synaptic transmission from the transfected presynaptic cell to a non-transfected postsynaptic neighbor was elicited by a train of stimuli
at 30 Hz for 1 s. Excitatory postsynaptic potentials (EPSP) were recorded and normalized to the initial excitatory postsynaptic potential in the train.
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gest that residual Ca2� facilitates the activity of CaV2.1 chan-
nels via NCS-1. However, no evidence has emerged indicating
that NCS-1 acts directly by binding to CaV2.1 channels.
The ability of CaBP1 and VILIP-2 to fine-tune short-term

synaptic plasticity by regulation of CaV2.1 channels has been
shown directly by expression of wild-type and mutant CaV2.1
channels with CaS proteins in SCG neurons (99). Expression of
CaV2.1 channels with CaBP1, which enhances inactivation of
CaV2.1 currents, causes loss of synaptic facilitation and
enhanced synaptic depression in SCG neurons (Fig. 4B) (93,
99). Expression of CaV2.1 with VILIP-2, which enhances facili-
tation of CaV2.1 currents (94), causes reduced synaptic depres-
sion and enhanced synaptic facilitation (Fig. 4C) (99). These
functional effects are lost when the IM motif and CBD are
mutated (Fig. 4, B and C) (99). These results show that CaBP1
and VILIP-2 act directly on CaV2.1 channels by binding to their
C-terminal regulatory site and cause push-pull regulation of the
form of short-term synaptic plasticity, with CaBP1 favoring
depression and VILIP-2 favoring facilitation. It is likely that
fine-tuning of synaptic facilitation and depression by CaS pro-
teins plays an important role in determining the diversity of
short-term synaptic plasticity at CNS synapses.

Conclusion

Classical physiological studies of neuromuscular transmis-
sion revealed short-term synaptic facilitation and depression
and demonstrated that residual Ca2� resulting from action
potentials was involved in synaptic facilitation. However, the
molecular mechanisms that underlie short-term synaptic facil-
itation and depression have remained uncertain until recently.
As reviewed here, increasing evidence now supports regulation
of presynaptic CaV2.1 channels by direct binding of CaM and
CaS proteins as a major contributor to short-term synaptic
plasticity in two different experimental preparations: the calyx
of Held and the transfected SCG neuron. No doubt, other
molecular mechanisms also contribute to this important Ca2�

signaling process. However, at this stage, regulation of presyn-
aptic Ca2� channels by binding of CaM and CaS proteins is the
only molecular mechanism that has been demonstrated to be
capable of generating and regulating short-term synaptic plas-
ticity in situ in synapses. Further analysis of this crucial regula-
torymechanism should reveal itsmolecular and structural basis
and its role in neuronal circuits important for learning, mem-
ory, and behavior.
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The direct measurement of mitochondrial [Ca2�] with highly
specific probes demonstrated that major swings in organellar
[Ca2�] parallel the changes occurring in the cytosol and regulate
processes as diverse as aerobic metabolism and cell death by
necrosis and apoptosis. Despite great biological relevance,
insight was limited by the complete lack of molecular under-
standing. The situation has changed, and new perspectives have
emerged following the very recent identification of the mito-
chondrial Ca2� uniporter, the channel allowing rapid Ca2�

accumulation across the inner mitochondrial membrane.

The Complexity of Calcium Signaling

The initial concept that Ca2� ions control physiological
events goes back to the seminal observation by Ringer in 1883
that addition of Ca2� to the perfusion buffer of isolated hearts
triggered their contraction (1). The development of techniques
to monitor changes in the cytoplasmic Ca2� concentration
([Ca2�]c) (2, 3) allowed the concept thatCa2� ions act as second
messengers to be to extended to virtually all cells. The advent of
powerful probes allowing single cell analysis (the intracellularly
trappable fluorescent indicators (4, 5)) revealed that Ca2�

increases can be highly localized (e.g. the synaptic region or the
secretory pole of an exocrine cell) or diffused across the cell as a
Ca2� wave and elicit an effect at a distant site (e.g. activate gene
transcription in the nucleus of the cell). Moreover, in most cell
types, the [Ca2�]c increases are oscillatory (6), and the fre-
quency of oscillation is differentially decoded by the cell (7, 8). It
is beyond the scope of this minireview to discuss the molecular
and cellular basis of this spatiotemporal complexity. It suffices
to mention two key requirements. The first is the cooperation
of different sources of Ca2� in the generation of the [Ca2�] rise:

the extracellular medium, a virtually unlimited reservoir with a
[Ca2�] of �1 mM, and intracellular pools, generally referred to
as Ca2� stores, which are endowed with a [Ca2�] (�100 �M)
that allows rapid release through resident channels (9, 10).
Although recent work has highlighted a role also for other
membrane-bound compartments (e.g. the Golgi apparatus (11)
and endo/lysosomes (12)), the most important intracellular
stores are the endoplasmic reticulum (ER)2 and its specialized
counterpart of muscle cells, the sarcoplasmic reticulum (SR).
The second requirement for such a carefully orchestrated signal
is the existence of a broad number of molecules generating and
decoding [Ca2�] variations and their defined positioning
within the cell (13). Thus, specific pumps, channels, and buff-
ering proteins finely tune the spatiotemporal pattern of the
[Ca2�]c rises, and specific targets, located in both the cytoplasm
anddifferent intracellular organelles, are specifically affected by
the ionic change.

The Contribution of Mitochondria to Cellular Calcium
Handling

Mitochondrial Ca2� Uptake: A Historical Perspective

Mitochondria were the first intracellular organelles to be
associatedwith calciumhandling. Indeed, Ca2�uptake by ener-
gized isolated mitochondria was directly measured half a cen-
tury ago (14–16). It is remarkable that this experimental obser-
vation anticipated the chemiosmotic theory that provides the
thermodynamic basis for rapid accumulation of a positively
charged ion into themitochondrialmatrix (17). In the following
2 decades, the process of mitochondrial Ca2� accumulation
was thoroughly investigated. Although the outer membrane is
known to be permeable to ions and small solutes, transfer
across the inner membrane requires the presence of specific
transporters. Accordingly, a rapid electrogenic pathway
(denoted the “mitochondrial calcium uniporter” (MCU)) was
described that rapidly transports Ca2� into the matrix, driven
by the negative charge of the membrane potential (��) estab-
lished by the respiratory chain. Ca2� accumulation partially
dissipates the electrochemical gradient, closely agreeing with
the early observation that Ca2� stimulates respiration tran-
siently, in contrast with the classical mitochondrial uncouplers.
Ca2� accumulation by MCU does not proceed until electro-
chemical equilibrium (which would lead to a 106 concentration
difference) due to the activity of two main efflux pathways, the
Na�/Ca2� (mNCX) and H�/Ca2� (mHCX) exchangers,
expressedmainly in excitable and non-excitable tissues, respec-
tively. The existence of a sophisticated machinery for Ca2�

handling supported the general consensus that mitochondria
could actively and rapidly change their [Ca2�] and participate
in cellular homeostasis.
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However, this idea was strongly questioned in the 1980s by
two key observations. The first was the demonstration by Ber-
ridge and co-workers (18) that inositol 1,4,5-trisphosphate
(IP3), generated upon stimulation of receptors coupled to phos-
pholipase C, mobilizes Ca2� from a “non-mitochondrial” Ca2�

store, the ER. Furthermore, another seminal study described
the relative affinities for calcium uptake by mitochondria and
the ER (19). Quite appropriately, the sarco/endoplasmic retic-
ulum became the main research focus in calcium signaling,
leading to the identification of resident molecules involved in
Ca2� transport, the IP3- and ryanodine receptor (RyR)-sensi-
tive channels, and the sarco/endoplasmic reticulum ATPase
(10). The second key observation was the accurate [Ca2�]c
measurement obtained, in virtually all cell types, with fluores-
cent indicators. It became clear that given the [Ca2�]c mea-
sured under resting (�0.1 �M) or stimulated (1–3 �M at the
peak) conditions, MCU would not allow substantial Ca2�

uptake into the organelle. The general consensus thus changed,
and mitochondria gradually faded away from the general pic-
ture of cellular Ca2� homeostasis, as significant Ca2� uptake
was predicted to occur only under conditions of massive Ca2�

overload.

The Resurrection of Mitochondria and the Microdomain
Concept

The pendulum swung again in the early 1990s. Although
mitochondrial Ca2� uptake had already been described (20),
the development of recombinant targeted probes was crucial
for the reappraisal of the role of mitochondria. The pioneer of
these probes was the photoprotein aequorin (21), which was
followed by GFP-based fluorescent probes allowing the direct
visualization of [Ca2�] changes in imaging experiments (4, 22).
These highly specific probes clearly revealed that when a cell is
stimulated with a [Ca2�]c-increasing agonist, mitochondria
always accumulate Ca2� in the matrix with a speed and an
amplitude that greatly exceed those expected from the proper-
ties ofMCU in isolatedmitochondria (23). Indeed, the upstroke
of the mitochondrial [Ca2�] ([Ca2�]m) rise closely follows that

of the cells (24), and the peak value reaches, in some cell types,
values in excess of 100 �M (Fig. 1) (25).
The apparent discrepancy with the low affinity of MCU was

solved by the demonstration that mitochondria are located in
close proximity to the Ca2� channels eliciting the Ca2� rise, i.e.
the IP3 receptors (IP3Rs; or RyRs) in the ER/SR (26–29), or
different classes of channels on the plasmamembrane (e.g. volt-
age- and store-operated channels) (30–33). Therefore, they
sense a microdomain of high [Ca2�] that meets the low affinity
of MCU and is then dissipated, thus preventing mitochondrial
Ca2� overload and/or vicious Ca2� cycling across the mito-
chondrial membrane. This idea was initially supported by the
morphological demonstration of the close proximity of the two
organelles and by the evidence that only perfusion of IP3 or of
Ca2� at a 10-fold higher concentration than that measured in
the bulk cytosol could induce rapid Ca2� uptake in permeabi-
lized cells (23). More recently, the [Ca2�] reached on the outer
surface of mitochondria was directly measured, thus providing
reliable estimates of the [Ca2�] microdomain sensed by mito-
chondria (34, 35). The concept that mitochondria respond to a
pulsatile event, the generation of a rapidly dissipatingmicrodo-
main, has major functional implications. The first stems from
the old observation that both ATP phosphorylation and Ca2�

uptake occur at the expense ofmitochondrial����. During cell
stimulation, continuous accumulation (and cycling) of Ca2�

across the mitochondrial membrane would interfere with ATP
production, whereas a rapid and transient response allows a
functional response with limited energy drain, as discussed
below. The second crucial implication of amicrodomain-based
signaling mechanism is that the shape and positioning of mito-
chondria within the cell become critical determinants of their
responsiveness to Ca2� signals. Thus, not only in neurons,
where localization in synaptic regions was known to underlie
rapidCa2�uptake (andCa2� buffering), but inmost cells,mito-
chondria appear to be docked to dedicated signaling sites
known as the mitochondria-associated ER membrane (36). In
addition, the highly regulated state of fusion/fission influences
the mitochondrial Ca2� responses, as fragmentation discon-

FIGURE 1. A, schematic representation (upper) and immunolocalization (lower) of the mitochondrial aequorin (mtAEQ) probe (showing correct targeting to
mitochondria); HA, haemagglutinin epitope. B, [Ca2�]m (blue traces) and [Ca2�]c (red traces) measurements in HeLa cells upon treatment with 100 �M histamine
in the absence (left panel) and presence (right panel) of the uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP). cytAEQ, cytosolic aequorin.
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nects part of the mitochondria from the signaling sites (37).
MFN2 (mitofusin 2), a critical component of themitochondrial
fusion/fission machinery, is enriched in mitochondria-associ-
ated ER membranes, where it was shown to tether the ER and
mitochondria (38), thus participating in the formation of mito-
chondria-ER contacts. Indeed, in fibroblasts lackingMFN2, the
distance between theER andmitochondria increases, andmito-
chondrial Ca2� uptake is drastically reduced (38).

The Physio(patho)logical Role of Mitochondrial Calcium
Handling

The demonstration that mitochondria rapidly accumulate
Ca2� upon stimulation was followed by a large body of work
that allowed the physiological (and pathological) role of mito-
chondrial Ca2� homeostasis to be established in the following
years (Fig. 2). At first, the role in the control of aerobic metab-
olismwas directly investigated. Such a role was predicted based
on the biochemical evidence, dating back to the 1970s, that
three matrix dehydrogenases are activated by Ca2�: pyruvate
dehydrogenase is regulated by a Ca2�-dependent phosphatase,
and �-ketoglutarate and isocitrate dehydrogenases is regulated
by direct binding of Ca2� to the enzyme (39, 40). Stimulation of
Ca2�-sensitive dehydrogenases increases NADH availability
and hence the flow of electrons down the respiratory chain,
thus, in principle, enhancing a rate-limiting step for rapid ATP
synthesis in stimulated cells.

Increased electron feeding into the respiratory chain allows
an increase in ATP production, as demonstrated by the direct
measurement of ATP levels in the mitochondria and cytosol.
Interestingly, this Ca2�-mediated activation of aerobic metab-
olism appears to be impaired in some mitochondrial genetic
disorders, such as respiratory chain defects, in which the partial
reduction of �� greatly impairs the transmission of Ca2� sig-
nals to mitochondria and hence ATP production. Accordingly,
in cell lines harboring these mutations (such as the tRNA
defects), restoration of Ca2� signals (e.g. using inhibitors of
mitochondrial Ca2� efflux) markedly increases ATP produc-
tion (41).
Importantly, mitochondrial Ca2� is also involved in the reg-

ulation of cell death pathways. Mitochondrial Ca2� overload
has long been known to be associatedwith the process of necro-
sis, such as that due to ischemia-reperfusion of the heart and
excitotoxicity of neurons (for a review, see Ref. 42). Cellular
(and hence mitochondrial) Ca2� overload, in conjunction with
accumulation of reactive oxygen species, favors the sustained
opening of the high conductance cyclosporin A-sensitive per-
meability transition pore (PTP), which causes the rapid collapse
of��m and the swelling ofmitochondria, with consequent loss
of pyridine nucleotides and cytochrome c. The ensuing bioen-
ergetic crisis and ATP depletion send the cells to necrotic cell
death (43, 44).

FIGURE 2. Pleiotropic roles of mitochondrial Ca2� homeostasis. PDH, pyruvate dehydrogenase; IDH, isocitrate dehydrogenase; �KGDH, �-ketoglutarate
dehydrogenase.
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In more recent years, however, Ca2� dysregulation and,
more specifically, [Ca2�]m increases have been shown to play a
regulatory role in the more controlled process of apoptotic cell
death. The initial evidence was provided by the demonstration
that the anti-apoptotic oncogene bcl-2 affects intracellular
Ca2� homeostasis by regulating the Ca2� leak from the ER
and/or the release kinetics upon cell stimulation. Themost log-
ical target for this signaling alterationwasmitochondria, which,
in the initiation step of the intrinsic pathway of apoptosis,
release essential components of the apoptosome (such as cyto-
chrome c, SMAC/DIABLO, and apoptosis-inducing factor). In
this release, a key role is played by organelle fragmentation and
swelling following PTP opening (45), a process triggered by
increases in matrix [Ca2�], in conjunction with a variety of
pathological challenges (e.g. oxidative stress or production of
C2-ceramide). Thus, in a stressed cell, cytosolic Ca2� waves,
such as those evoked by a physiological stimulation, rather than
stimulating aerobicmetabolism, trigger an intracellular wave of
PTP opening that ultimately leads to cell death. Interestingly, in
the ER, Bcl-2 reduces mitochondrial Ca2� loading (46–49),
whereas the pro-apoptoticmembers of the protein family (such
as Bax) exert the opposite effect (50). Furthermore, Bcl-2 local-
izes also to mitochondrial membranes, where it has been dem-
onstrated to protect cells against mitochondrial Ca2� overload
(51).
Mitochondrial Ca2� signals have recently been shown to play

a major role in the regulation of autophagy. Indeed, a recent
seminal paper by Foskett and co-workers (52) clearly demon-
strated that [Ca2�]m exerts an inhibitory effect on AMP-acti-
vated protein kinase activity. Indeed, the authors showed that
in DT40 IP3R1/2/3 knock-out cells (in which IP3R-dependent
cellular Ca2� signals were abrogated), autophagy was maxi-
mally activated also in the presence of nutrients (52). The effect
could be ascribed to ablation of mitochondrial Ca2� loading, as
MCU blockers had the same effect as IP3R inhibition. This
study led to the interesting conclusion that apoptosis and
autophagy, which share molecular regulators (such as Beclin),
also utilize a common second messenger (Ca2� and its loading
intomitochondria) to drive cell fate in opposite directions (high
mitochondrial [Ca2�], pro-cell death; low [Ca2�], autophagic
rescue).
Finally, the consequences ofmitochondrial accumulation are

not limited to events occurringwithin the organelle. Indeed, the
fact thatmitochondria can take up large Ca2� loads (albeit with
a low affinity mechanism) places them, at least in principle,
among the buffers that should be taken into account when esti-
mating the factors that reduce the amplitude of the cytosolic
[Ca2�] increases evoked by channel opening and/or that slow
the diffusion of Ca2�waves. Althoughwe refer tomore exhaus-
tive reviews for a detailed coverage of this topic, we will briefly
sketch two conceptually different mechanisms through which
mitochondrial buffering plays a functional role (53).
The first relates to the possibility that strategic positioning of

mitochondria endows cells with a highly polarized complex
morphology with a high capacity sink draining a large amount
of Ca2� and preventing (or delaying) Ca2� diffusion to distant
sites. In pancreatic acinar cells, a mitochondrial belt maintains
Ca2� rises in the apical region (where they are generated), lim-

iting its effect to granule secretion.When the buffering capacity
of mitochondria is overwhelmed, as in supramaximal stimula-
tion or by impairing mitochondrial uptake capacity, the Ca2�

wave diffuses to the whole cell, thus reaching also the nucleus,
where it promotes gene transcription and long-lasting changes
(54). In neurons, mitochondria located in proximity to the
plasma membrane accumulate large amounts of Ca2� (up to
�10 mmol/kg of dry weight), most likely stored as calcium
phosphate precipitates (55). By this means, they modulate syn-
aptic [Ca2�] increases, strongly affecting neurotransmitter
release. Interestingly, genetic ablation of a low affinity Ca2�-
binding protein highly expressed in neurons (parvalbumin)
induces mitochondrial biogenesis and redistribution as a com-
pensatory mechanism, thus indicating that the cell regulates
these organelles as key components of its Ca2�-buffering rep-
ertoire (56).
The second, conceptual mechanism is the generation of sig-

nalingmicrodomains with the ER/SR or the plasmamembrane,
in which mitochondrial Ca2� uptake controls the microenvi-
ronment of the resident channels, thus modulating the positive
or negative feedback of the cation on the channel itself. A
revealing example was provided in the late 1990s by Lechleiter
and co-workers (57), who demonstrated that Ca2� uptake by
energized mitochondria controls the kinetics of IP3R Ca2�

release and hence coordinates IP3-induced Ca2� waves. Inter-
estingly, this concept is not restricted to ER channels but plays
a role also in the control of plasmamembrane channels. A large
body of work has been carried out in T lymphocytes, which
depend on store-operated channel activity to sustain the pro-
longed [Ca2�] increases needed for cell activation (58). In this
system, mitochondria buffer the local [Ca2�] increases in the
proximity of the channel, thus preventing rapid inactivation.
Interestingly, inmast cells, mitochondria aremore distant from
the plasmamembrane but still participate in shaping the [Ca2�]
increase and hence the functional response by buffering the
global cytosolic rise, thus influencing both slow inactivation of
ORAI channels and ER Ca2� loading (30).

The Essential Components of the Ca2� Transport
Machinery

Outer Mitochondrial Membrane

Ca2� accumulation in themitochondrial matrix requires the
crossing of twomembranes, the outer (OMM)and inner (IMM)
mitochondrial membranes. Attention has been placed mostly
on the transport systems of the ion-impermeable IMM, as the
OMM is permeable to solutes of�5 kDa and thus also to Ca2�.
However, the dependence of rapid Ca2� uptake into thematrix
on high [Ca2�] microdomains generated at themouths of open
ER/SR (or plasma membrane) channels implied that also pas-
sive equilibration across the OMM could represent a rate-lim-
iting step. The high permeability of the OMM is due mostly to
its most abundant protein, the voltage-dependent anion chan-
nel, which allows the shuttling of all energy-relatedmetabolites,
including succinate, pyruvate, malate, NADH, ATP, ADP, and
phosphate, from the cytosol to the mitochondria. Voltage-de-
pendent anion channel overexpression augments agonist-de-
pendentCa2� rises, implying that the repertoire ofOMMchan-
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nels is a kinetic bottleneck in the transfer of the Ca2�

microdomain to the IMM (59, 60).

Inner Mitochondrial Membrane

Thermodynamic Principles—Amuchmore substantial prob-
lem for Ca2� accumulation in the matrix is represented by the
ion-impermeable innermembrane (Fig. 3). Indeed, the electron
transport chain translocates H� ions across the IMM, generat-
ing an electrochemical proton gradient (����), which ismostly
in the form of a membrane potential difference (��). ����

drives the flow of H� through the ATP synthase in a reaction
coupled to the generation of ATP from ADP and inorganic
phosphate (61) or through leak pathways, such as the uncou-
pling proteins (which cause H� cycling and increased respira-
tion and heat production) (62). �� also represents a very large
driving force forCa2� accumulation. Based on theNernst equa-
tion (Equation 1, where cat is cation),

Veq �
RT

zF
ln ��catz�	out

�catz�	in
� (Eq. 1)

equilibrium is reached at an inside [Ca2�] 106-fold greater than
that outside the IMM.
The Transporters—Ca2� influx occurs via an electrophoretic

pathway called theMCU. Ca2� accumulation byMCU is coun-
teracted predominantly by mNCX (63). This exchanger, first
described by Carafoli and co-workers (64), was recently identi-
fied by Sekler and co-workers (65), who demonstrated that
silencing of NCLX blocks Ca2� extrusion and that NCLX-me-
diated mitochondrial Ca2� transport is inhibited by the NCX
blocker CGP-37157.
Both exchangers are ruthenium red (RuR)-insensitive, and

indeed, in classical experiments in isolated mitochondria, after
challenging mitochondria with a Ca2� pulse, exchanger-medi-
ated efflux was initiated by RuR addition. mNCX is inhibited by
a group of benzothiazepine analogs, such as diltiazem, clonaz-
epam, and CGP-37157 (66). Its Vmax ranges between 0.6 (liver)
and 18 nmol (heart) of Ca2�/mg of protein/min (67).

The Discovery of the MCU: Finding the Needle in the
Mitochondrial Haystack

Through the years, there has been a wide consensus that the
key molecule allowing rapid accumulation of Ca2� across the
ion-impermeable inner channel is the electrophoretic pathway
called MCU. Studies in isolated mitochondria demonstrated
that it is inhibited by RuR (68) and lanthanides (69), with aVmax

of �1400 nmol of Ca2�/mg of protein/min (70). Electrophysi-
ological recordings of isolated mitoplasts demonstrated that
MCU is a highly selective, inwardly rectifyingCa2� channel (71,
72).
Several candidates have been proposed through the years

until the recent discovery. After a few tentative identifications
of putative RuR-binding glycoproteins in the 1970s (73), in a
series of papers, Sheu and co-workers (74, 75) proposed that
mitochondrially sorted RyR1 drives mitochondrial Ca2�

uptake in the heart. Although the tissue distribution and elec-
trophysiological properties seem to exclude RyR1 as the MCU,
the possibility that RyR is an additional uptake pathway coop-
erating with MCU in the heart is still open. More recently,
Graier and co-workers (76) proposed that UCP2 and UCP3 are
essential components of the MCU machinery. These results,
which were questioned on theoretical grounds and based on
experiments carried out in mitochondria from UCP2
/
 and
UCP3
/
 mice (77), have recently been ascribed to an indirect
effect on ATP production and hence ER Ca2� loading (78).
Finally, in 2009, Clapham and co-workers (79) identified, by
siRNA genomic screening in Drosophila, Letm1 as a putative
H�/Ca2� antiporter mediating Ca2� accumulation in the
matrix. Given that the same protein was proposed to be amito-
chondrial K�/H� exchanger (80) and that the proposed stoi-
chiometry and RuR sensitivity differ from those reported for
mNCX and mHCX (81, 82), the role of Letm1 awaits further
confirmation and, in all cases, does not reflect MCU activity.
The success in MCU identification required an innovative

approach. Indeed, (i) the available inhibitors of channel func-
tion (e.g.RuR) lacked the protein specificity necessary for direct

FIGURE 3. Schematic representation of the essential molecular components of mitochondrial Ca2� homeostasis: the electron transport chain com-
plex, building up the electrical driving force for accumulation (��), MCU, and the mNCX and mHCX exchangers. cyt, cytochrome c; IMS, intermembrane
space.
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protein identification; (ii) Saccharomyces cerevisiae appears to
have no RuR-sensitive mitochondrial Ca2� influx (83), thus
preventing the use of yeast genetics; and (iii) in silico homology
searches with known Ca2� channels yielded no successful hit.
An alternative strategy was made possible by the seminal work
of Mootha and co-workers (84), who constructed a mitochon-
drial gene data set (MitoCarta) by compiling an inventory of
gene products with proven mitochondrial localization. By
searching the MitoCarta data set, the same group identified a
54-kDa protein, renamed MICU1 (mitochondrial calcium
uptake 1). Its silencing in HeLa cells drastically reduced mito-
chondrial Ca2� uptake, thus proving that it is an essential com-
ponent of the Ca2� uptake machinery (85). However, MICU1
includes two Ca2�-binding EF domains and a single putative
transmembrane (TM) domain and thus was unlikely to be the
channel itself.
The presence of an MCU regulator further stimulated the

search for MCU, and indeed, two groups (our own (87) and
Mootha’s (88)) found MCU in 2011 through an in silico search
of the MitoCarta database. Specifically, we skimmed the list by
applying subsequent constraints: 1) a broad expression profile,
given the presence of RuR-sensitivemitochondrial Ca2�uptake
in all mammalian tissues; 2) at least two computationally pre-
dicted TM �-helixes in the primary sequence (i.e. the expected
minimum requirement of all ion channels); 3) the absence in
S. cerevisiae, which lacks RuR-sensitive mitochondrial Ca2�

uptake; and 4) the presence inTrypanosomatida, inwhichRuR-
sensitive Ca2� uptake was reported (86). We ended up with a
list of 14 candidates, containing both well known (e.g. subunits
of NADH dehydrogenase) and yet unexplored proteins. We
finally reasoned that given the key function of ion permeation,
the evolutionary pressure was most likely focused on conserv-
ing the TM domains and the selectivity filter rather than other
traits. We thus carefully aligned the 14 TM domains and inter-
vening loops of candidates across distant species, and it was
immediately clear that one of the hits (the product of the
CCDC109A gene) met our predictions: two very highly con-
served TM domains separated by a small loop identical in
sequence from human to kinetoplastids and enriched in acidic
residues.CCDC109A (then renamedMCU) became the leading
candidate and was validated in studies in intact and permeabi-
lized cells (Fig. 4). Interestingly, Mootha and co-workers (87)
also identified the same candidate using a different computa-
tional approach. They searched for genes closely related
to MICU1 in terms of evolutionary co-occurrence and
mRNA/protein coexpression profiles, identifying CCDC109A
as the top scoring hit.
MCU silencing virtually abolishes mitochondrial Ca2�

uptake in intact and permeabilized cells (87, 88).We cloned the
MCUcDNAand demonstrated that its overexpression doubled
the [Ca2�]m rise evoked by IP3-coupled agonists while signifi-
cantly reducing the amplitude of the [Ca2�]c peaks as a conse-
quence of the increased mitochondrial Ca2� buffering (87).
These data demonstrated a crucial role also of this protein in
mitochondrial Ca2� uptake, but direct evidence was necessary
to claim that it is MCU, i.e. the bona fide channel. We thus
expressed MCU in two different heterologous systems, Esche-
richia coli and wheat germ cell-free transcription/translation,

and inserted the purified protein into the planar lipid bilayer.
The electrophysiological properties of MCU matched those
previously described in isolated mitochondria, and the current
was completely inhibited by RuR and Gd3�. MCU activity was
also abolished by the mutation of two negatively charged resi-
dues to glutamine (D260Q/E263Q). Furthermore, when over-
expressed in HeLa cells, this mutant reduced mitochondrial
Ca2�uptake, acting as a dominant negative, strongly suggesting
thatMCU forms an active channel as an oligomer (87).Mootha
and co-workers (88) demonstrated that a single point mutation
of MCU (S259A) retains function but confers resistance to
Ru360, indicating that the most potent inhibitors of uniporter
activity (RuR and related compounds) act directly on the chan-
nel and not with associated regulatory elements.

Conclusions

After a long search in the wrong directions, an unexpected
twist rapidly unveiled the real identity of MCU. Now, the last
element of the cellular calcium signaling toolkit has been iden-
tified, and the directmolecular targeting ofmitochondrial Ca2�

homeostasis can be pursued in vivo and in vitro, as well as in
organ physiology and disease pathogenesis. To cite only a few
examples, the role of mitochondrial Ca2� signals in aerobic
metabolism and in tuning the autophagic response to nutrient
deprivation can now be directly investigated and correlated
with cell function and trophism, as in the case of muscle adap-
tation to feeding conditions, aging, or pathological states. In

FIGURE 4. Strategy for identifying MCU within the MitoCarta database.
TMDs, transmembrane domains.
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contrast, sensitization to apoptotic and necrotic cell death can
be evaluated in important disease models, such as ischemia-
reperfusion of the heart and neurodegenerative disorders.
Finally, future molecular data should include structural infor-
mation supporting the discovery of specific inhibitors that
may represent a novel important class of pharmacological
compounds.
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forty-kilodalton protein of the inner membrane is the mitochondrial cal-
cium uniporter. Nature 476, 336–340

88. Baughman, J. M., Perocchi, F., Girgis, H. S., Plovanich, M., Belcher-
Timme, C. A., Sancak, Y., Bao, X. R., Strittmatter, L., Goldberger, O.,
Bogorad, R. L., Koteliansky, V., and Mootha, V. K. (2011) Integrative
genomics identifiesMCU as an essential component of themitochondrial
calcium uniporter. Nature 476, 341–345

MINIREVIEW: Molecular Identity and Physiological Roles of MCU

10758 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 15 • APRIL 12, 2013



Ion Pathways in the
Sarcoplasmic Reticulum
Ca2�-ATPase*
Published, JBC Papers in Press, February 11, 2013, DOI 10.1074/jbc.R112.436550

Maike Bublitz‡§1, Maria Musgaard‡¶2, Hanne Poulsen‡§,
Lea Thøgersen‡�, Claus Olesen‡**, Birgit Schiøtt¶‡‡§§,
J. Preben Morth‡§3, Jesper Vuust Møller‡**, and Poul Nissen‡§

From the ‡Centre for Membrane Pumps in Cells and Disease (PUMPkin) and
the ‡‡Centre for Insoluble Protein Structures, Danish National Research
Foundation, the Departments of §Molecular Biology and Genetics,
¶Chemistry, and **Physiology and Biophysics, the �Bioinformatics Research
Centre, and the §§Interdisciplinary Nanoscience Center, Aarhus University,
DK-8000 Aarhus C, Denmark

The sarco/endoplasmic reticulumCa2�-ATPase (SERCA) is a
transmembrane ion transporter belonging to the PII-type
ATPase family. It performs the vital task of re-sequestering
cytoplasmic Ca2� to the sarco/endoplasmic reticulum store,
thereby also terminating Ca2�-induced signaling such as in
muscle contraction. This minireview focuses on the transport
pathways of Ca2� and H� ions across the lipid bilayer through
SERCA. The ion-binding sites of SERCA are accessible from
either the cytoplasm or the sarco/endoplasmic reticulum
lumen, and the Ca2� entry and exit channels are both formed
mainly by rearrangements of four N-terminal transmembrane
�-helices. Recent improvements in the resolution of the crystal
structures of rabbit SERCA1a have revealed a hydrated pathway
in the C-terminal transmembrane region leading from the ion-
binding sites to the cytosol. A comparison of different SERCA
conformations reveals that this C-terminal pathway is exclusive
to Ca2�-free E2 states, suggesting that it may play a functional
role in proton release from the ion-binding sites. This is in
agreement with molecular dynamics simulations and muta-
tional studies and is in striking analogy to a similar pathway
recently described for the related sodium pump. We therefore
suggest amodel for the ion exchangemechanism inPII-ATPases
including not one, but two cytoplasmic pathways working in
concert.

P-type ATPases form a large family of transmembrane trans-
porters that couple the energy from ATP hydrolysis to active
transport of key cations across biological membranes. These

so-called ion pumps are multidomain enzymes that contain
polar and charged residues within their transmembrane (TM)4
domain that mediate binding of the transported ions. For the
most well studied members, the sarco/endoplasmic reticulum
Ca2�-ATPase (SERCA) and the Na�/K�-ATPase (NKA), the
binding sites have been thoroughly described by structural and
mutational studies (1–5), whereas the inherently dynamic
interactions along the routes of ion entry and exit remain less
clear.
P-type ATPases generally function according to an alternat-

ing access model (6–8) (also described as an E1/E2 scheme
(9–11)) in which the ion-binding sites are accessible from
either the cytoplasmic or extracytoplasmic side, interspersed by
occluded states coupled with phosphorylation or dephosphor-
ylation (12–14). Therefore, theremust be at least one ion access
pathway at each side of the membrane, but it has also been
suggested that the Ca2� exit and proton entry pathways on the
luminal side of SERCA are separate (15). This article provides a
focused review of the ion pathways in SERCA, pointing in par-
ticular to the possibility of two cytoplasmic pathways, one for
proton exit and another for Ca2� binding.

The Luminal/Extracellular Pathway: The “Exit Path”

The structure of SERCA in theE2P conformation (trapped as
a phosphoenzyme intermediate mimicked by BeF3�) revealed a
luminal Ca2� exit pathway (Exit path) (Fig. 1a) encompassed by
TM segmentsM1–M6 (16, 17). This structure follows a confor-
mational change in the E1P state upon completion of the phos-
phorylation reaction. Relaxation of the tense E1P conformation
allowsADP release and a large rotation/translation of theA-do-
main, which then interacts with the phosphorylated P-domain.
The E1P-to-E2P transition transduces into a spreading of the
M1-M2 andM3-M4 segments away from theM5-M6 segment,
which remains associated with the M7–M10 helix bundle. The
geometry of the two Ca2�-binding sites gets distorted by these
movements, and three of the Ca2�-coordinating residues
(Glu309, Glu771, and Asn796) are exposed to the luminal envi-
ronment through a wide open, funnel-shaped exit pathway
paved with polar side chains. A Mg2� ion is bound at the
exposed site, involving the otherwiseCa2�-coordinatingGlu309
and a second acidic residue, Glu90 (16). The effect of mutating
Glu90 to alanine or leucine is a marked reduction in the appar-
ent affinity for luminal Ca2�, suggesting a direct interaction
(18). If a permanent positive charge is introduced by an E90R
mutation, the rate of dephosphorylation (the step that follows
Ca2� release and occlusion of H� during the pumping cycle) is
reduced, and accordingly, the site has been described as a tran-
sient, low affinity Ca2�-“leaving site” (18).

The recently reported E2P structure of porcine NKA in a
high affinity complex with the cardiotonic steroid ouabain (19)
displays a close analogy to the E2-BeF3� structure of SERCA.
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Although the Exit path is obstructed by ouabain in this struc-
ture, it suggests that the pathway is a conserved feature between
the two pumps. Based on the two outward open structures, the
Exit path is not only an exit pathway for Ca2� orNa�, but is also
the entry pathway for the countertransported cations: H� for
SERCA and K� for NKA. The Mg2� ion stabilizing the open
E2P state (16, 20) would therefore at the same time modulate
the ion exchange kinetics.

Cytoplasmic Pathway I: The “N-path”
The very first structure of SERCA representing a nucleotide-

free, Ca2�-bound, E1-like state (4) shows a hydrophilic environ-
ment at the Ca2�-binding sites, which are surrounded by straight
helices M1, M2, M4, and M6, including unwound parts of M4
(309EGLP312) and M6 (800DG801) exposed to the cytoplasm. This
structure is, however, stable only in very highCa2� concentrations
andwithoutATPpresentandmustbeconsideredanuncoupledstate.

FIGURE 1. Ion pathways in SERCA1a. a, overall schematic representation of SERCA1a (Protein Data Bank code 3N5K), with bound water as red spheres. Domains
are labeled as follows. N,: nucleotide-binding domain (red); P, phosphorylation domain (blue); A, actuator domain (yellow); TM, transmembrane domain, with
M1-M2 in pink, M3-M4 in beige, and M5–M10 in green. The N-path, C-path, and Exit path are indicated by arrows. Spheres that represent waters inside the
channel are scaled according to their van der Waals radius; all other waters are scaled to half-size. Thapsigargin is depicted as yellow sticks. A magnification of
the C-path area is boxed. b, C-path of SERCA and NKA (code 2ZXE (38)), with polar and charged side chains shown as sticks, water molecules shown as red spheres,
K� ions shown as purple spheres. The C-terminal extension in NKA is colored orange. NKA residue numbering is adapted to the human �2 sequence.
c, experimental evidence for water molecules between helices M5, M7, M8, and M10. Blue mesh, 2Fo � Fc electron density map contoured at 1.0�; green mesh,
unbiased Fo � Fc map contoured at 2.8�. Polar residues lining the cavity and the ion-binding site are indicated. d, plot representation of the water network in
the C-path and the residues interacting with the water molecules.
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Mutational studies propose that Ca2� ions enter through a
single pathway to the two cooperative binding sites (sites I and
II): the first Ca2� ion gains access to site I through site II with
Glu309 as a gating residue, and conformational changes induced
by the Ca2� occupation of site I stimulate high affinity binding
at site II (21). To do so, the ions would follow a pathway
between M1, M2, and M4: the N-path (Fig. 1a) (22, 23). The
following transfer of the �-phosphate from bound ATP to
Asp351 is associatedwith closure of theN-path and occlusion of
the Ca2� ions by formation of a hydrophobic cluster of amino
acid residues of M1 and M2, blocking entry to the Ca2� sites
(13, 24, 25). In NKA, Glu329 is equivalent to SERCA Glu309 and
plays a similar role in ion gating (26). The plasma membrane
and secretory pathway Ca2�-ATPases (PMCAs and SPCAs)
both lack an acidic residue in site I, which is consistent with the
binding and transport of only oneCa2� ion per hydrolyzedATP
(27, 28).
In support of the N-path for Ca2� binding, crystal structures

of SERCA in complex with the inhibitors cyclopiazonic acid
and 2,5-di-tert-butylhydroquinone, which interfere with Ca2�

binding, reveal an inhibitor-binding cleft at the lipid interface
between the kinkedM1 andM2-M4. (29–32). A divalent cation
bound between cyclopiazonic acid and SERCA further hinted
at a transient Ca2� site located at the entry to the N-path (29).
In further accordance with the N-path, molecular dynamics
(MD) simulations of SERCA show a water-filled cytoplasmic
pathway toward Glu309 and a local negative potential that
attracts positively charged ions in silico (33). Moreover, the
analogous N-path in NKA was pinpointed as the Na� entry
pathway by cysteine scanning experiments on palytoxin-inhib-
ited enzyme (34). Confirming this model, a recent SERCA
structure trapped in a Ca2�-free E1 state (in complex with the
regulatory protein sarcolipin) is in evident agreementwith such
a cytoplasmic path leading to Glu309 at the ion-binding sites
(35). The E1 pathway is stabilized by Mg2� ions with the ion-
binding sites in seemingly deprotonated states, in remarkable
analogy to the luminal pathway of the E2P structure, and hints
at Mg2� modulation of Ca2� binding. Recently, the Cu�-
ATPase structure also pointed to an N-path, however further
functionalized by anN-terminal platformconsisting of P�B-spe-
cific helices MA and MB (36).

Cytoplasmic Pathway II: The “C-path” in NKA

TheC-terminal region ofNKAwas found to be important for
ion binding in binding kinetics studies (3). The structure shows
that theC-terminal tyrosine of the�-subunit forms a plug at the
cytoplasmic end of a cavity lined by several polar and charged
residues between helices M5, M7, M8, and M10 connected to
the ion-binding sites (Fig. 1b). Electrophysiological studies sug-
gest that the cavity forms an ion pathway (37). Neither of the
NKA crystal structures (3, 38) reveals water molecules in this
region, but MD simulations suggest that the release of the
C-terminal plug or its destabilization by mutation will allow
water molecules to enter this cavity (37). Furthermore, electro-
physiological studies indicate that during the enzymatic cycle, a
proton enters and leaves via the C-terminal region to neutralize
one of the three Na�-binding sites (at Asp930 for the human
�2-isoform)when the twoK� ions are countertransported (37).

Mutations in the C-terminal end of the �-subunit, as well as in
residues lining the cavity, are associated with neurological dis-
orders referred to as familial hemiplegic migraine 2 and rapid-
onset dystonia parkinsonism (39, 40), underlining that the cav-
ity is important for proper pump function.

A C-path Also in SERCA1a?

The four C-terminal helices (M7–M10) that form the cavity
against M5 in NKA are a shared characteristic of the PII sub-
family of P-type ATPases. In SERCA1a, the region is highly
hydrophilic (Asp981, Asn911, Asn914, Gln759, Ser766, Ser767,
Tyr837, and Arg836), and in a recent 2.2 Å crystal structure of
SERCA1a in the AlF4�-bound transition state of E2-P dephos-
phorylation, a number of well defined, bound water molecules
are revealed inside this narrow elongated cavity (C-path; Pro-
tein Data Bank code 3N5K) (Fig. 1, a–d). The cavity extends
from the cytoplasmic interface to the ion-coordinating residues
(Asn768, Glu771, Asn796, Asp800, and Glu908), and therefore, it
could form a direct ion exit pathway. Three water molecules
occupy the Ca2�/H�-binding sites surrounded by Glu309,
Ser767, Asn768, Glu771, Asn796, Asp800, and Glu908, and another
six form a “hydration path” betweenM5,M6,M7,M8, andM10
leading to the cytoplasmic solvent side (Fig. 1, b–d). Seven of
the nine water molecules in the cleft are visible in both mole-
cules of the asymmetric unit of the 2.2 Å structure and have in
part also been observed in other thapsigargin-bound crystal
forms of SERCA1a (17, 31, 41).
In contrast to NKA, SERCA lacks the C-terminal “plug” to

seal the cavity from cytoplasmic solvent, but two pairs of
charged residues (Arg762-Glu918 and Arg836-Asp981) located at
the cytoplasmic end of the C-path in SERCA would be obvious
candidates to function as access gates by formation or release of
ionic interactions in a state-dependent manner. The involve-
ment ofwatermolecules in SERCA function has not been inves-
tigated in much detail, but MD simulations of SERCA1a in the
E2 state confirm a continuous water path through the C-termi-
nal pathway, stretching from Glu908 of the ion-binding site to
Asp813 of the L6-L7 loop (Refs. 33 and 42 and further analyses of
simulations herein).
The residue that corresponds to the proton-shuttling Asp930

in NKA is a conserved asparagine in Ca2�-ATPases (SERCA1a
Asn911), which provides a hydrogen bond donor/acceptor
rather than a titratable acidic group. This might reflect the dif-
ferent functions: proton shuttling in the control of a unique site
III in NKA versus unidirectional proton release via a water
chain in SERCA. Asn911 at a strategic position might in fact be
able to function as a switch: paving a water-mediated proton
wire by coordination of water molecules or blocking proton
transfer if inserted into the pathway.

The C-path Changes with the Functional Cycle of SERCA

Comparing the structural details of this region in all available
SERCA1a conformations reveals a clear internal cavity in all
E2-like (i.e. Ca2�-free) states, between M5, M7, M8, and M10,
whereas the cavity is absent or negligibly small in Ca2�-bound
E1 states (Fig. 2). The same effect is observed inMDsimulations
of SERCA in different states (Refs. 33 and 42 and further anal-
yses of simulations herein).
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The helix movements within the cavity-enclosing bundle are
subtle but significant. During the E1P-to-E2P transition, the
cytoplasm-facing termini of M5 and M7 tilt slightly away from
each other (with the movement of M5 being induced by its
insertion into the moving P-domain), opening the cavity for
water influx. The three watermolecules at the ion-binding sites
most probably enter through the luminal pathway along with
the protons that neutralize the negatively charged residues after
Ca2� release, but the opening of a C-terminal cleft in the E2
states suggests that the other water molecules in the C-path
come from the cytoplasmic side.

Mutations Affecting the C-path

Several disease-causing mutations that map to the C-path
significantly impair the function ofNKA (37, 43, 44). In SERCA,
mutational studies similarly show the region to be important
for function. The R762I mutant has a reduced rate of [Hn]E2 to
[Ca2]E1 transition (45), and mutation of Ser766 (to Cys, Val, or
Leu) strongly reduces the apparent Ca2� affinity and ATPase
activity (46–48). Strikingly, in SERCA2b, mutations analogous
to S766L and E918K in SERCA1a (situated at critical positions
at either end of the channel/cavity) cause Darier disease, a
genetic skin disorder (47, 49).Milder butmeasurable effects are
furthermore observed for Q759A (45, 48, 50) and N914A (48,
50). Various mutations of Tyr763 slow down SERCA activity
(48), whereas removal of the side chain in Y763G causes uncou-
pling (ATP hydrolysis without Ca2� transport) (51). From the
structures, it is evident that without the bulky tyrosine side
chain, an extra cavity in immediate vicinity to theCa2�-binding
sites would appear. This would possibly allow Ca2� or protons
to leak through the C-terminal pathway during the E1P-to-E2P
transition when the C-path reforms. These studies provide fur-
ther support for a functional role of the C-path in SERCA.

What Is the Functional Role of the C-path?

Previously, the possible hydration of the ion pathways in the
P-type ATPases had been scarcely addressed. Notably, a struc-
ture-based in silico analysis of SERCA (15) has proposed that
rapid proton binding from the luminal side depends on chains
of watermolecules. It was suggested that there are two separate
hydrated pathways on the luminal side, one for the exit of Ca2�

and one for the entry of H�. The advantages of the ions follow-
ing separate routes include that they avoid having to share a
single access channel, and the vacated (i.e. highly unstable (42))
binding sites may be neutralized simultaneously. Karjalainen et
al. (15) also obtained evidence for extensive entry of watermol-
ecules into the same C-path, where we now present solid crys-
tallographic evidence of bound waters. However, although the
authors suggested the use of bifurcated ion pathways on the
luminal side, they argued against ions passing through
the C-path, primarily because of the positively charged Lys758,
Lys985, Arg762, and Arg836, which would prevent cations from
passing. The exit of protons would, however, probably not be
significantly hindered by these basic residues. In fact, during the
catalytic cycle, the estimated pKa of Lys758 and Lys985 may fluc-
tuate around 7–8 (52),making them titratable and thereby suit-
able stepping stones for protons leaving the ion-binding sites or
functioning as modulators of nearby carboxylic acid residues
for proton hopping.
As noted above, for NKA, a cytoplasmic proton was sug-

gested to shuttle to and fromAsp930 (human�2 numbering) via
the C-path, but it has not been shown so far whether any of the
transported Na� or K� ions also use the pathway. At present, it
seemsmost likely that in bothNKAand SERCA, theC-terminal
helices have evolved as separate proton pathways, coupled with
the ATPase driven cycle.We anticipate that a C-terminal path-
way is also functionally adapted in the plasmamembraneCa2�-
ATPases, SPCAs, and H�/K�-ATPases.

It should be mentioned at this point that the [Hn]E2-to-
[Ca2]E1P transition in SERCA is greatly accelerated by high pH,
indicating that the rate of E1 formation from E2 is dependent
on release ofH� beforeCa2� can bind (53). At the same time, in
SPCA, in which no countertransport of H� has been observed,
the breakdown of E2 phosphoenzyme is not pH-dependent
(28).
Earlier studies of the cytoplasmic loop between M6 and M7

have indicated its importance for the functional properties of
the ATPase. The loop is situated right above the C-path open-
ing and contains several charged residues (Asp813, Asp815, and
Asp818) near the lipid-water interface, and it was suggested to
be involved in Ca2� binding (54). However, it seems that the
lower apparent Ca2� affinity of an L6-L7 loopmutant observed
duringATPhydrolysismay be caused by an impaired rewinding
of M6 into the Ca2�-binding conformation (55) or a mere loss
of proton-abstracting capacity, thus favoring the protonated
state and decelerating deprotonation.
Bifurcated pathwaysmay be specific for the PII-typeATPases

because of the strong cooperativity of transport and counter-
transport. Structures are known formembers of two other sub-
families, namely the proton pump AHA2 (subfamily PIII),
which transports ions one way, and the heavy metal pump

FIGURE 2. TM section and cavities of SERCA1a in different catalytic states.
A C-terminal cavity (blue) is present in all E2-like states between TM helices
M5, M7, M8, and M10 (color-coded numbering; see the color code described
in the legend to Fig. 1). In the E2 states, the cavity is enlarged and can contain
tightly coordinated water molecules. Structural representations are as fol-
lows: Ca2E1-AMPPCP, Protein Data Bank code 1T5S (13); E2P BeF3

�, code 3B9B
(16); E2�P MgF4

2�, code 3FGO (29); and E2, code 3NAL (57). Cavities and clefts
were analyzed with the program McVol (58). For clarity, only cavities in the
relevant protein region and large enough to engulf at least one water mole-
cule are shown. Sporadic small cavities, which are present in both E1 and E2
states, were also omitted for clarity. The coordinates for 1T5S were re-refined
and re-deposited (new Protein Data Bank code 3N8G) in the course of this
analysis, updating the assignment of a Ca2� versus a Mg2� ion coordinated at
the nucleotide-binding site, in light of consecutive findings (59). SR, sarco-
plasmic reticulum.
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CopA (subfamily PI), which lacks the C-terminal helix bundle
and in which countertransport also is not expected (53). In the
proton pump, compensation of the single charged proton-
binding residue in the TM region appears to be achieved by an
unusually large, hydrated cavity (56), whereas the copper pump
features uncharged cysteines in the TM part (36) (although
deprotonation/protonation of cysteines may also be associated
with copper transport). We thus speculate that the introduc-
tion of two ion gateways on both sides of the membrane for
coupled exit and entry of ions provides an efficient mechanism
for the coordination of transport and countertransport
processes.

Concluding Remarks

We find that a C-terminal hydrated proton path in the TM
region of SERCA correlates well with all of the observations
discussed above and should therefore be considered in future
studies on countertransportmechanisms of SERCAand related
pumps. Based on the points raised here, a tentative scheme for
the ion exchange events in the functional cycle of SERCA is
presented in Fig. 3. Starting from the occluded Ca2�-bound
[Ca2]E1P state, the protein is phosphorylated during the tran-
sition to the E2P state, and Ca2� ions are released to the sarco-
plasmic reticulum. As suggested by Musgaard et al. (42), one
protonmay bind through theN-path from the cytoplasmic side,
whereas two protons bind from the luminal side, potentially
through the luminal proton pathway suggested by Karjalainen
et al. (15). At the same time, the C-path starts forming. SERCA
then enters a proton-occluded state ([H3]E2-P) before the

[H3]E2-to-E1 transition occurs. During this transition, one pro-
ton may be released to the cytoplasm through the N-path (42),
whereas the other two are released through the open C-path
more or less simultaneously with Ca2� binding through the
N-path in formation of the [Ca2]E1-ATP state. The C-path and
the N-path then close, coupled with phosphorylation, and the
occluded [Ca2]E1P state is regenerated. This mechanism illus-
trates a possible way in which a smooth exchange of protons
and Ca2� ions can occur and is in accordance with the present
structural and functional data.
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A number of genetic disorders are caused bymutations in the
genes encoding glycosyltransferases and sulfotransferases,
enzymes responsible for the synthesis of sulfated glycosamin-
oglycan (GAG) side chains of proteoglycans, including chon-
droitin sulfate, dermatan sulfate, and heparan sulfate. The phe-
notypes of these genetic disorders reflect disturbances in crucial
biological functions of GAGs in human. Recent studies have
revealed that mutations in genes encoding chondroitin sulfate
and dermatan sulfate biosynthetic enzymes cause various disor-
ders of connective tissues. This minireview focuses on growing
glycobiological studies of recently described genetic diseases
caused by disturbances in biosynthetic enzymes for sulfated
GAGs.

Proteoglycans (PGs)2 having linear polysaccharides as side
chains are widely distributed in extracellular matrices and at
cell surfaces (1–3). Chondroitin sulfate (CS) and dermatan sul-
fate (DS) chains are classified as sulfated glycosaminoglycans
(GAGs) and are covalently attached to the core proteins of
PGs (1–3). PGs function in embryonic development and play
roles in the pathological development of a number of diseases
through theGAG chains (3–7). GAGs aremodified by sulfation

at various positions of hydroxy groups in each constituent sugar
residue and by epimerization of uronic acid residues during the
biosynthetic process, resulting in enormous structural diver-
sity, which is fundamental to a wide range of biological events
involving GAGs (4). Thus, it is imaginable that the heritable
disturbance of the fine structure ofGAGsmay cause a variety of
diseases.
The backbones of CS and DS consist of repeating disaccha-

ride building units of GalNAc and uronic acid, D-glucuronic
acid (GlcUA), or L-iduronic acid (IdoUA). CS/DS hybrid chains
with both CS and DS structural elements are often found in
mammalian tissues and aremodified by sulfate groups at C-2 of
uronic acids and at C-4 and/or C-6 of GalNAc residues with
various combinations (4). In recent years, most (if not all)
glycosyltransferases/epimerases/sulfotransferases and related
enzymes for GAG biosynthesis have been cloned and charac-
terized (Figs. 1 and 2 and Table 1) (3, 7, 8), although their reg-
ulatorymechanism(s) at the transcriptional level are largely not
yet understood. However, in addition to well establishedmuco-
polysaccharidoses and lysosomal storage diseases (9), which are
characterized by the accumulation of undigested GAG frag-
ments in lysosomes due to defective catabolism by mutated
glycosidases and sulfatases, several genetic diseases caused by
mutations of the genes encoding biosynthetic enzymes have
recently been described. Examples include hereditary multiple
exostoses resulting from mutations in the EXT1 and EXT2
genes, encoding the glycosyltransferases responsible for
heparan sulfate (HS) biosynthesis (10, 11); chondrodyspla-
sias caused by mutations in the sulfate transporter and
3�-phosphoadenosine 5�-phosphosulfate (PAPS) synthase-2
(12); and the Ehlers-Danlos syndrome (EDS) progeroid form
caused by mutations in B4GALT7, encoding �4-galactosyl-
transferase-7, resulting in a defect in DS chains (13–18).
Accumulating evidence suggests that, in addition to the
abovementioned genes, CS/DS biosynthetic enzymes are
crucial to bone development and skin integrity in humans
(Table 2). This minireview will overview the biosynthetic
mechanism for CS/DS chains and focus on genetic diseases
that have been recently characterized from a glycobiological
point of view in terms of disturbances in the biosynthesis of
functional CS/DS chains.

Biosynthesis of CS and DS Chains

GAG-Protein Linkage Region—The newly synthesized core
proteins of PGs are initially modified by glycosylation to form
a common GAG-protein linkage region tetrasaccharide,
GlcUA�1–3Gal�1–3Gal�1–4Xyl�1- (GlcUA-Gal-Gal-Xyl-),
attached to the serine residue(s) of theGAG attachment sites of
the PGs in the endoplasmic reticulum andGolgi compartments
(2, 4, 7). Each specific glycosyltransferase, �-xylosyltransferase
(XylT) (19, 20), �1,4-galactosyltransferase-I (GalT-I) (21, 22),
�1,3-galactosyltransferase-II (GalT-II) (23), and �1,3-glucu-
ronosyltransferase (GlcAT)-I (24), which are encoded by
XYLT1 (and XYLT2), B4GALT7, B3GALT6, and B3GAT3,
respectively, transfers to the serine residue or growing glycan
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FIGURE 1. Schematic presentation of the biosynthetic assembly of the GAG backbones by various glycosyltransferases. Each glycosyltransferase
requires the respective UDP-sugar as a donor substrate. Following the synthesis of specific core proteins, the synthesis of the so-called GAG-protein
linkage region, GlcUA�1–3Gal�1–3Gal�1– 4Xyl�1-O-, common to CS/DS and HS/heparin (Hep) chains, is initiated by XylT, which transfers a Xyl residue
from UDP-Xyl to the specific Ser residue in the endoplasmic reticulum, and is completed by the consecutive addition of each sugar by GalT-I, GalT-II, and
GlcAT-I, which are common to the biosynthesis of both CS and HS, in the Golgi apparatus. Following completion of the synthesis of the linkage region,
the first �GalNAc residue is transferred to the naked GlcUA residue in the linkage region by GalNAcT-I, which initiates the assembly of the chondroitin
backbone. Subsequently, the repeating disaccharide region, (-3GalNAc�1– 4GlcUA�1-)n, is elongated by alternate additions of GlcUA and GalNAc
residues from UDP-GlcUA and UDP-GalNAc catalyzed by CS-GlcAT-II and GalNAcT-II activities, respectively, of a heterocomplex (CS polymerase) formed
by ChSy and ChPF. On the other hand, the addition of �1– 4-linked GlcNAc to the linkage region by GlcNAcT-I initiates the assembly of the HS repeating
disaccharide region, (-4GlcNAc�1– 4GlcUA�1-)n. Then, the chain polymerization of the HS chain is catalyzed by HS-GlcAT-II and GlcNAcT-II activities of
HS polymerase, which is a heterocomplex of EXT1 and EXT2. The molecular mechanism of the differential biosynthetic assembly of HS and CS chains at
the GAG attachment sites remains to be elucidated, as details have been discussed in the text; and therefore, the transfer reactions of the fifth sugar (first
amino sugar) are shown in this figure by the dashed and dashed-dotted arrows. After the formation of the chondroitin and heparan backbones, GAG
chains are matured by sulfation at various positions and epimerization at GlcUA residues. Each enzyme (glycosyltransferase and/or epimerase), its
coding gene, and the corresponding inherited disorder are described under the respective sugar symbols. Sulfotransferases involved in the chain
modifications are not included but are illustrated in Fig. 2 (see also Table 2 for the inherited diseases of sulfotransferases). DSE, dermatan sulfate
epimerase; DSEL, dermatan sulfate epimerase-like.

TABLE 1
Human CS and DS biosynthetic enzymes

Enzyme (activity) Coding genes (synonym)
Chromosomal

location
mRNA

accession no.

Linkage region
XylT XYLT1 16p12.3 NM_022166

XYLT2 17q21.33 NM_022167
GalT-I B4GALT7 5q35.2-q35.3 NM_007255
GalT-II B3GALT6 1p36.33 NM_080605
GlcAT-I B3GAT3 11q12.3 NM_012200
Xyl 2-O-kinase FAM20B (gxk1) 1q25 NM_014864
Gal 6-O-sulfotransferase CHST3 (C6ST-1) 10q22.1 NM_004273

Repeating disaccharide region
Chondroitin synthase (GalNAcT-II, and CS-GlcAT-II) CHSY1 15q26.3 NM_014918

CHSY2 (CSS3) 5q23.3 NM_175856
CHSY3 (CHPF2, CSGLCA-T) 7q36.1 NM_019015

ChPF (GalNAcT-II, CS-GlcAT-II) CHPF (CSS2) 2q35 NM_024536
Chondroitin N-acetylgalactosaminyltransferase (GalNAcT-I, GalNAcT-II) CSGALNACT1 8p21.3 NM_018371

CSGALNACT2 10q11.21 NM_018590
DS epimerase DSE 6q22 NM_013352

DSEL 18q22.1 NM_032160
UST UST 6q25.1 NM_005715
C4ST CHST11 (C4ST-1) 12q23.3 NM_018413

CHST12 (C4ST-2) 7p22 NM_018641
CHST13 (C4ST-3) 3q21.3 NM_152889

D4ST CHST14 (D4ST-1) 15q15.1 NM_130468
C6ST CHST3 (C6ST-1) 10q22.1 NM_004273
GalNAc4S-6ST CHST15 (GalNAc4S-6ST) 10q26 NM_015892
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from the corresponding UDP-sugars, including UDP-Xyl,
UDP-Gal, and UDP-GlcUA (Table 1). The GAG-protein link-
age region tetrasaccharides (GlcUA-Gal-Gal-Xyl-O-) of CS and
HSmight be synthesized by the same set of enzymes, including
XylT, GalTs, and GlcAT-I, some of which may form amultien-
zyme complex such as a so-called GAGosome for HS synthesis
(25, 26). Furthermore, the sugar residues in the GAG linkage
region are frequently modified by 2-O-phosphorylation (the
xylose residue) and sulfation at C-6 (the first galactose) and C-4
or C-6 (the second galactose) (2). The enzymes responsible for
the phosphorylation and sulfation have been identified as
FAM20B and chondroitin 6-O-sulfotransferase-1 (C6ST-1),

respectively (27, 28). Although the biological functions of these
modifications remain unclear, they influence, at least in vitro,
the glycosyltransferase activities of GalT-I and GlcAT-I.
Repeating Disaccharide Region of CS/DS—Following com-

pletion of the building of the tetrasaccharide GlcUA�1–
3Gal�1–3Gal�1–4Xyl�1-Ser, the first GalNAc residue is
transferred to the GlcUA residue in the linkage region by �1,4-
N-acetylgalactosaminyltransferase (GalNAcT)-I, resulting in
initiation of the synthesis of the repeating disaccharide region
of CS/DS chains (Fig. 1 and Table 1) (29–32). Alternatively, the
addition of a GlcNAc residue to the linkage region by �1,4-N-
acetylglucosaminyltransferase (GlcNAcT)-I evokes HS biosyn-

TABLE 2
Genetic disorders caused by mutations affecting the biosynthesis of CS/DS side chains
SLC26A2, solute carrier family 26 (sulfate transporter) member A2; DTDST, diastrophic dysplasia sulfate transporter; SLC35D1, solute carrier family 35 (UDP-GlcUA/
UDP-GalNAcdual transporter)memberD1; B4GALT7, xylosyl protein�1,4-galactosyltransferase-7; B3GAT3,�1,3-glucuronyltransferase-3; CSGALNACT1, chondroitin
sulfate N-acetylgalactosaminyltransferase-1; CHSY1, chondroitin sulfate synthase-1; CHST3, carbohydrate (chondroitin 6) sulfotransferase-3; DSEL, dermatan sulfate
epimerase-like; CHST14, carbohydrate (N-acetylgalactosamine 4-O-) sulfotransferase-14. AR stands for autosomal recessive.

Gene (coded enzyme or protein) and disorders MIM no. Clinical features Refs.

SLC26A2 (DTDST)
Achondrogenesis type IB 600972 Lethal chondrodysplasia with severe

underdevelopment of skeleton, extreme
micromelia, death before or immediately after
birth

92, 93
Atelosteogenesis type II 256050
Diastrophic dysplasia 222600

Multiple epiphyseal dysplasia, AR type 226900 Epiphyseal dysplasia, early-onset osteoarthritis
PAPSS2 (PAPS synthase-2)
Spondyloepimetaphyseal dysplasia, Pakistani type

(PAPSS2 type)
612847 Short bowed lower limbs, enlarged knee joint,

kyphoscoliosis, mild generalized brachydactyly
12, 94, 95

Hyperandrogenism Androgen excess, premature pubarche,
Brachyolmia, AR type hyperandrogenic anovulation, low serum level,

dehydroepiandrosterone, short trunk, kyphosis,
scoliosis

SLC35D1 (UDP-GlcUA/UDP-GalNAc transporter)
Schneckenbecken dysplasia 269250 Neonatal lethal chondrodysplasia, platyspondyly

with oval-shaped vertebral bodies, extremely
short long bones with dumbbell-like appearance,
small ilia with snail-like appearance

96

B4GALT7 (GalT-I)
EDS, progeroid form 130070 Developmental delay, aged appearance, short

stature, craniofacial dysmorphism, generalized
osteopenia

13–18

B3GAT3 (GlcAT-I)
Larsen-like syndrome, B3GAT3 type 245600 Joint dislocations mainly affecting the elbow;

congenital heart defects such as bicuspid aortic
valve and aortic root dilatation

65

CSGALNACT1
Hereditary motor and sensory neuropathy, Intermittent postural tremor, reduction in 69
unknown type compound muscle action potentials, acquired

Bell palsy idiopathic generalized anhidrosis, hemifacial
palsy

CHSY1
Temtamy pre-axial brachydactyly syndrome 605282 Short stature, limb malformation, hearing loss 73, 74
Syndromic recessive pre-axial brachydactyly

CHST3 (C6ST-1)
Spondyloepiphyseal dysplasia, Omani type 143095 Short stature, severe kyphoscoliosis, osteoarthritis

(elbow, wrist, knee), secondary dislocation of
large joints, rhizomelia, fusion of carpal bones,
mild brachydactyly, metacarpal shortening,

76–81
Chondrodysplasia with multiple dislocations
Humerospinal dysostosis
Larsen syndrome, AR type
Desbuquois syndrome ventricular septal defect, mitral and tricuspid

defects, aortic regurgitations, deafness
DSEL (DS epimerase-2)
Bipolar disorder 611125 Alternating episodes of depression, mania, or

hypomania; congenital malformation of the
diaphragm

97–99
Depressive disorder
Diaphragmatic hernia
Microphthalmia

CHST14 (D4ST-1)
EDS, Kosho type 601776 Craniofacial dysmorphism; multiple contractures;

progressive joint and skin laxities; multisystem
fragility-related manifestations; contractures of
thumbs and feet; defects of heart, kidney, and
intestine

82–88
EDS, musculocontractural type
EDS, type VIB
ATCS
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thesis (Fig. 1) (33–41). Thus, the transfer of the first hexosa-
mine residue, �GlcNAc, or �GalNAc, which is the fifth
saccharide from the reducing terminal, is crucial in determin-
ing the type of GAGs as HS or CS. The biosynthesis of a HS
chain on core proteins requires a cluster of acidic and hydro-
phobic amino acids located near Ser-Gly of the GAG attach-
ment site (41). In addition, the sulfation of Gal residues in the
GAG-protein linkage region (GlcUA-Gal-Gal-Xyl-O-) has
been reported (2). The potential sites for sulfation areC-6 of the
first Gal residue and C-4 or C-6 of the second Gal residue,
which occurs in the linkage region of CS/DS, but not HS/hep-
arin (2). These observations indicate that the amino acids of the
core protein at the GAG attachment site, the sulfation of the
linkage region, and/or unknown additional factors may be
involved in the selective assembly of CS and HS chains. Thus,
the molecular mechanism of the enigmatic differential biosyn-
thetic assembly of HS and CS chains at the GAG attachment
sites remains a black box.
Thereafter, polymerization of the CS backbone occurs to

construct the repeating disaccharide region consisting of
-3GalNAc�1–4GlcUA�1- by enzymatic activities desig-
nated as CS-GlcAT-II and GalNAcT-II and catalyzed by a CS
polymerase enzyme complex composed of various combina-
tions of the chondroitin synthase family, including chon-
droitin synthase (ChSy), chondroitin polymerizing factor
(ChPF), and the other four family members (Table 1) (42–
48). ChSy consists of 802 amino acids with homology to
�3-galactosyltransferase and �4-galactosyltransferase fam-
ily members on the N- and C-terminal sides, respectively,
and is a bifunctional glycosyltransferase with GalNAcT-II
and CS-GlcAT-II activities required for the formation of the
disaccharide unit (42). On the other hand, ChPF possesses
only weak GalNAcT-II activity (43), but Yada et al. (47) inde-
pendently reported that ChPF has both GalNAcT-II and CS-
GlcAT-II activities, resulting in the designation of ChPF as

chondroitin sulfate synthase-2 (CSS2). Despite the dual
enzymatic activities of ChSy, ChSy itself cannot achieve
polymerization reactions to build up the repeating disaccha-
ride units of CS. However, the association of ChSy with ChPF
results in a dramatic augmentation of both glycosyltrans-
ferase activities of ChSy (43). Furthermore, this enzyme
complex can polymerize a CS chain onto the linkage region
tetrasaccharide attached to the core protein (43). Thus,
ChPF may function as a chaperone, which confers on ChSy
the stronger glycosyltransferase activities or stabilizes ChSy
by forming a ChSy-ChPF enzyme complex (43–45).
In the case ofDS chains, DS epimerase converts�GlcUA into

�IdoUA by epimerizing C-5 of GlcUA residues after the forma-
tion of a chondroitin polymer as a precursor backbone (49–52).
Subsequently, the chondroitin and dermatan chains fully
develop through sulfation catalyzed by chondroitin/dermatan
4-O-sulfotransferase (C4ST/D4ST) (53–57) or C6ST (58, 59),
which transfers the sulfate group from the sulfate donor PAPS
to C-4 or C-6 of GalNAc residues in each chain, respectively
(Fig. 2 and Table 1). Disulfated disaccharide units (GlcUA(2-O-
sulfate)-GalNAc(6-O-sulfate), IdoUA(2-O-sulfate)-GalNAc(4-
O-sulfate), GlcUA-GalNAc(4/6-O-disulfate), and IdoUA-
GalNAc(4/6-O-disulfate) are found infrequently but in
significant amounts in variousmammalian tissues and cells and
are formed by the successive actions of uronosyl 2-O-sulfo-
transferase (UST) (60) and GalNAc-4-sulfate 6-O-sulfotrans-
ferase (GalNAc4S-6ST) (61), which transfer sulfate to C-2 of a
uronic acid residue flanking GalNAc(4/6-O-sulfate) and to C-6
of GalNAc(4-O-sulfate) formed by C4ST, respectively (Fig. 2
and Table 1). Sulfation patterns arranged by disaccharide units
including these units and non-sulfated and/or monosulfated
units (GlcUA-GalNAc(4-O-sulfate), GlcUA-GalNAc(6-O-sul-
fate), IdoUA-GalNAc(4-O-sulfate) and IdoUA-GalNAc(6-O-
sulfate)) in CS, DS, and CS/DS hybrid chains vary among cell
types, tissues, developmental stages, and pathological condi-

FIGURE 2. Schematic diagram of the biosynthetic modification of CS/DS chains. After formation of the chondroitin backbone, (-4GlcUA�1–3GalNAc�1-),
each sugar residue is modified with a number of sulfate groups. Sulfation occurs mainly at positions 4 and 6 of GalNAc and position 2 of GlcUA catalyzed by
various sulfotransferases. All sulfotransferases transfer a sulfate group from PAPS, a universal donor substrate, to a specific position of the GlcUA or GalNAc
residue. C4ST and C6ST transfer sulfate to position 4 or 6 of GalNAc residues, resulting in the formation of A-units (GlcUA-GalNAc(4-O-sulfate)) and C-units
(GlcUA-GalNAc(6-O-sulfate)), respectively. Further sulfation is catalyzed by GalNAc4S-6ST or UST, which is essential for the formation of highly sulfated
disaccharide units, E-units (GlcUA-GalNAc(4/6-O-sulfate) and D-units (GlcUA(2-O-sulfate)-GalNAc(6-O-sulfate)), respectively. After the formation of the chon-
droitin backbone, DS-glucuronyl C5-epimerase (DSE) converts GlcUA into IdoUA by epimerizing the C-5 carboxy group, resulting in the formation of the
dermatan backbone, composed of iO-units (-4IdoUA�1–3GalNAc�1-). Position 4 of GalNAc residues is sulfated by a distinct 4-O-sulfotransferase, D4ST, forming
iA-units (IdoUA-GalNAc(4-O-sulfate)). Further sulfations of DS chains are infrequently achieved by GalNAc4S-6ST or UST, common to CS chains. The abbrevi-
ation “i” in iA, iB, and iE stands for IdoUA. 2S, 4S, and 6S, 2-, 4-, and 6-O-sulfate, respectively.
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tions, resulting in enormous diversity, which is the structural
basis of the biological functions of CS/DS chains (4, 5).

Human Disorders Affecting Skeleton and Skin Caused by
Disturbance of CS and DS Syntheses

GalT-I (B4GALT7) Deficiency—Mutations of the GalT-I
gene cause the progeroid form of EDS (Table 2) (13–18). EDS is
a heterogeneous group of heritable connective tissue disorders
characterized by joint and skin laxity and tissue fragility. Six
major types (classical, hypermobility, vascular, kyphoscoliosis,
arthrochalasia, and dermatosparaxis) (62) and several minor
types, including the progeroid type, are known (supplemental
Table S1).
The characteristics of the progeroid type of EDS (GalT-I defi-

ciency) include an aged appearance, developmental delay, short
stature, craniofacial dysmorphism, generalized osteopenia,
defective wound healing, hypermobile joints, hypotonic mus-
cles, and loose yet elastic skin (13–16). Fibroblasts from these
patients with the R270C mutation in GalT-I show reduced
galactosyltransferase activity compared with control subjects
and synthesize deglycanated decorin and biglycan core proteins
in addition to their PG forms (16). It has also been demon-
strated that the A186D mutation markedly reduces GalT-I
activity in vitro, whereas its effects on the biosynthesis of CS/DS
and HS are much less pronounced (17). In addition, a drastic
decrease in GalT-I activity and GAG biosynthesis caused by
L206P and R270C mutations has been reported (63, 64). Inter-
estingly, the reduction in GalT-I activity caused by the R270C
mutation results in a reduction in the sulfation ofHS chains and
a retardation ofwound closure in vitro (18). Taken together, the
phenotypes of the EDS progeroid form caused by GalT-I muta-
tions are attributable to defects in mainly DS and partially HS
and/or CS chains.
GlcAT-I (B3GAT3) Deficiency—A family with recessive

inheritance and five affected individuals with joint dislocations
affectingmainly the elbow and congenital heart defects, includ-
ing a bicuspid aortic valve, was reported. A mutation (R277Q)
in the B3GAT3 gene coding for GlcAT-I was identified for this
Larsen-like syndrome family (65). Larsen syndrome is charac-
terized by dislocations of the hip, knee, and elbow joints; equi-
novarus foot deformity; and craniofacial dysmorphism that
includes hypertelorism, prominence of the forehead, a
depressed nasal bridge, and a flattened midface (66, 67). The
R277Qmutation causes a drastic reduction in GlcAT-I activity
in the patients’ fibroblasts (�5% of control fibroblasts) (65).
Although wild-type GlcAT-I is located in the cis and cis-medial
Golgi in control fibroblasts, the amount of mutant protein is
markedly reduced as demonstrated by immunofluorescent
staining using anti-GlcAT-I antibody, indicating that the
GlcAT-I mutant may be produced to a lesser extent, be de-
graded, or be susceptible to a protease compared with the wild
type (65). Furthermore, themutation results in a decrease in the
biosynthesis of GAGs. Fibroblasts from patients produce not
only a PG form of decorin, which is secreted by the fibroblasts
and has a single DS chain, but also DS-free decorin presumably
bearing the linkage region trisaccharide stub Gal�1–3Gal�1–
4Xyl (65). Furthermore, the numbers of CS and HS chains on
the core proteins at the surface of the fibroblasts are reduced to

65 and 53% of those in control subjects, respectively (65). These
observations suggest that the GlcAT-I mutant (R277Q) cannot
transfer GlcUA to the common GAG-protein linkage region
trisaccharide Gal-Gal-Xyl, resulting in a partial deficiency in
CS, DS, and HS that presents as connective tissue disorders
with heart defects and Larsen-like syndrome (B3GAT3-type).
More recently, another mutation (P140L) was found in a

consanguineous family from the Nias island in Indonesia (68).
These patients had skeletal phenotypes characterized by dis-
proportionate short stature but no heart phenotype in contrast
to the R277Q mutation. A recombinant enzyme of the P140L
mutation showed significant reduction in enzymatic activity,
reflecting the mutation that lies within the donor substrate-
binding subdomain of the catalytic domain of GlcAT-I. How-
ever, cultured lymphoblastoid cells show that defective synthe-
sis is more pronounced for CS than for HS.
CSGALNACT1 Deficiency—Two possible mutations in the

CSGALNACT1 gene, encoding a protein with GalNAcT-I and
GalNAcT-II activities, are found in patients with Bell palsy and
an unknown type of hereditary motor and sensory neuropathy
(69). Hereditary motor and sensory neuropathies are heteroge-
neous neurodegenerative disorders characterized by a progres-
sive loss of function in the peripheral sensory nerves (70).
Symptoms commonly include weakness, falls, and sensory loss
often associated with cavus or planus foot deformity (70).
Degeneration of myelin sheaths and/or axons causes paralytic
amyotrophy predominantly involving distal limbs in associa-
tion with hypo- or areflexia. The recombinant mutant proteins
for H234R and M509R exhibit no GalNAcT-II activity, imply-
ing that these mutations in CSGALNACT1 and/or CS PGsmay
be associated with pathogenetic mechanisms of the peripheral
neuropathies (69). To further understand the neuropathy
involving CS, knock-out mice (Csgalnact1�/�) may be useful,
although currently, the mice are reported to show only abnor-
mal development in cartilage (71, 72).
CHSY1 Deficiency—The Temtamy pre-axial brachydactyly

syndrome is an autosomal recessive congenital syndrome char-
acterized by bilateral symmetric pre-axial brachydactyly and
hyperphalangism, facial dysmorphism, dental anomalies,
sensorineural hearing loss, delayed motor and mental develop-
ments, and growth retardation. The disease is caused by muta-
tions in CHSY1 (chondroitin synthase-1), including Gly-19–
Leu-28del, G5Afs*30, Gln-69*, and P539R (73, 74). The
knockdown of chsy1 in zebrafish suggests that it is involved in
the signaling of bone morphogenetic protein during bone
development (73). Tian et al. (74) reported syndromic recessive
pre-axial brachydactyly with partial duplication of proximal
phalanges caused by CHSY1 mutations. Furthermore, Wilson
et al. (75) recently demonstrated that Chsy1 knock-out
(Chsy1�/�) mice manifest brachypodism, with a striking pat-
terning defect in distal phalanges, chondrodysplasia, and a
decrease in bone density. Associated with the digit-patterning
defect are a reduction in CS and a shift in cell orientation. The
expression of Gdf5 (growth and differentiation factor 5), a
member of the bone morphogenetic protein family, is altered
during the earliest stages of joint formation in the Chsy1�/�

mouse (75), indicating that Chsy1 restricts Gdf5 expression.
These observations suggest that CHSY1 and/or CS chains are
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indispensable regulators of joint patterning and skeletal devel-
opment and that the Chsy1�/� mouse is a good animal model
for human brachydactyly caused by CHSY1mutations.
C6ST-1 (CHST3) Deficiency—A loss-of-functionmutation in

C6ST-1 causes human Omani-type spondyloepiphyseal dys-
plasia, a severe chondrodysplasiawithmajor involvement of the
spine (76–81). The original patients with Omani-type spondy-
loepiphyseal dysplasia caused by a missense mutation (R304Q)
had a short stature; severe kyphoscoliosis; osteoarthritis in
elbow, wrist, and knee joints; secondary dislocation of the large
joints; rhizomelia; fusion of carpal bones; and mild brachydac-
tyly (76, 77). Several of their clinical features (including
ventricular septal,mitral, and/or tricuspid defects; aortic regur-
gitations; deafness; and metacarpal shortening) differed signif-
icantly from the original description of the disease in Turkish
siblings (T141M and L286P) (78, 79). 6-O-Sulfation onGalNAc
residues in CS chains was barely detected in fibroblasts and
urine obtained from the patients (78). Furthermore, Superti-
Furga and colleagues (80, 81) have demonstrated that addi-
tional CHST3 mutations cause autosomal recessive Larsen
syndrome, chondrodysplasia withmultiple dislocations, humero-
spinal dysostosis, and Desbuquois syndrome. These observa-
tions suggest that the degree of 6-O-sulfation deficiency in CS
varies depending on the substituted amino acids in C6ST-1.
The clinical spectra are similar to those seen in other skeletal
dysplasias caused by defective sulfation of GAGs. Different
pathological phenotypes may result from relatively narrow
clinical features and age-related descriptions of the same
conditions.
D4ST-1 (CHST14) Deficiency—Kosho et al. (82, 83) reported

six unrelated Japanese patients showing characteristic cranio-
facial features, multiple congenital contractures, progressive
joint and skin laxity, and progressive multisystem complica-
tions, features partially similar to those of kyphoscoliosis
type VI EDS, caused by a deficiency in lysyl hydroxylase.
Although lysyl hydroxylase activity was normal in these
patients, homozygosity mapping of two independent consan-
guineous families identifiedCHST14 encodingD4ST-1 harbor-
ing four mutations (Lys-69*, P281L, C289S, and Y293C) (84).
Recombinantmutant D4ST-1 showed noD4ST activity (84). In
addition, the fibroblasts from the patients showed a marked
reduction in sulfotransferase activity (84). Surprisingly, CS
chains (but not dermatan) were produced as decorin side
chains by the fibroblasts (84). In fact, 4-O-sulfations in CS and
DS chains act as a block to prevent DS epimerase from re-equil-
ibrating between GlcUA and IdoUA (50). Hence, the defect in
D4ST-1 allows a back-epimerization reaction converting
IdoUA to GlcUA to form chondroitin, followed by sulfation
with C4ST, resulting in an aberrant shift fromDS to CS synthe-
sis, whichmay affect the formation ormaintenance of adequate
collagen bundles in patient dermal tissues (84).
Dündar et al. (85) and Malfait et al. (86) independently

reported that the mutations in D4ST-1 caused adducted
thumb-clubfoot syndrome (ATCS) and musculocontractural
type EDS (EDS type VIB) without a mutation in lysyl hydroxy-
lase. ATCS is an autosomal recessive disorder showing charac-
teristic clinical features such as adducted thumb, clubfoot,
craniofacial dysmorphism, arachnodactyly cryptorchidism,

atrial septal defect, kidney defect, cranial ventricular enlarge-
ment, and psychomotor retardation, as well as thin and trans-
lucent skin, joint instability, and osteopenia from birth to early
childhood (87, 88). Five of the 11 patients with ATCS died in
early infancy or childhood, indicating that ATCS patients may
have more severe manifestations than patients with EDS type
VIB.

Conclusion

The cloning of cDNAs for the genes encoding enzymes
involved in the biosynthesis of GAG chains during the last 15
years has led to a better understanding of not only the biosyn-
thetic mechanism but also the functions of CS, DS, and HS
chains in vivo, which have been clarified by using model organ-
isms such as nematodes, fruit flies, zebrafish, and knock-out
mice (7, 8, 89–91). Moreover, recent advances in the study of
human genetic diseases of the skeleton and skin achieved by the
cooperative efforts of clinicians, molecular geneticists, and gly-
cobiologists have revealed the importance of CS/DS side chains
of PGs. A further understanding of the molecular pathogenesis
involving CS and DS chains is essential to facilitate the devel-
opment of therapeutics for these diseases.
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Nürnberg, P., and Kennerknecht, I. (2012) Mutation of B3GAT3 causes
skeletal dysplasia in a consanguineous clan from Nias. The 62nd Annual
Meeting of the American Society of Human Genetics, San Francisco, CA,
November 8, 2012, Abstract 2861T,American Society ofHumanGenetics,
Bethesda, MD

69. Saigoh, K., Izumikawa, T., Koike, T., Shimizu, J., Kitagawa, H., and Kusu-
noki S. (2011) Chondroitin �-1,4-N-acetylgalactosaminyltransferase-1
missense mutations are associated with neuropathies. J. Hum. Genet. 56,
143–146

70. Ouvrier, R., Geevasingha, N., and Ryan, M. M. (2007) Autosomal-reces-
sive and X-linked forms of hereditary motor and sensory neuropathy in
childhood.Muscle Nerve 36, 131–143

71. Watanabe, Y., Takeuchi, K., HigaOnaga, S., Sato,M., Tsujita,M., Abe,M.,
Natsume, R., Li, M., Furuichi, T., Saeki, M., Izumikawa, T., Hasegawa, A.,
Yokoyama, M., Ikegawa, S., Sakimura, K., Amizuka, N., Kitagawa, H., and
Igarashi, M. (2010) Chondroitin sulfate N-acetylgalactosaminyltrans-
ferase-1 is required for normal cartilage development. Biochem. J. 432,
47–55

72. Sato, T., Kudo, T., Ikehara, Y., Ogawa, H., Hirano, T., Kiyohara, K., Hagi-
wara, K., Togayachi, A., Ema,M., Takahashi, S., Kimata, K.,Watanabe, H.,
and Narimatsu, H. (2011) Chondroitin sulfate N-acetylgalactosaminyl-
transferase 1 is necessary for normal endochondral ossification and aggre-
can metabolism. J. Biol. Chem. 286, 5803–5812

73. Li, Y., Laue, K., Temtamy, S., Aglan, M., Kotan, L. D., Yigit, G., Canan, H.,
Pawlik, B., Nürnberg, G., Wakeling, E. L., Quarrell, O. W., Baessmann, I.,
Lanktree,M. B., Yilmaz,M., Hegele, R. A., Amr, K.,May, K.W., Nürnberg,
P., Topaloglu, A. K., Hammerschmidt, M., and Wollnik, B. (2010)
Temtamy preaxial brachydactyly syndrome is caused by loss-of-function
mutations in chondroitin synthase 1, a potential target of BMP signaling.
Am. J. Hum. Genet. 87, 757–767

74. Tian, J., Ling, L., Shboul, M., Lee, H., O’Connor, B., Merriman, B., Nelson,
S. F., Cool, S., Ababneh, O. H., Al-Hadidy, A., Masri, A., Hamamy, H., and
Reversade, B. (2010) Loss of CHSY1, a secreted FRINGE enzyme, causes
syndromic brachydactyly in humans via increased NOTCH signaling.
Am. J. Hum. Genet. 87, 768–778

75. Wilson, D. G., Phamluong, K., Lin, W. Y., Barck, K., Carano, R. A., Diehl,
L., Peterson, A. S., Martin, F., Solloway, M. J. (2012) Chondroitin sulfate
synthase 1 (Chsy1) is required for bone development and digit patterning.
Dev. Biol. 363, 413–425

76. Rajab, A., Kunze, J., andMundlos, S. (2004) Spondyloepiphyseal dysplasia
Omani type: a new recessive type of SED with progressive spinal involve-
ment. Am. J. Med. Genet. A 126A, 413–419

77. Thiele, H., Sakano, M., Kitagawa, H., Sugahara, K., Rajab, A., Höhne, W.,
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One-half of the available protein structures contain metals,
explaining their roles as essential trace elements.Metals are also
critical in many aspects of nucleic acid biochemistry. This pro-
logue briefly introduces the fifth of the Thematic Series onMet-
als in Biology, which began in the Journal of Biological Chemis-
try in 2009. The fiveminireviews in this 2013 series deal with the
molybdenum prosthetic group (a pterin known as Moco); the
biosynthesis of the “M-cluster” molybdenum prosthetic group
of nitrogenase; the biosynthesis of the nickel-based metallo-
center of the enzymeurease; several of theprocessing, transport,
and medical aspects of cobalamins; and the growing roles of
heme sensor proteins.

As pointed out in the introductions to previous Thematic
Series on Metals in Biology (1–4), metals play a critical role in
biochemistry. A list of these for which functions are known in
biology includes sodium, potassium, magnesium, vanadium,
manganese, nickel, iron, cobalt, copper, zinc, selenium, and
molybdenum. Chromium has been considered as a “glucose
tolerance” factor, although a clear biochemical role has never
been demonstrated (and the metal is a carcinogen). However,
this state of knowledge ofmetals is undoubtedly incomplete. As
pointed out in last year’s series (4), a study of the “metallopro-
teome” of the hyperthermophile Pyrococcus furiosus revealed
that 154 of 393 chromatographically separated metal-contain-
ing fractions did notmatch any knownmetalloproteins (5). The
organism has proteins that contain tungsten, and a number of
unusual metals were assimilated by this archaeon. Whether
these metals are adventitious or functional is yet unknown, and
the recent issue of arsenic is exemplary (6, 7).
Previous contributions to the Metals in Biology series have

covered a number of issues related to metals as diverse as iron,
copper, selenium, nickel, vanadium, arsenic, and manganese,
considering issues related to functions, transport, toxicity,
homeostasis, and other aspects. Much of the current thematic
series is oriented toward the assembly of complex metal cofac-
tors (or more appropriately called “prosthetic groups,” which
do not show up in the overall stoichiometry of enzyme
reactions).
The series begins with two minireviews on molybdenum. In

the first, Ralf R.Mendel discusses the biological assembly of the
pterin-based Moco. The biosynthesis of Moco begins with
GTP, involves four steps, and requires six proteins, a process
that in turn requires iron and copper.

The second minireview, by Yilin Hu and Markus W. Ribbe,
also dealswithmolybdenum, specifically the iron-molybdenum
cluster of nitrogenase, a complex enzyme vital to agriculture in
terms of its ability to reduce atmospheric nitrogen to ammonia.
Sulfur is also involved in the form of a protein-bound cysteine
persulfide as well as in the metal clusters.
In the third minireview, Mark A. Farrugia, Lee Macomber,

and Robert P. Hausinger discuss themetallocenter biosynthesis
of urease, a nickel-containing enzyme in bacteria and plants.
Four accessory proteins are involved in a GTP-dependent
insertion of nickel into the active center.
We move to cobalt in the fourth minireview, specifically

aspects of cobalamin (vitamin B12) treated by Carmen
Gherasim, Michael Lofgren, and Ruma Banerjee. They discuss
new aspects of the trafficking of cobalamin inmammals and the
human diseases that result from impairments in the pathway.
The final minireview in this series, by Hazel M. Girvan and

Andrew W. Munro, touches on metal center assembly but
focuses on the use of a well studied prosthetic group, heme, as a
biological sensor. Although hemoproteins have long been
known as essential oxygen carriers and as workhorses in elec-
tron transport and the catalysis of difficult oxidations (e.g. cyto-
chrome P450), there are increasing examples of heme acting as
a biological sensor particularly with gaseous signals, e.g. NO�

and CO. These functions are found in various life forms and
elegantly demonstrate the recruitment of a heavy laborer for
delicate tasks.
We (the authors of theminireviews and I) hope that you learn

at least something new from each of these minireviews. We
plan to continue this thematic series, emphasizing it on the JBC
Enzymology affinity group website, although the area involves
other affinity groups, e.g. Protein Structure and Folding, Plant
Biology, and Metabolism. There are certainly more interesting
facets of the world of Metals in Biology still to explore, and I
appreciate suggestions as we begin to plan the next of this
series.
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The transition element molybdenum needs to be complexed
by a special cofactor to gain catalytic activity. Molybdenum is
bound to a unique pterin, thus forming the molybdenum cofac-
tor (Moco), which, in different variants, is the active compound
at the catalytic site of all molybdenum-containing enzymes in
nature, except bacterial molybdenum nitrogenase. The biosyn-
thesis of Moco involves the complex interaction of six proteins
and is a process of four steps, which also require iron, ATP, and
copper. After its synthesis,Moco is distributed, involvingMoco-
binding proteins. A deficiency in the biosynthesis of Moco has
lethal consequences for the respective organisms.

The transition element molybdenum is an essential micro-
nutrient for microorganisms, plants, and animals (1). Surpris-
ingly, molybdenum itself is catalytically inactive in biological
systems until it is complexed by a special scaffold (2). One type
of scaffold is the ubiquitous pterin-basedmolybdenumcofactor
(Moco),2 which, in different variants, forms part of the active
centers of all molybdenum enzymes in living organisms, except
one. This exception is bacterial nitrogenase, which harbors the
other type of cofactor, namely the Fe-S cluster-based FeMo
cofactor, which is found only once in nature (for details, com-
pare the minireview of Hu and Ribbe (62) in this thematic
series).Molybdenumbelongs to the group of trace elements, i.e.
the organism needs it only in minute amounts; however,
unavailability of molybdenum is lethal for the organism.
Molybdenum is very abundant in the oceans in the form of the
molybdate anion (3). In soils, the molybdate anion is the only
form of molybdenum that is available for bacteria, plants, and
fungi. More than 50 enzymes are known to be molybdenum-
dependent. The vast majority of them are found in bacteria,
whereas only seven have been identified in eukaryotes (4, 5). It
is somewhat surprising that not all organisms need molybde-
num. The commonly used eukaryotic model organism yeast
plays no role in molybdenum research, as Saccharomyces
cerevisiae does not contain either molybdenum enzymes or the
Moco biosynthesis pathway. Also Schizosaccharomyces pombe
does not use molybdenum, whereas Pichia pastoris needs
molybdenum. Genome-wide database analyses revealed a sig-
nificant number of bacteria and unicellular eukaryotes that do
not needmolybdenum,whereas allmulticellular eukaryotes are

dependent on molybdenum (6). In addition, mainly anaerobic
archaea and some bacteria are molybdenum-independent, but
they require tungsten for their growth (7). In the periodic table
of elements, tungsten lies directly below molybdenum and fea-
tures chemical properties similar to molybdenum.
Molybdenummetabolism is tightly connected to Fe-S cluster

synthesis in that some of the molybdenum enzymes and Moco
biosynthesis itself depend on Fe-S enzymes and on amitochon-
drial transporter that is known to be crucial for the maturation
of cytosolic Fe-S proteins. Moreover, Moco biosynthesis
recruits mechanisms previously known from Fe-S cluster syn-
thesis, which involves themobilization of sulfide for the forma-
tion of aMo-S center for specific molybdenum enzymes, which
will be touched upon below.

What Is the Molybdenum Cofactor?

Molybdenum has a versatile redox chemistry that is used by
the enzymes to catalyze diverse redox reactions. Molybdenum
enzymes generally catalyze the transfer of an oxygen atom (ulti-
mately derived from or incorporated into water) to or from a
substrate (5). Each reaction, either reduction or oxidation,
involves the transfer of two electrons, thereby causing a change
in the oxidation state of themolybdenumatom in the substrate-
binding site from IV to VI or vice versa. Most remarkably, it
turns out that the metal is not directly attached to the catalytic
site; rather, the molybdenum atom is complexed within a spe-
cific low molecular scaffold to fulfill its catalytic function. This
compound is a unique tricyclic pterin called molybdopterin or
metal-containing pterin (MPT) (Fig. 1), the latter reflecting the
fact that, in bacteria, not only molybdenum but also tungsten
can be coordinated by this pterin scaffold, which seems to be
the rule in archaea that prefer tungsten instead ofmolybdenum.
As the result of molybdenum coordination by MPT, Moco is
formed (2). The chemical nature ofMoco was elucidated by the
work of J. L. Johnson and K. V. Rajagopalan (Fig. 1) (8). As
Moco turned out to be very labile and sensitive to air oxidation,
its stable oxidation products were used to uncover its pterin
nature. However, Moco proved to be a unique pterin derivative
because it possesses a four-carbon side chain as a C6 substitu-
ent that coordinates molybdenum via an enedithiolate group
located within the four-carbon side chain of the cofactor (9).
Finally, crystal structures of molybdenum enzymes confirmed
this core structure and showed the existence of a third pyrano
ring between the OH group at C3� of the side chain and the
pterin C7 atom (10). Once the pyrano ring is closed, a fully
reduced hydrogenated pterin is formed. In prokaryotes, vari-
ants of Moco occur: (i) Moco can bind a nucleotide (GMP or
CMP) to its phosphate, thus forming a dinucleotide cofactor;
and (ii) molybdenum can be coordinated by two pterin or two
dinucleotide equivalents, thus forming bis forms of Moco. In
this minireview, I will focus on higher organisms (eukaryotes).
Bacterial Moco variants were recently reviewed in detail (11).
What could be the task of the pterin moiety of Moco? The

fusion of a pterin with a pyrano ring as identified for Moco and
its direct precursor, the metal-free MPT, is unique in nature
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and may have evolved to position the catalytic metal correctly
within the active center of a given molybdenum enzyme.
Another possible role of the pterin moiety could be control of
the redox behavior of the molybdenum atom. In addition, the
pterin might also participate in the electron transfer to or from
molybdenum via the delocalized electronswithin the pterin (5).
X-ray crystallographic analyses of molybdenum enzymes
revealed that the cofactor is not located on the surface of the
protein but is buried deeply within the interior of the enzyme,
and a tunnel-like structure makes it accessible to the cognate
substrates (12, 13). During its lifetime, the molybdenum
enzyme does not liberateMoco. In vitro, however,Moco can be
removed from its protein environment, where after it easily
loses the molybdenum atom and becomes rapidly oxidized,
resulting in an irreversible loss of function. The demolybdo
forms of molybdenum enzymes are catalytically inactive. To
this end, there are no indications for a Moco-recycling mecha-
nism in the cell.

Molybdenum Uptake into Cells

Molybdenum is taken up in the form of its oxyanion molyb-
date. In the presence of competing anions, it requires specific
uptake systems, which have been studied in detail in bacteria,
where high affinity ATP-binding cassette (ABC)-type trans-
porters have been described that require ATP hydrolysis for
operation (7). In higher organisms such as in algae and plants,
only recently have the first molybdate-transporting proteins
been identified (14–16). In the large sulfate carrier superfamily,
two proteins, Mot1 andMot2, were shown to transport molyb-
date with ultrahigh affinity (nanomolar km value) across cell
membranes. Surprisingly, neither of them was found to reside
in the plasmamembrane. Contradictory reports localizedMot1
to the endomembrane system (14) and to the mitochondrial
envelope (16). The latter is questionable, however, as the inser-
tion of molybdenum into theMoco backbone takes place in the
cytosol. ForMot2, GFP fusion proteins have been used to show
that the protein localizes to the vacuolar membrane (17).
Molybdate quantification in isolated vacuoles demonstrated
that this organelle serves as an important molybdate storage
compartment in Arabidopsis thaliana cells, where Mot2 was
shown to be required for vacuolar molybdate export into the
cytosol. The major question that remains is how molybdate

enters the cell. The answer might come from recent results
obtained with the alga Chlamydomonas reinhardtii, where
another molybdate transporter has been identified that, unlike
Mot1 and Mot2, is not found exclusively in algae and higher
plants but also occurs in humans (18). Although still not local-
ized, it is likely that this transporter serves as the generalmolyb-
date importer for the cell. Furthermore, it appears that, in addi-
tion to the specific high affinity uptake system, molybdate may
also enter the cell nonspecifically through the sulfate and phos-
phate uptake system.Molybdate uptake through a sulfate trans-
porter has recently been described, thus supporting this
assumption (19).

Molybdenum Cofactor Biosynthesis

Early genetic work demonstrated thatmutations in the genes
forMoco biosynthesis result in the pleiotropic loss of allmolyb-
denum-dependent cellular processes. Analysis of Moco-defi-
cient mutants in a given organism ranging from bacteria to
plants and humans resulted in the identification of several gene
loci involved in Moco biosynthesis (2, 11). Along with the con-
served structure of Moco, these findings provided a basis to
propose an evolutionary old multistep biosynthesis pathway
(20). The first model for Moco biosynthesis was presented by
Rajagopalan and Johnson (21) for the bacterium Escherichia
coli. Later studies ofMoco biosynthesis uncovered amore com-
plex picture of this pathway in higher organisms, where molec-
ular, biochemical, and genetic analyses of Moco mutants were
advanced most in plants (22). These results formed the basis to
decipher Moco biosynthesis also in humans, and it turned out
that the pathways of Moco biosynthesis have a high degree of
similarity in both organisms (2).
In all higher organisms studied so far,Moco is synthesized by

a conserved biosynthesis pathway that can be divided into four
steps according to the biosynthetic intermediates cyclic pyr-
anopterin monophosphate (cPMP; also known previously as
precursor Z), MPT, adenylated MPT (MPT-AMP), and Moco,
respectively (Fig. 2). In eukaryotes, six proteins catalyzingMoco
biosynthesis have been identified in plants (23), fungi (24), and
humans (25–27). These genes are homologous to their coun-
terparts in bacteria, and some (but not all) of the eukaryotic
Moco biosynthetic genes are able to functionally complement
the matching bacterial mutants. Different nomenclatures were
introduced for genes and gene products involved in Moco for-
mation. Genes and the encoded proteins were named in plants
according to the cnx nomenclature (cofactor for nitrate reduc-
tase and xanthine dehydrogenase). For human Moco synthetic
genes, a different MOCS (molybdenum cofactor synthesis)
nomenclaturewas introduced, and the names for both the plant
and human proteins are given in Fig. 2. A third nomenclature is
used in bacteria. For comparison, Fig. 2 also shows the names of
the corresponding bacterial proteins. The individual steps of
Moco biosynthesis are briefly characterized below.

Biosynthesis Step 1: Conversion of GTP to cPMP

Like the biosynthesis of other pteridines, Moco synthesis
starts with 5�-GTP, which is converted by a complex reaction
sequence into cPMP (Fig. 2). In contrast to the other pteridine
pathways (producing three-carbon side chains), MPT is unique

FIGURE 1. Moco in eukaryotic molybdenum enzymes. There are two differ-
ent molybdenum enzyme families known in eukaryotes. In enzymes of the
sulfite oxidase family, X is represented by a single-bonded sulfur provided by
a cysteine residue of the respective protein, whereas Y corresponds to a dou-
ble-bonded oxygen. In enzymes of the xanthine oxidase family, X is repre-
sented by a double-bonded inorganic sulfur, whereas Y corresponds to a
hydroxyl group.
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in having a four-carbon side chain. cPMP is the most stable
intermediate of Moco biosynthesis, with an estimated half-life
of several hours at low pH (28). Therefore, it was possible to
solve its structure (E. coli) using 1H NMR, whereas structural
elucidation of MPT, MPT-AMP, and Moco required crystalli-

zation of protein-ligand complexes (29). cPMP already pos-
sesses a fully reduced tricyclic tetrahydropyranopterin struc-
ture and is predominantly hydrated at C1�, resulting in a
geminal diol (30). GTP labeling studies and 1H NMR demon-
strated that each carbon atom of the ribose and of the guanine

FIGURE 2. Biosynthesis of eukaryotic Moco. The biosynthesis pathway is divided into four steps, as shown in italics on the right. On the left, the names for the
proteins from humans (red), plants (green), and E. coli (black) catalyzing the respective steps are given. For MPT and MPT-AMP, the ligands of the dithiolate
sulfurs are indicated by R, as it is currently unknown at which step copper is bound to the dithiolate. In GTP, the C8 atom of the purine is labeled with an asterisk.
This carbon is inserted between the 2�- and 3�-ribose carbon atoms, thus forming the new C1� position in the four-carbon side chain of the pterin (labeled with
an asterisk in cPMP). In step 2, the heterotetrameric MPT synthase complex converts cPMP into MPT. In this process, two sulfur atoms need to be transferred
from the thiocarboxylated C termini of the small subunits, which later form the dithiolene group of MPT. Having transferred their sulfur atoms, the small
subunits need to be reloaded with sulfur, which is facilitated by the MPT synthase sulfurase. This enzyme consists of two domains, with the N-terminal
adenylation domain (AD) catalyzing the Mg-ATP-dependent adenylation at the C-terminal carboxyl group of the small subunit of MPT synthase and the
C-terminal RLD being responsible for subsequent sulfur transfer. In step 3, the two-domain protein molybdenum insertase catalyzes the Mg-ATP-dependent
adenylation of MPT at its G-domain, with the subsequent transfer of MPT-AMP to its E-domain. In step 4 and occurring at the E-domain, MPT-AMP is
deadenylated, and the molybdate anion is incorporated to form mature Moco. Geph-G and Geph-E, gephyrin G- and E-domains.
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ring are incorporated into cPMP. The underlying mechanism
involves a complex radical-based rearrangement reaction in
which the C8 atom of the purine is inserted between the 2�- and
3�-ribose carbon atoms, thus forming the new C1� position in
the four-carbon side chain of the pterin (28, 31).
cPMP is first intermediate of Moco biosynthesis. It is still

sulfur-free, but it already has the tricyclic pyranopterin struc-
ture similar to the mature cofactor. In all organisms, the con-
version of GTP to cPMP is catalyzed by two proteins; one of
them (Cnx2 in plants and MOCS1A in humans) belongs to the
superfamily of S-adenosylmethionine (SAM)-dependent radi-
cal enzymes (32). Members of this protein family catalyze the
formation of protein and/or substrate radicals by reductive
cleavage of SAM involving a [4Fe-4S] cluster. The MOCS1A
protein contains two oxygen-sensitive Fe-S clusters, each coor-
dinated by only three cysteine residues (32). For its bacterial
homolog (MoaA protein in E. coli and Staphylococcus aureus),
the complex reactionmechanism has been deciphered in detail
(33, 34). As the plant gene cnx2 (35) and the human gene
MOCS1A (26) are able to functionally complement their bacte-
rial counterparts, one can assume that the reaction mechanism
is likely to occur similarly in eukaryotes. The N-terminal [4Fe-
4S] cluster binds SAM and carries out the reductive cleavage of
SAM to generate the 5�-deoxyadenosyl radical, which subse-
quently initiates the transformation of 5�-GTP bound through

the C-terminal [4Fe-4S] cluster. The function of the second
protein involved in catalysis step 1 (i.e. Cnx3 in plants and
MOCS1B in humans) is as yet unknown, but it is believed to
participate in pyrophosphate release upon the rearrangement
reaction.

Export of cPMP from Mitochondria and a Link between
Moco and Fe-S Cluster Synthesis

In eukaryotes, the two proteins involved in step 1 of Moco
biosynthesis carry N-terminal extensions, predicting a mito-
chondrial localization of these proteins. Subfractionation of
mitochondria demonstrated that Cnx2 and Cnx3 reside in the
matrix, where 5�-GTP is available as a substrate for cPMP syn-
thesis and where Fe-S clusters are synthesized as the essential
prosthetic group for Cnx2 (36). In contrast to the first step, all
subsequent steps of Moco biosynthesis were demonstrated to
be localized in the cytosol (37–39), and thus, after its synthesis
in mitochondria, cPMP has to pass the mitochondrial mem-
branes to enable its further processing to Moco (Fig. 3).
Although cPMP is hydrophobic enough to pass through biolog-
ical membranes simply by diffusion, recent work on plants
demonstrated that a specific transporter in the inner mem-
brane ofmitochondria is involved in the transport of cPMP into
the cytosol (36). The respective transporter belongs to the ABC
transporter family and is referred to as ATM3 in plants. Inter-

FIGURE 3. Organization of biosynthesis and distribution of Moco in higher organisms (plants). Moco biosynthesis starts in the mitochondria. The enzymes
Cnx2 and Cnx3 catalyze the SAM-dependent conversion of GTP to cPMP. Cnx2 requires Fe-S clusters provided by the mitochondrial Fe-S synthesis machinery,
which also generates an as yet unknown compound that is exported by the ABC-type transporter ATM3 to allow synthesis of cytosolic Fe-S clusters. However,
ATM3 is also involved in the transport of cPMP from mitochondria into the cytosol, where MPT synthase adds two sulfur atoms and converts cPMP to MPT. The
small subunit Cnx7 of MPT synthase, which holds the transfer-ready sulfur atom, has received this sulfur from the enzyme MPT synthase sulfurase Cnx5. AD
denotes the adenylation domain of Cnx5, which is required for adenylation and activation of Cnx7, whereas the sulfur is mobilized by the RLD. It is assumed that
copper is inserted directly after dithiolene formation. The individual reactions of the molybdenum insertase Cnx1 and its products (Moco, pyrophosphate (PPi),
AMP, and copper) are indicated. Mature Moco can be bound to a MoBP, directly to the molybdenum enzymes, or to the Moco-binding domain (MocoBD) of the
Moco sulfurase ABA3. The Moco sulfurase generates a protein-bound persulfide, which is the source of the terminal sulfur ligand of Moco in xanthine
oxidoreductase and aldehyde oxidase. Unlike Cnx2, the latter two enzymes depend on cytosolic Fe-S clusters. mARC, mitochondrial amidoxime-reducing
component.
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estingly, together with yeast Atm1p and mammalian ABCB7,
this transporter was originally identified to be essential for the
maturation of extramitochondrial Fe-S proteins by transport-
ing an as yet unknown compound generated during mitochon-
drial Fe-S cluster synthesis into the cytosol, where it serves as a
substrate for the cytosolic Fe-S assembly machinery (63). Loss
of ATM3 function is associated not only with a deficiency in
extramitochondrial Fe-S proteins but also with an accumula-
tion of cPMP inmitochondria, which has the consequence that
the cytosol becomes short of cPMP, thus leading to decreased
Moco levels andmolybdenum enzyme activities in the cell (36).
The precise role of ATM3 is still unknown, however.

Biosynthesis Step 2: Synthesis of Molybdopterin

In the second step, sulfur is transferred to cPMP to generate
MPT. This reaction is catalyzed by the enzymeMPT synthase, a
heterotetrameric complex (Fig. 2) of two small (Cnx7 and
MOCS2B) and two large (Cnx6 and MOCS2A) subunits that
stoichiometrically converts cPMP into MPT. The sulfur is
bound to the C terminus of the small subunits as thiocarboxy-
late. Due to the fact that each small subunit of MPT synthase
carries a single sulfur atom, a two-step mechanism for the for-
mation of theMPT dithiolate has been proposed that was deci-
phered in detail in bacteria (11). Among all small subunits so far
analyzed from diverse species, the C-terminal region is highly
conserved and includes a terminal double glycine that is of
functional importance for thiocarboxylation (40, 41). E. coli
MPT synthase was found to be an elongated protein complex in
which the thiocarboxylated C termini of the small subunits are
deeply inserted into the large subunits to form two clearly sep-
arated active sites (42). Obviously, the two sulfur atoms are not
simultaneously transferred to cPMP; rather, the sulfurs become
sequentially inserted, starting with C2� of cPMP, with the con-
sequence that a monosulfurated reaction intermediate will
occur (43).Whether the intermediate will be transferredwithin
the MPT synthase to the other active site or whether the
enzyme dissociates to host another sulfurated small subunit
remains to be seen. Again, as in step 1, also the reaction mech-
anism of MPT synthase is conserved between bacteria and
higher organisms, as, at least for the large subunits, proteins can
be exchanged between organisms (41).
AfterMPT synthase has transferred the two sulfurs to cPMP,

it has to be resulfurated by the enzymeMPT synthase sulfurase
(Cnx5 and MOCS3, respectively) (Fig. 2) to reactivate the
enzyme for the next reaction cycle of cPMP conversion. This
resulfuration involves adenylation of the MPT synthase small
subunit followed by the sulfur transfer. At this stage, the sulfur
transfer reaction in higher organisms appears to involve differ-
ent protein components, as the eukaryotic genes cannot com-
plement their bacterial counterparts.MPT synthase sulfurase is
a two-domain protein consisting of an N-terminal adenylation
domain (homologous to E. coli MoeB) and a C-terminal rhod-
anese-like domain (RLD), where the sulfur is bound to a con-
served cysteine in the form of a persulfide (38, 44). In analogy to
the bacterial mechanism, this enzyme is supposed to activate
the small subunit of MPT synthase by adenylation followed by
sulfur transfer (coming from the RLD), thus forming the thio-
carboxylate at the C terminus of the small subunit (2). There-

fore, MPT synthase sulfurase can be viewed as a multifunc-
tional protein combining two subsequent reactions carried
out by two domains fused to each other (Fig. 2), thus repre-
senting a good example of product-substrate channeling. In
humans, cysteine desulfurase Nfs1 is a likely candidate to
function as sulfur donor for the MOCS3-catalyzed resulfu-
ration step (45).

Biosynthesis Step 3: Molybdenum Insertion Starts with
Adenylation of Molybdopterin

After synthesis of theMPTmoiety, the chemical backbone is
built to bind and coordinate the molybdenum atom (Fig. 2).
Therefore, in the third step,molybdate is transferred toMPT to
form Moco, thus linking the molybdate uptake system to the
MPT pathway, which is not a spontaneous process, however,
but is catalyzed by a molybdenum insertase. Mutants defective
in this step accumulate MPT but can be partially rescued by
growth onhighmolybdate (1–10mM)medium,which is used as
an assay tool to identify molybdenum insertase mutants (46).
However, physiological molybdate concentrations are not suf-
ficient to achieve any non-catalyzed molybdenum ligation by
MPT. In bacteria, this step is catalyzed by two separately
expressed proteins (MogA and MoeA), whereas during evolu-
tion to higher organisms, these two proteins were fused to a
single two-domain molybdenum insertase (Cnx1 in plants and
gephyrin in mammals). The two domains of molybdenum
insertase are named the G-domain (homologous toMogA) and
the E-domain (homologous toMoeA) (Fig. 2), andwork carried
out with themolybdenum insertase Cnx1 from themodel plant
A. thaliana assigned different mechanistic functions to each of
these domains (47, 48). The metal insertion reaction can be
subdivided into two separate steps. Structural studies revealed
that to coordinate molybdenum, MPT first has to be activated
by adenylation. This is carried out by the Cnx1 G-domain in a
Mg2�- and ATP-dependent manner, thus generating MPT-
AMP. The finding that MPT-AMP represents a general reac-
tion intermediate in Moco biosynthesis was further extended
by recent studies in E. coli (11).MPT-AMP serves as a substrate
for the subsequent molybdenum insertion reaction, which is
carried out by the E-domain of Cnx1.

Biosynthesis Step 4: Molybdenum Insertion into
Molybdopterin

In the final step, MPT-AMP is transferred from the G-do-
main of Cnx1 to the E-domain, which cleaves the adenylate
from MPT and catalyzes the insertion of molybdate into the
dithiolene group of MPT, thus yielding physiologically active
Moco (Fig. 2). TheMPTadenylate is hydrolyzed in aMg2�- and
molybdate-dependent way, and adenylated molybdate might
occur as a hypothetical reaction intermediate (47, 48). Moco
formed by the Cnx1 E-domain most probably carries two oxo
ligands and oneOHgroup in a deprotonated form (48). There is
no experimental evidence for a reduction of molybdenum at
this stage.
The crystal structure of the Cnx1G-domain reveals an unex-

pected finding, namely a copper bound to the MPT dithiolate
sulfurs, whose nature was confirmed by anomalous scattering
of the metal (1, 29). These structures show tetragonal coordi-
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nation of copper, suggesting a type I copper binding site for
Cu�. Given the presence of copper in MPT, the insertion of
molybdenum into the MPT dithiolene group can be character-
ized as a metal exchange reaction, with copper presumably
serving as a suitable leaving group. It is also possible that copper
protects the MPT dithiolate from oxidation. The origin of this
copper is still unclear, but it is reasonable to assume that it binds
to the enedithiolate group just after the latter has been formed,
i.e. at the end of step 2 of Moco biosynthesis. Because copper
occurs in vivo exclusively protein-bound, it is likely that both
copper binding to MPT and its exchange for molybdenum
depend on yet unidentified cytoplasmic chaperones involved in
cellular copper metabolism.

Product-Substrate Channeling in Moco Biosynthesis

Bacteria catalyze steps 3 and 4 of Moco biosynthesis by
separate proteins (MogA and MoeA, respectively), whereas
higher organisms combined these two consecutive steps into
a single protein (plant Cnx1 and human gephyrin) with two
domains. Both domains were fused at least two times during
evolution, resulting in two-domain proteins with different
orientations of the G- and E-domains: plants have the E-do-
main at the N terminus of the protein, and mammals and
fungi have the G-domain at the N terminus (2, 27). These
evolutionarily distinct events point to a high pressure and a
functional benefit of having the adenylation function and the
metal insertion function coupled into one protein, where the
fragile intermediate MPT-AMP is channeled from the G-do-
main to the E-domain (49).
Clearly, facilitated product-substrate flow seems to be a gen-

eral characteristic of the Moco biosynthesis cascade. Indeed, it
was recently found that Cnx5, Cnx6/7, and Cnx1 (catalyzing
steps 2–4) undergo tight protein-protein interaction in the
cytosol of living plant cells (39), thus supporting the idea of
channeling the fragile Moco intermediates in a protected way
within a multiprotein complex.

Storage and Transfer of Moco

Moco is extremely sensitive to oxidation (21) and is therefore
assumed to occur permanently protein-bound in the cell. Also
the fast flow of Moco to its target enzymes is an essential pre-
requisite to reduce the threat of Moco degradation. Both pre-
conditions may be met by Moco-binding proteins (MoBPs),
ensuringMoco binding and its directed transfer to cognate tar-
get enzymes. Thus, a pool of insertion-competentMocomay be
stored and provided on demand. In eukaryotes, the first MoBP
namedMoco carrier protein (MCP) was identified in the green
alga C. reinhardtii (50). The protein is able to bind and protect
Moco against oxidation, and the atomic structure shows that it
forms a homotetramer capable of holding four molecules of
Moco (51).Without any denaturing procedure, the subsequent
transfer of Moco from the carrier protein to aponitrate reduc-
tase (NR) from Neurospora crassa was possible. It is unknown,
however, whether MCP is also able to donate Moco to molyb-
denum enzymes other than NR. Preliminary data suggest that
molybdenum is bound in a trioxo-coordinated form in MCP.
However, a complex structure of MCP with Moco is still
unavailable.

In the higher plantA. thaliana, a family of eightMCP-related
proteins was identified, all of which can bind Moco (52). Their
biochemical characterization showed reversible Moco-binding
properties, however, with overall lower affinities. Therefore, these
MoBPs are not good candidates to serve asMoco storage proteins.
Rather, they seem to be involved in the cellular distribution of
Moco because they were found to undergo protein-protein inter-
actions with both the Moco donor protein Cnx1 and the Moco
acceptor protein NR (Fig. 3). This observation does not exclude a
direct transferofMoco fromthedonorproteinCnx1to themolyb-
denum enzyme, which has been shown in vitro.
Insertion of Moco into molybdenum enzymes is still not

understood. All crystal structures of molybdenum enzymes
demonstrate that Moco is buried deeply within the holoen-
zymes (12). Hence, it follows that Moco needs to be incorpo-
rated prior to or during completion of folding and dimerization
of the apoproteinmonomers. In bacteria, a complex of proteins
synthesizing the last steps of Moco biosynthesis donates the
mature cofactor to apoenzymes assisted by enzyme-specific
chaperones. Nearly every bacterial molybdenum enzyme has a
private chaperone available (4). However, no eukaryotic Moco
chaperones have so far been identified.

Final Sulfuration of Moco

Two different molybdenum enzyme families are known in
eukaryotes (5): (i) the sulfite oxidase family, to which also NR
and the mitochondrial amidoxime-reducing component belong,
and the (ii) xanthine oxidase family, to which also aldehyde
oxidase belongs. In bacteria, a third class of molybdenum
enzymes is known in which two MPT equivalents coordinate
one molybdenum atom (4). It is assumed that the rare eukary-
otic molybdenum enzymes pyridoxal oxidase (53) and nicotin-
ate hydroxylase (54) represent specific isoforms of aldehyde
oxidase. In contrast to the sulfite oxidase family, the members
of the xanthine oxidase family require a final step ofmaturation
prior to or after insertion ofMoco. In addition to the dithiolene
sulfurs of the pterin moiety and two oxo groups, the molybde-
num atom of Moco needs the addition of a terminal inorganic
sulfur to provide enzyme activity to these enzymes (55). This
final step is catalyzed by the Moco sulfurase protein (ABA3 in
plants and HMCS in humans) (Fig. 3). ABA3 is a homodimeric
two-domain protein (56), with its N-terminal domain sharing
structural and functional homologies with bacterial cysteine
desulfurases, thereby beingmore similar to SufS than toNifS or
IscS. In a pyridoxal phosphate-dependent manner, the N-ter-
minal domain of ABA3 decomposes L-cysteine to yield alanine
and elemental sulfur (57), the latter being bound as a persulfide
to a highly conserved cysteine residue of ABA3. TheC-terminal
domain of ABA3 shares a significant degree of similarity with
the newly discovered mitochondrial amidoxime-reducing
component proteins and was shown to bind sulfurated Moco,
which receives the terminal sulfur via an intramolecular persul-
fide relay from the N-terminal domain (58, 59). It is likely that
subsequent to Moco sulfuration, ABA3 exchanges non-sulfu-
rated for sulfurated Moco, thus activating its target molybde-
num enzyme.
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Moco Deficiency and Therapy in Humans

HumanMoco deficiency is a rare recessive hereditary disor-
der, which ultimately results in the death of affected patients.
Lack of Moco biosynthesis results in the pleiotropic loss of all
molybdenum-dependent enzyme activities (2). Symptoms
develop shortly after birth, when the infant’s metabolism starts
to operate, and toxic metabolites (mainly sulfite, which is
formed upon degradation of sulfur-containing amino acids)
accumulate within the body (60). Two-thirds of patients have a
defect in step 1 ofMoco biosynthesis (formation of cPMP). The
first human exposure to cPMP treatment has been reported
recently (61), where a patientwas diagnosed on day 6 of life, and
experimental treatment was started on day 36. Within days, all
biomarkers returned to almost normal readings and stayed
constant.
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The iron-molybdenum cofactor (the M-cluster) serves as the
active site of molybdenum nitrogenase. Arguably one of the
most complexmetal cofactors in biological systems, theM-clus-
ter is assembled through the formation of an 8Fe core prior to
the insertion of molybdenum and homocitrate into this core.
Here, we review the recent progress in the research area of
M-cluster assembly,with an emphasis onourwork that provides
useful insights into the mechanistic details of this process.

Nitrogenase catalyzes the reduction of nitrogen (N2) under
ambient conditions (1–3). The molybdenum-dependent nitro-
genase consists of a reductase component (NifH) and a catalytic
component (NifDK). The active site of molybdenum nitroge-
nase is called the iron-molybdenum (FeMo) cofactor or the
M-cluster (supplemental Fig. S1A). Located within NifDK (an
�2�2-tetramer), the M-cluster receives electrons from NifH (a
�2-dimer) in an ATP-assisted process and subsequently serves
as the site for substrate reduction upon accumulation of suffi-
cient electrons (supplemental Fig. S1B) (4). Arguably one of the
most complex metal cofactors found in nature, the M-cluster
can be viewed as [Fe4S3] and [MoFe3S3] subclusters bridged by
three sulfide atoms (5, 6). Additionally, it has a homocitrate
moiety attached to its molybdenum end, as well as a carbide
atom coordinated in the center of its structure (6–8). The
M-cluster is ligated to the �-subunit of NifDK by Cys�275 at its
iron end and His�442 at its molybdenum end, with Lys�426 pro-
viding an additional anchor for its homocitrate entity (5, 6).
The structural complexity and biological importance of the

M-cluster have prompted vigorous research on the assembly
mechanismof thismetal cofactor, as knowledge in this regard is
not only important for understanding the structure-function
relationship of nitrogenase but is also instrumental in develop-
ing future synthetic strategies for nitrogenase-based biomi-
metic catalysts. Previous studies have established that the
M-cluster is synthesized stepwise on a number of scaffold pro-
teins before it is delivered to its destined location in NifDK and
that the minimum set of factors required for this process
includes the gene products of nifS, nifU, nifB, nifE, nifN, and
nifH (9). Here, we briefly review the recent progress in this

research area, highlighting ourwork on themolybdenumnitro-
genase from Azotobacter vinelandii that provides meaningful
insights into the biosynthetic pathway of its M-cluster. An
alternative view of some aspects of M-cluster assembly can be
found elsewhere (10).

Synthesis of a 4Fe Cluster Pair

Biosynthesis of the M-cluster is launched by NifS and NifU,
which mobilize iron and sulfur for the generation of small FeS
fragments (Fig. 1). It is believed that NifS, a pyridoxal phos-
phate-dependent cysteine desulfurase, forms a protein-bound
cysteine persulfide, which is subsequently donated to NifU for
the sequential formation of [Fe2S2] and [Fe4S4] units (11). The
[Fe4S4] clusters are then delivered from NifU to NifB and fur-
ther processed into a large FeS core (Fig. 1). This hypothesis is
supported by the identification of a pair of [Fe4S4] clusters (des-
ignated the K-cluster) on NifB, which can be easily accommo-
dated by a sufficient amount of ligands in NifB (9). Metal anal-
ysis further reveals the presence of additional [Fe4S4] clusters
on NifB, which are associated with the conserved CxxxCxxC
motifs (a characteristic feature of radical S-adenosyl-L-methio-
nine (SAM)3 enzymes) in this protein (9). Collectively, the
K-cluster and the SAMmotif-associated cluster (designated the
SAMcluster) give rise to an S� 1/2 EPR signal at g� 2.02, 1.95,
and 1.90 (12). More excitingly, this composite S � 1/2 signal
disappears upon addition of SAM, suggesting that theK-cluster
and the SAM cluster are located in close proximity to each
other (12). Such a cluster arrangement is important, as it facil-
itates the subsequent coupling of the two 4Fe units ofK-clusters
via a radical SAM-dependent route (see below).

Formation of an 8Fe Core

The K-cluster on NifB can be converted to an 8Fe core in the
presence of SAM (Fig. 2A). The concomitant disappearance of
the K-cluster- and SAM cluster-originated S � 1/2 signal upon
addition of SAM is accompanied by the appearance of a unique
g � 1.94 signal, which has been attributed to an [Fe8S9] cluster
(designated the L-cluster) (12). Iron K-edge x-ray absorption
spectroscopy (XAS)/extended x-ray absorption fine structure
and crystallographic studies show that the L-cluster closely
resembles the core structure of the mature M-cluster, except
that the molybdenum and homocitrate components at one end
of the cluster are replaced by an iron atom (13–16). Iron K�
x-ray emission spectroscopy analysis further demonstrates the
presence of a carbide atom in the center of the L-cluster (17).
Together, these observations imply that the insertion of carbide
may occur simultaneously with the transformation of a K-clus-
ter into an L-cluster. A novel synthetic route to the 8Fe L-clus-
ter can be postulated, one that inserts the carbon atom via the
radical chemistry at the SAMdomain ofNifBwhile attaching an
additional sulfur atom and coupling/rearranging the two 4Fe* This work was supported, in whole or in part, by National Institutes of Health
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units of the K-cluster into an [Fe8S9] L-cluster at the same time
(Fig. 2B).
The cleavage pattern of SAMprovides initial insights into the

role of radical SAM chemistry in this process (18). In the pres-
ence of NifB, SAM is cleaved into two products: 5�-deoxyade-
nosine (5�-dA) and S-adenosyl-L-homocysteine. Upon substi-
tution of [methyl-d3]SAM for unlabeled SAM, however, a
mixture of deuterium-enriched and unlabeled 5�-dA can be
detected along with S-adenosyl-L-homocysteine as products of
SAM cleavage (18). Interestingly, two radical SAM RNA
methylases, RlmN and Cfr, display the same SAM cleavage and
deuterium substitution patterns as those of NifB, which have
been accounted for by an SN2-type of methyl transfer from one
equivalent of SAM, followed by the generation of 5�-dA� from a
second equivalent of SAM and the subsequent hydrogen atom
abstraction from themethyl group by 5�-dA� (19, 20). The strik-
ing parallelism betweenNifB and the two RNAmethylases sug-
gests that NifB utilizes a similar mechanism to mobilize the
methyl group of SAM for carbon insertion. Radiolabeling
experiments provide convincing evidence for this proposal,
showing that the incubation of NifB with [methyl-14C]SAM
leads to an accumulation of 14C label on NifB, which can be
further traced to the L-cluster in this protein (18).
Two mechanisms can be proposed for the formation of the

L-cluster on NifB (18). One involves the transfer of the methyl
group of SAM to a sulfide atom of the K-cluster via an SN2
mechanism, followed by the formation of a methylene radical
through the abstraction of a hydrogen atom from this methyl
group (Fig. 2C, left); the other involves the formation of a
methyl radical via the reductive cleavage of SAM, followed by

the transfer of this radical to an iron atom of the K-cluster and
the subsequent rearrangement of this radical into a methylene
radical (Fig. 2C, right). In either scenario, the transfer of the
carbon intermediate to the K-cluster may play a pivotal role in
coupling the two 4Fe units of the K-cluster into an 8Fe L-clus-
ter, initiating radical chemistry for the initial bond rearrange-
ment that is required for the subsequent restructuring of clus-
ter units. Regardless of the type of the initial carbon
intermediate, it must undergo additional deprotonation and/or
dehydrogenation steps until a carbide atom is generated in the
center of the L-cluster (Fig. 2C).

Maturation of the 8Fe Core

Once formed, the L-cluster is transferred from NifB to
NifEN,where it ismatured into anM-cluster upon the insertion
of molybdenum and homocitrate (Fig. 3A). Such a conversion
can be achieved in vitro by incubating L-cluster-bound NifEN
with NifH, MgATP, dithionite, molybdate (MoO4

2�) and
homocitrate, generating an NifEN-bound M-cluster (Fig. 3B)
that can be used for the subsequent reconstitution and activa-
tion of apo-NifDK (21, 22).Maturation of the cluster species on
NifEN is reflected by the disappearance of the L-cluster-specific
g � 1.94 signal and the concurrent appearance of a small
M-cluster-like signal at g � 4.45, 3.96, 3.60, and 2.03 (21, 22).
Iron and molybdenum K-edge XAS/extended x-ray absorption
fine structure analyses further confirm that the structure of the
M-cluster on NifEN (Fig. 3B, right) is nearly identical to that of
the M-cluster on NifDK (supplemental Fig. S1A), except for a
somewhat asymmetric coordination ofmolybdenum that arises
from a different ligand environment in NifEN (21, 22).
Interestingly, biochemical experiments suggest that NifEN

undergoes a conformational change upon the conversion of the
L-cluster to theM-cluster, as only theM-cluster-bound formof
NifEN is capable of complex formation with NifDK (23). Con-
sistent with this suggestion, crystallographic analysis of the
L-cluster-bound form of NifEN reveals an unusual, nearly sur-
face-exposed location of the L-cluster (16). This observation is
unexpected, as the highly homologous NifEN and NifDK pro-
teins should have homologous cluster-binding sites that are
buried within their respective polypeptides. It is conceivable
that the surface location of L-cluster permits an easier access of
molybdenum and homocitrate for cluster maturation, whereas
a concurrent conformational change of NifEN enables subse-
quent relocation of the matured cluster from the surface to the
binding site within the protein (Fig. 3A).
The conformational change of NifEN is likely induced by its

interaction with NifH upon cluster maturation, which parallels
the interaction between NifDK and NifH upon substrate turn-
over. Indeed, NifH exhibits a strict dependence onATP hydrol-
ysis and redox potential to carry out its function both in catal-
ysis (1–3) and in assembly (21, 22). However, the role of this
ATPase in assembly appears more complicated, as NifH can be
“loaded” with molybdenum and homocitrate and subsequently
used as a donor of these twomissing components to theNifEN-
bound L-cluster (24). Biochemical analysis shows a mandatory
co-mobilization of molybdenum and homocitrate by NifH,
whereas molybdenum K-edge XAS analysis reveals that the
molybdenum species is “processed” upon binding to NifH, dis-

FIGURE 1. Synthesis of a 4Fe cluster pair. A, NifS and NifU mobilize iron and
sulfur for the sequential formation of [Fe2S2] and [Fe4S4] clusters, followed by
the transfer of an [Fe4S4] cluster pair (the K-cluster) from NifU to NifB for
further processing. The permanent [Fe2S2] clusters on NifU and the SAM
motif-associated [Fe4S4] clusters on NifB are depicted as diamonds and cubes,
respectively, whereas the transient clusters on these proteins are represented
by pink ovals and are labeled accordingly. B, structural details of the [Fe2S2]
cluster (left), the [Fe4S4] cluster (middle), and the [Fe4S4] cluster pair (right). The
clusters are shown as ball-and-stick models, with the atoms colored as fol-
lows: iron, orange; and sulfur, yellow. PyMOL was used to create this figure
(Protein Data Bank code 1N2C).
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playing a change in its formal oxidation state and/or the ligation
pattern (24). More interestingly, EPR analysis suggests that
NifH binds nucleotide along with molybdenum and homoci-
trate, showing that the loadedNifH protein gives rise to a signal
that has an intermediary line shape between those of the ADP-

andATP-bound forms ofNifH (24). This observation coincides
with the outcome of the initial crystallographic analysis of an
ADP-bound form ofNifH, which placesmolybdenum at a posi-
tion that corresponds to the �-phosphate of ATP (25). A bind-
ing pattern of NifH/ADP-molybdenum-homocitrate can be

FIGURE 2. Formation of an 8Fe core. A, NifB catalyzes the SAM-dependent conversion of an [Fe4S4] cluster pair (the K-cluster) to an [Fe8S9] cluster (the
L-cluster), which is subsequently delivered to NifEN. The SAM motif-associated [Fe4S4] clusters on NifB are depicted as cubes, whereas the transient clusters on
this protein are represented by pink ovals and are labeled accordingly. B, structural details of the K-cluster (left) and L-cluster (right) on NifB. The clusters are
shown as ball-and-stick models, with the atoms colored as follows: iron, orange; sulfur, yellow; oxygen, red; carbon, gray; and nitrogen, dark blue. PyMOL was
used to create this figure (Protein Data Bank code 3PDI). C, two proposed mechanisms of carbon insertion by NifB. One involves the transfer of a methyl group
via an SN2 mechanism, followed by the formation of a methylene radical upon hydrogen atom abstraction by 5�-dA� and the subsequent transfer of this radical
intermediate to a sulfur atom of the K-cluster (left), whereas the other involves the formation of a methyl radical via reductive cleavage of SAM, followed by the
transfer of this transient intermediate to an iron atom of the K-cluster and the subsequent processing of this intermediate into a methylene radical (right). SAH,
S-adenosyl-L-homocysteine.

FIGURE 3. Maturation of the 8Fe core. A, NifEN houses the conversion of the L-cluster to the M-cluster upon NifH-mediated insertion of molybdenum and
homocitrate (HC). The maturation of the L-cluster is likely accompanied by transfer of the cluster from the surface of NifEN to the M-cluster-binding site within
the protein. The permanent [Fe4S4] clusters in NifEN are represented by cubes, whereas the transient clusters on this protein are represented by pink ovals and
are labeled accordingly. B, structural details of the L-cluster (left) and M-cluster (right) on NifEN, with one terminal iron atom of the L-cluster replaced by
molybdenum and homocitrate in the M-cluster through an ATP-dependent process. C, NifH serves as an ATP-dependent molybdenum/homocitrate insertase
and possibly mobilizes these two missing elements in the form of NifH/ADP-molybdenum-homocitrate for the maturation of the L-cluster. The clusters are
shown as ball-and-stick models, with the atoms colored as follows: iron, orange; sulfur, yellow; molybdenum, cyan; oxygen, red; and carbon, gray. PyMOL was
used to create this figure (Protein Data Bank codes 3PDI and 1M1N).
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proposed based on these results, which could represent the ini-
tial step of molybdenummobilization by NifH (Fig. 3C). Such a
binding pattern parallels the formation of a possible adenyly-
lated molybdate intermediate during the biosynthesis of
molybdopterin cofactors (9). Moreover, another ATPase,
CooC, has been implicated in the insertion of nickel into the
C-cluster of the carbon monoxide dehydrogenase from Rho-
dospirillum rubrum (26). Thus, the mobilization of molybde-
num by NifH may exemplify a general scheme for metal traf-
ficking in biological systems.

Delivery of the M-cluster to Its Target Location

The final “touch-up” of the structure of the M-cluster is
achieved upon delivery of this cluster from NifEN to NifDK.
The completion of M-cluster assembly on NifEN signals the
cluster transfer from NifEN to apo-NifDK, which begins with
the complex formation between these two homologous pro-
teins (23). Sequence analysis suggests the presence of homolo-
gous M-cluster-binding sites in NifEN and NifDK; however,
certain residues that either provide a covalent ligand to the
M-cluster or tightly pack the M-cluster within the polypeptide
matrix of NifDK cannot be found in the sequence of NifEN (9).
Thus, it can be postulated that the M-cluster-binding sites in
NifEN and NifDK are “lined up” upon complex formation,
which enables the “diffusion” of theM-cluster from its transient
binding site in NifEN (“low affinity site”) to its final binding site
in NifDK (“high affinity site”) (Fig. 4A). Given the structural

homology between NifEN and NifDK, the process of M-cluster
insertion into apo-NifDK could be depicted by three available
“snapshots” of NifDK and/or NifEN: (i) an apo conformation,
which contains a positively charged cluster insertion funnel; (ii)
an intermediate conformation, which is generated upon dock-
ing of the cluster at the entrance of the insertion funnel; and (iii)
a holo conformation, which has the cluster secured at its final
binding site (Fig. 4B). The negative charge of homocitrate is
crucial for the insertion of the M-cluster along the positively
charged funnel (23, 27), and the M-cluster interacts with a
number of NifDK residues en route to its target binding site
(28–30), where the final structure of the M-cluster is achieved
through proper ligand coordination.

Conclusion

TheM-cluster is assembled on a number of scaffold proteins
prior to its delivery to its target location in NifDK. This process
involves two key steps: the stepwise formation of an 8Fe core
and the subsequentmaturation of this core upon incorporation
of molybdenum and homocitrate. The former utilizes radical
SAM chemistry for the insertion of interstitial carbide, which
likely occurs concomitantly with the coupling and restructur-
ing of two 4Fe units, whereas the latter employs a nucleotide-
binding protein for the mobilization of molybdenum and
homocitrate, whichmay represent a common strategy formetal
trafficking. Future studies will focus on the mechanistic inves-
tigation of radical SAM-dependent carbon insertion, as well as
the structural details of the NifH/ATPase-based molybdenum
mobilization.
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Metalloenzymes often require elaborate metallocenter
assembly systems to create functional active sites. Themedically
important dinuclear nickel enzyme urease provides an excellent
model for studying metallocenter assembly. Nickel is inserted
into the urease active site in a GTP-dependent process with the
assistance of UreD/UreH, UreE, UreF, and UreG. These acces-
sory proteins orchestrate apoprotein activation by delivering
the appropriate metal, facilitating protein conformational
changes, and possibly providing a requisite post-translational
modification. The activation mechanism and roles of each
accessory protein in urease maturation are the subject of ongo-
ing studies, with the latest findings presented in thisminireview.

Metallocenters serve essential biological functions such as
transferring electrons, stabilizing biomolecules, binding sub-
strates, and catalyzing desirable reactions. Synthesis of these
sites must be tightly controlled because simple competition
betweenmetalsmay lead tomisincorporationwith loss of func-
tion and because excess cytoplasmic concentrations of free
metal ions can have toxic cellular effects. In many cases, cells
have evolved elaborate metallocenter assembly systems that
sequestermetal cofactors from the cellularmilieu, thus offering
protection fromadventitious reactionswhile ensuring the fidel-
ity of metal insertion. In addition to maintaining metal home-
ostasis, these assembly systems facilitate protein conforma-
tional changes and active site modifications that are required
for full enzymatic activity. Several metalloproteins have been
investigated as models to understand the mechanisms and
dynamics of active site assembly and the complex orchestra-
tions of their metallocenter assembly systems. In this minire-
view, we discuss recent findings related to maturation of the
nickel-containing enzyme urease.

Introduction to Ureases

Urease is of great medical, agricultural, and historical signif-
icance. The gastric pathogenHelicobacter pylori uses urease for
localized neutralization of pH, allowing it to flourish in the
stomach (1), whereas the uropathogen Proteus mirabilis uses it
to colonize and form stones in the urinary tract (2). In agricul-
ture, urea is both a plantmetabolite and a fertilizer degraded by
plant ureases (3); however, urea is also metabolized by soil bac-

teria, which can lead to unproductive volatilization of ammonia
andharmful soil alkylation (4). Also of interest, urease from jack
bean (Canavalia ensiformis) seeds was the first enzyme to be
crystallized (5) and the first protein shown to contain nickel (6).
Finally, as described in subsequent sections, urease is a signifi-
cantmodel enzyme that has advanced our understanding of the
mechanisms of metallocenter assembly.
This enzyme catalyzes the hydrolysis of urea to ammonia and

carbamic acid, which subsequently decomposes to another
molecule of ammonia and bicarbonate (7–9): H2N-C(O)-NH2

� H2O 3 NH3 � H2N-COOH and H2N-COOH � H2O 3
NH3 � H2CO3.
Regardless of the source of the enzyme, the overall protein

structures exhibit extensive similarities. Most bacterial ureases
have three subunits in a (UreABC)3 configuration (Fig. 1A), as
exemplified by proteins from Klebsiella aerogenes (10, 11) and
Sporosarcina (formerly Bacillus) pasteurii (12). InHelicobacter
species, a fusion of two genes (corresponding to K. aerogenes
ureA and ureB) results in only two subunits, yielding a
((UreAB)3)4 structure (Fig. 1B) (13). In fungi and plants, all ure-
ase domains are encoded by a single gene such as JBURE-I for
jack bean, with the trimeric protein forming back-to-back
dimers, ((�)3)2 (Fig. 1C) (14). The metallocenter structures of
these proteins are identical (Fig. 1D), with two Ni2� ions
bridged by a carbamylated Lys residue and water; one metal
additionally coordinates two His residues and a terminal water
molecule, and the second Ni2� ion also coordinates two His
residues, one Asp residue, and water. Aspects of the enzyme
mechanism remain controversial (7, 9, 15–17), but most pro-
posals suggest that the urea carbonyl oxygen displaces the ter-
minal water from the Ni2� ion shown on the left (Fig. 1D), with
another Ni2�-bound water molecule acting as a nucleophile to
achieve catalysis. Although much is known about the enzyme
active site, themechanism of nickel insertion into the protein is
still poorly understood.

Prototypical Urease Activation Pathway

The biosynthesis of the urease dinuclear nickel metallo-
center generally requires the participation of several accessory
proteins (7, 9). For example, the canonical urease system of
K. aerogenes (involving ureDABCEFG expression in Esche-
richia coli) utilizes UreD, UreE, UreF, and UreG to facilitate
activation of the UreABC apoprotein (Table 1) (18, 19). Many
other ureolytic bacteria contain these four auxiliary genes
flanking the enzyme subunit genes (7–9, 20), although the gene
order often changes, and ureD is renamed ureH inHelicobacter
spp. (21). Homologs of ureD/ureH, ureF, and ureG exist in ure-
ase-containing eukaryotes (3, 22, 23); however, the eukaryotic
accessory genes are not adjacent to the urease structural genes,
and sequences related to ureE have not been identified. Below,
we describe the four prototypical urease accessory proteins,
their complexes with each other and with urease, and their
proposed roles in urease activation.
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UreD/UreH: Scaffold for Recruitment of Other Accessory Pro-
teins and Facilitator of Activation—Characterization of UreD/
UreH is most advanced for the K. aerogenes and H. pylori pro-
teins, which exhibit only 25% identity. Heterologous expression
of ureD or ureH in E. coli yields insoluble products (24, 25);
however, these problems were circumvented by different
approaches. For the K. aerogenes protein, a maltose-binding
protein (MBP)2 fusion variant of UreD is soluble and function-
ally replaces the native protein (26). In the case of H. pylori
ureH, solubilization is achieved by coexpression with ureF,
which provides a UreH:UreF complex (25). The structure of
this complex (ProteinData Bank code 3SF5) and that of aUreH:
UreF:UreG complex3 reveal a novel �-helical fold for UreH,

with 17 �-strands and two �-helices (Fig. 2), that resembles
SufD (code 1VH4), amember of a scaffold protein complex that
functions in iron-sulfur cluster biosynthesis (27). Whereas no

2 The abbreviation used is: MBP, maltose-binding protein.
3 K.-B. Wong, personal communication.

FIGURE 1. Urease structures. A, three-subunit bacterial ureases (UreA, red; UreB, blue; UreC, green; with two more copies, yellow) assemble into a trimer of
trimers (Protein Data Bank code 1FWJ). B, two-subunit Helicobacter ureases (a fusion of the two small domains, blue; large subunit, green; with two more copies,
yellow) form a trimer of dimers, which interacts with three more trimers (gray surface view) to form a dodecamer of dimers (code 1E9Z). C, single-subunit urease
of fungi and plants (a fusion of all three domains, green; with two more copies, yellow) forms a trimer that stacks back-to-back with a second trimer (gray surface
view) (code 3LA4). D, dinuclear Ni2� metallocenter of urease (Ni2�, magenta; solvent, red).

FIGURE 2. Structure of UreH:UreF:UreG. Shown are two views of the (UreH:
UreF:UreG)2 complex from H. pylori (UreH, UreF, and UreG in shades of yellow,
gray, and magenta, respectively). A GDP molecule (cyan) is located in each UreG.

TABLE 1
Selected proteins needed for urease activation

K. aerogenesa H. pylori Plants Function

UreA Enzyme subunit
UreB UreAb Enzyme subunit
UreC UreBc Ureased Enzyme subunit
UreD UreH UreD Scaffold protein
UreE UreE —e Metallochaperone
UreF UreF UreF Potential fidelity enhancer
UreG UreG UreG GTPase

a A similar set of proteins is present in many other bacteria, including S. pasteurii.
b Equivalent to a fusion of UreA and UreB of K. aerogenes.
c Equivalent to UreC of K. aerogenes.
d Equivalent to a fusion of UreA, UreB, and UreC of K. aerogenes.
e —, no UreE ortholog has been detected in plants.

MINIREVIEW: Biosynthesis of the Urease Metallocenter

MAY 10, 2013 • VOLUME 288 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13179



obviousmetal-binding sites are apparent inUreH, 2.7Ni2� ions
bind per UreD protomer (26).
Several studies have demonstrated that UreD/UreH binds to

urease. Enhanced expression of K. aerogenes ureD in the pres-
ence of the cognate structural proteins results in a UreABC:
UreD complex that contains zero to three molecules of UreD/
(UreABC)3 according to two-dimensional (native and de-
naturing) gel electrophoresis (24). Although a crystal structure
is not available, a model of this species has been created (Fig. 3)
based on several lines of evidence (28). For example, small angle
x-ray scattering studies of this complex yielded data that are
best modeled with UreD binding to the vertices of the triangu-
lar urease (29). Chemical cross-linking of this species con-
firmed that UreD binds to the UreB and UreC subunits (30).
MBP-UreD associates in vivo with UreABC (26) but not with
UreAC (i.e. urease missing UreB) (40). Similarly, yeast two-hy-
brid studies of H. pylori proteins identified interactions
between UreH and UreA (31, 32). Of great functional signifi-
cance, in vitro studies with purified K. aerogenes components
showed that UreD enhances the extent of activation of urease
apoprotein. For example, whereas �15% of the urease apopro-
tein generates functional sites when incubated with 100 �M

NiCl2 and 100 mM bicarbonate (needed to carbamylate the Lys
metal ligand) (33), �30% is made functional when using the
UreABC:UreD species (34). Along with results from additional
studies (see below), these findings led to the current hypothet-
ical role of UreD/UreH as both a scaffold for recruiting other
accessory proteins and a direct facilitator of nickel insertion
into the active site.
UreF: Checkpoint for Metallocenter Fidelity—UreF proteins

also are best characterized for K. aerogenes and H. pylori. Het-
erologous expression of K. aerogenes ureF yields insoluble
product (35); however, MBP-UreF (36) and UreE-UreF (37)
fusion proteins are soluble, with the latter protein shown to
function in cellular activation of urease. The native form of
H. pylori UreF is soluble and exhibits an equilibrium between
the monomeric and dimeric species (25). The protein crystal-
lizes as an all-�-helical dimer (Protein Data Bank code 3CXN),
but it lacks theC-terminal 21 residues due to proteolysis, and its
N-terminal 24 residues are disordered (38). The intact struc-
ture of UreF (Fig. 2) is available from the UreH:UreF complex

(code 3SF5) and the UreH:UreF:UreG complex,3 in which a
UreF dimer (with boundUreGwhenpresent) bridges twoUreH
protomers (25). These structures confirm the proposed inter-
actions between UreF and UreH that were based on yeast two-
hybrid and tandem affinity purification studies (31, 32, 39).
UreH stabilizes the N-terminal helix of UreF and exposes a
conserved Tyr residue at position 48. This residue and the
highly conserved C terminus make up one face of the three-
dimensional UreF dimer (shown to be the UreG-binding site;
see below). The interface between UreF and UreH is poorly
conserved, likely due to the low similarities within theUreF and
UreD/UreH sequences.
The assembly model shows UreF binding to UreABC:UreD

to form UreABC:UreD:UreF (Fig. 3), a complex that can be
directly isolated from cells expressing the corresponding genes
(35). Alternatively, in vitro incubation of UreE-UreF with Ure-
ABC:UreD provides UreABC:UreD:UreE-UreF (37). Native gel
electrophoresis of UreABC:UreD:UreF revealed multiple spe-
cies, and zero to three pairs of UreD:UreF are suggested to bind
per (UreABC)3. Small angle x-ray scattering experiments sug-
gested a close proximity between UreD and UreF, with both
accessory proteins binding in the vicinity of UreB (29). Chem-
ical cross-linking results support this configuration and also
provide evidence for a conformational change in urease within
theUreABC:UreD:UreF complex (30); specifically, UreB is pro-
posed to undergo a hinge-like motion that enhances access to
the nascent active site (40). Following in vitro activation of Ure-
ABC:UreD:UreF, the urease-specific activity is similar to that
obtainedwithUreABC:UreD; however,much lower concentra-
tions of bicarbonate are required, and the process is more
resistant to inhibition by Ni2� (35). UreF serves as the binding
site for the UreG GTPase within the UreABC:UreD:UreF com-
plex (see below). A role as a GTPase-activating protein was
suggested for UreF (41), but the UreH:UreF:UreG structure
(which shows UreF binding UreG opposite the GTP site) (Fig.
2) and experimental evidence derived from mutagenesis and
GTPase activity studies (42) argue against this proposal. For
example, a urease activation complex containing aUreF variant
exhibited enhanced GTPase activity compared with the com-
plex with wild-type accessory protein. UreF thus appears to
gate the GTPase activity of UreG so as to promote efficient

FIGURE 3. Model of K. aerogenes urease activation. The trimer-of-trimers urease apoprotein (UreA, red; UreB, blue; UreC, green) either sequentially binds
UreD (yellow), UreF (gray), and UreG (magenta) or binds the UreDFG complex (only one protomer of each protein is shown, but the isolated complex contains
two protomers of each). Formation of the active enzyme requires CO2 to carbamylate Lys-217 at the native active site, GTP binding to and hydrolysis by UreG,
and nickel delivery by dimeric UreE (cyan). It remains unclear whether the accessory proteins are released as a UreDFG unit or as individual proteins.
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coupling of GTP hydrolysis and metallocenter biosynthesis,
thereby enhancing the fidelity of urease activation.
UreG: GTPase for Urease Activation—In contrast to UreD/

UreH and K. aerogenes UreF, which are insoluble, UreG is sol-
uble and has been characterized from several sources (43–47).
The K. aerogenes protein is a monomer that binds 1 eq of Ni2�

or Zn2� (Kd � 5 �M for either metal) (48). Mycobacterium
tuberculosis (45) and S. pasteurii (44) possess dimeric UreG
proteins, with the latter binding twoZn2� ions (Kd � 40�M) or,
more weakly, larger numbers of Ni2�. The H. pylori protein
dimerizes in the presence of Zn2� (Kd � 0.3 �M, 1/dimer) but
not with Ni2�, which binds more weakly (Kd � 10 �M, 1.8/
monomer) (46). X-ray absorption spectroscopy of the zinc-
bound protein revealed a trigonal bipyramidal site including
two His and two Cys residues, likely positioned at the subunit
interface (49). The soybean (Glycine max) protein also exhibits
a monomer/dimer equilibrium, with the dimer stabilized by
Zn2�, but the binding thermodynamics are quite complex (47).
No crystal structure is available for free UreG, perhaps related
to its intrinsic disorder (50); however, UreG homology models
(44–47) have been created by using HypB (required for nickel
insertion into [Ni-Fe] hydrogenase) (51, 52) fromMethanocal-
dococcus jannaschii (a dimeric GTPase with a dinuclear zinc
site at the subunit interface (53)) as the template, and the struc-
ture of the H. pylori UreH:UreF:UreG complex is known (Fig.
2).3 The latter complex has two protomers of each peptide, with
the two UreG molecules in contact as expected for a protein
able to dimerize. Although UreG is a GTPase, the free protein
exhibits slow (44, 45, 47) or no (43, 46, 48) GTPase activity.
When present in urease activation complexes, GTPase activity
is observed (54), and substitution of a key residue in the GTP-
binding P-loop motif of K. aerogenes or H. pylori UreG abol-
ishes the cell’s ability to make active urease (43, 55).
A UreABC:UreD:UreF:UreG complex (Fig. 3) forms in

K. aerogenes cultures grown without Ni2� (56). The complex
can also be accessed by mixing UreG with UreABC:UreD:UreF
(54). Furthermore, UreABC:UreD:UreE-UreF:UreG is made in
cells producing the UreE-UreF fusion protein (38). Mutagene-
sis studies identified Asp-80 as a key UreG residue involved in
this interaction (48) and defined several residues along one face
of UreF as the UreG-docking site (42). Using standard activa-
tion conditions, �60% of the nascent active sites in UreABC:
UreD:UreF:UreG become active (54). Significantly, when using
more physiological levels of bicarbonate andNi2�, the resulting
activity is decreased, but activation is greatly facilitated byGTP.
UreG is active as a GTPase when present in this complex.
UreD/UreH:UreF:UreG: Molecular Chaperone Complex for

Urease Activation—As an alternative to sequentially adding
each accessory protein to the urease apoenzyme, the hetero-
trimer may bind as a unit to urease (Fig. 3). A UreD:UreF:UreG
complex forms in vivo when the corresponding K. aerogenes
genes are expressed independently of the structural compo-
nents (43); however, this species is poorly soluble and not well
characterized. This solubility problem is overcome in theMBP-
UreD:UreF:UreG complex, and this species binds to urease but
not to urease lacking UreB (40). MBP-UreD:UreF:UreG con-
tains two copies of eachprotomer according to gel filtration and

mass spectrometric studies.4 The structure of the analogous
UreH:UreF:UreG complex from H. pylori (Fig. 2)3 reveals two
UreG protomers binding to one face of the UreF dimer, with
eachUreG interactingwith bothUreF protomers andwith each
UreH interacting with a single UreF. A GDP is bound opposite
ofUreFwithin eachUreG, confirming that the former protein is
not aGTPase-activating protein. A potentialmetal-binding site
is deeply buried and bridges the twoUreGmolecules, with each
protomer providing His and Cys residues.
UreE: A Nickel Metallochaperone—A hint that UreE might

be involved in nickel delivery to urease is given in the sequence
of theK. aerogenes protein, which reveals 10 His residues in the
C-terminal 15 residues, thus resembling a His-tagged protein
(18). Indeed, the purified protein binds �6 eq of Ni2�/dimer
(57). Not all UreE proteins contain this His-rich extension (58),
and a truncation variant of theK. aerogenes protein lacking this
region (H144* UreE) retains its ability to facilitate urease acti-
vation (59). The crystal structure of copper-boundK. aerogenes
H144* UreE (Protein Data Bank code 1GMW) reveals three
metal-binding sites, including an interfacial site with His-96
fromeach subunit and peripheral sites in each protomer involv-
ing His-110 and His-112 (60). Equilibrium dialysis measure-
ments confirm the binding of Ni2� to multiple distinct sites in
the truncated protein (61). Mutagenesis studies demonstrated
that only the interfacial site is required for UreE function (62).
The full-length zinc-bound S. pasteuriiUreE dimeric structure
(code 1EAR) exhibits close similarity to the K. aerogenes pro-
tein, lacks the C-terminal His-rich region and the two periph-
eral sites, and binds a single Zn2� ion (presumably substituting
for Ni2�) at the interfacial site (63). Structures of several forms
of H. pylori UreE are known, including the nickel-bound spe-
cies (codes 3L9Z and 3TJ8) (64, 65), in which the Ni2� is coor-
dinated at the interfacial site with an additional His residue
provided from the C terminus. These highly soluble proteins
are proposed to bind metal ions in the cytoplasm and specifi-
cally deliver nickel to urease within the complex of other acces-
sory proteins.
UreE formsUreG:UreE andUreABC:UreD:UreF:UreG:UreE

complexes, with the latter species likely to serve as the ultimate
urease activation machinery (Fig. 3). For the H. pylori compo-
nents, two UreG protomers bind the UreE dimer, with the
interaction stabilized by Zn2� but not Ni2� (66). In contrast,
one UreG monomer from K. aerogenes binds to its cognate
UreE dimer, with the interaction stabilized by either Zn2� or
Ni2� (48). Ligand identities in the metal-stabilized UreE:UreG
complexes have not been reported. The transient formation of
a UreABC:UreD:UreF:UreG:UreE complex is suggested by the
generation of fully active urease when UreABC:UreD:UreF:
UreG is incubated with UreE, bicarbonate, Ni2�, andGTP (67).
In addition, UreABC:UreD:UreF:UreG:UreE can be directly
isolated from cells that synthesize aG11PUreB variant (29) or a
Strep tag II variant of UreG when the culture contains Ni2�

(48).
The current working model for urease activation with the

prototypical accessory proteins (Fig. 3) involves the binding of

4 M. A. Farrugia, L. Han, Y. Zhong, J. L. Boer, B. J. Ruotolo, and R. P. Hausinger,
unpublished data.
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UreD, UreF, and UreG to the urease apoprotein, either sequen-
tially or as a molecular chaperone unit, followed by interaction
with the metallochaperone UreE. This activation complex car-
ries out metallocenter assembly by steps that include Lys car-
bamylation, nickel incorporation, and GTP hydrolysis. No evi-
dence indicates that accessory proteins facilitate the interaction
of Lys with carbon dioxide at the nascent active site, but this
possibility is not excluded, and it is reasonable to suspect that
the nearby His residues assist in this reaction. The structure of
UreABC bound to UreD/UreH:UreF:UreG is not defined, but
two distinct models have been proposed. Fig. 3 shows a com-
putational model (28) derived from studies using the K. aero-
genes components. In this case, each vertex of the urease trimer
binds a single molecule of UreD, UreF, and UreG, requiring
dissociation of (UreD:UreF:UreG)2. By contrast, (UreH:UreF:
UreG)2 ofH. pylori (Fig. 2) has been proposed to bind at 2-fold
symmetry sites of its cognate urease dodecamer so that the
accessory protein complex remains intact (25). Such an inter-
action is precluded for the three-subunit bacterial ureases and
the single-subunit eukaryotic ureases (Fig. 1), suggesting possi-
ble species-specific differences in the properties of this acces-
sory protein complex. It remains unclear howUreE binds to the
urease activation complex and how nickel is transferred from
UreE to the active site; one proposal suggests intermediate
binding sites on UreG and UreD (26). The function of GTP
hydrolysis by UreG in this process remains poorly understood.
The net outcome from the activationmachinery is to transform
urease apoprotein into the holoprotein, with dissociation of the
accessory proteins for possible reuse.

Variations in Urease Activation Systems

Additional Accessory Proteins—Additional genes have been
shown to facilitate urease activation in some microorganisms.
For example, located just 5� of the typical urease genes in Yers-
inia pseudotuberculosis is yntABCDE, which encodes an ATP-
binding cassette-typemetal transporter; deletion of these genes
eliminates urease activity and reduces the Ni2� uptake rate
(68). Evidence for a similar Ni2� transporter dedicated to ure-
ase in Actinobacillus pleuropneumoniae comes from recombi-
nant expression of the urease gene cluster with or without its
adjacent cbiKLMQ genes in E. coli (69). In the same manner,
heterologous expression of the Bacillus sp. TB-90 urease gene
cluster and its deletion mutants indicates a nickel-dependent
role for ureH (unrelated to ureH of H. pylori) in urease activa-
tion;Bacillus ureH is suspected to encode aNi2�permease (70).
Many other microorganisms contain Ni2� transporters and
Ni2� permeases (with their levels often controlled by nickel-de-
pendent transcriptional regulators) that enhance urease activ-
ity by providing the essential metal ion (52, 71, 72), but gener-
ally the corresponding genes are distant from the urease genes.
For example, H. pylori uses NixA, AbcABCD, and the outer
membrane transporterHP1512 to take upNi2�, and deletion of
these genes leads to reductions in urease activity (73–76). Of
additional interest, hypA and hypB of this microorganism are
required for urease activity, but the corresponding gene prod-
ucts are not involved in Ni2� uptake (77). A direct competition
is observed between HypA and UreG for binding UreE (78).
HypA and HypB are generally associated with metallocenter

biosynthesis of [Ni-Fe] hydrogenases, but they appear to serve a
dual role here of still undefined function.
Missing Accessory Proteins—Plants appear to lack homologs

to ureE (3), and a large number of ureolytic microorganisms
lack one or more of the standard set of urease genes (9, 79). A
dramatic example of this situation exists in Bacillus subtilis,
where the genome reveals the presence of only the structural
urease genes; nevertheless, the cells synthesize an active nickel
urease, although with poor efficiency (80). In many other cases,
however, the sequenced microorganisms were not examined
for urease activity.
Iron Urease—Helicobacter mustelae, a gastric pathogen of

ferrets, contains two urease gene clusters: ureABIEFGH and
ureA2B2 (81). The former cluster, closely related to that found
in H. pylori, is induced by Ni2� and encodes two structural
genes, a proton-gated urea channel (82), and the four standard
maturation proteins. The latter cluster is inversely regulated by
Ni2� and encodes only the two structural genes (83). Urease
activity is retained in ureB and ureB/ureG mutants, indicating
that ureA2B2 encodes an active urease, and its activation does
not require the standard urease-specific GTPase. This finding
was confirmed and extended by results showing that heterolo-
gous expression of ureA2B2 in E. coli generates active enzyme
(84). Purified UreAB is a conventional nickel urease, whereas
isolated UreA2B2 is an oxygen-labile iron-containing enzyme.
The structure of oxidized UreA2B2, a dodecamer like that
shown in Fig. 1B, reveals a dinuclear active site that is remark-
ably similar to the metallocenter of conventional ureases (84).
This finding is consistent with the high degree of similarity in
their sequences, e.g. UreA is 57% identical to UreA2, and UreB
is 70% identical to UreB2. Two other strains of Helicobacter,
Helicobacter felis and Helicobacter acinonychis, have similar
arrangements of urease genes. The hosts of these pathogens,
both in the Felidae (cat) family, are carnivores like the ferret,
leading to speculation that these bacteria have evolved an iron
urease because of their association withmeat diets that are rich
in iron and depleted in nickel (83). When the three UreA2B2
sequences are aligned and compared with the sequences of
nickel ureases, a prominent cluster of distinct residues are seen
to encircle the channel into the active site (84). These results are
compatible with an interaction between UreA2B2 apoprotein
and an iron delivery protein. One possibility is that activation of
iron urease makes use of a general iron delivery system that is
used for maturation of the many iron proteins in the cell. The
oxidized state of UreA2B2, suggested to be a �-oxo-bridged
Fe(III)-O-Fe(III) species, probably forms naturally within the
microaerophilic microorganism, and the cell likely has a mech-
anism to regenerate the active diferrous species (85). The ability
to form active iron urease in E. coli using only ureA2B2 implies
that urease-specific accessory proteins are not required for Lys
carbamylation.

Future Directions

As should be clear from the preceding discussion, many
questions remain to be answered about how the urease metal-
locenter is synthesized. Significantly, these questions also often
apply to the biosynthesis of other types of metallocenters such
as that found in [Ni-Fe] hydrogenases, which utilize the HypB
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GTPase alongwith SlyD andHypAmetallochaperones for their
activation (51, 52). For example, it is unknown whether metal-
lochaperones such as UreE interact withmembrane-associated
transport proteins to couple metal binding to metal transport.
It is also unclear how UreE, a protein that binds several metal
ions, is able to specifically deliverNi2� to urease and to function
in an in vitro activation system even when a Ni2� chelator with
greater affinity is present (67). The known interactions between
UreE and UreG, along with the nickel-binding capabilities of
some UreG proteins, suggest that nickel may be delivered to
UreG before subsequently making its way to the nascent active
site. Further effort is needed to ascertain the function of the
UreG GTPase activity; it may be associated with a nickel trans-
fer step, a conformational change of a protein, a protein disso-
ciation step, or some other process. The mechanism by which
UreF enhances urease activation fidelity (42) is unknown. UreD
appears to serve as a scaffold for binding other proteins but also
exhibits the direct effect of increasing activation efficiency by
an unknown mechanism. Following activation, it is unclear
whether UreDFG is released as a unit or as the individual pro-
teins. The mechanisms used for activation of nickel urease in
organisms lacking one or more accessory proteins demand fur-
ther clarification. Finally, the discovery of iron urease in
H. mustelae raises questions such as which other organisms
contain this type of enzyme, how the iron is delivered, what
dictates the metal specificity, and could other metals be used in
selected cases.
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The reactivity of the cobalt-carbon bond in cobalamins is the
key to their chemical versatility, supporting both methyl trans-
fer and isomerization reactions. During evolution of higher
eukaryotes that utilize vitamin B12, the high reactivity of the
cofactor coupled with its low abundance pressured develop-
ment of an efficient system for uptake, assimilation, anddelivery
of the cofactor to client B12-dependent enzymes. Althoughmost
proteins suspected to be involved in B12 trafficking were discov-
ered by 2009, the recent identification of a new protein reveals
that the quest for elucidating the intracellular B12 highway is
still far from complete. Herein, we review the biochemistry of
cobalamin trafficking.

Cofactors are variously deployed in nature to stabilize mac-
romolecular structures, expand catalytic functionality, trans-
port gases, transduce signals, and function as sensors. Due to
their relative rarity and/or reactivity, cells have evolved strate-
gies for sequestering and regulating the movement of cofactors
from their point of entry into the cell to their point of docking in
target proteins (1). A subset of cofactors, i.e. the vitamins, is
obtained in a precursor form from the diet. Reactions catalyzing
the assimilation of inactive cofactors into their active forms are
integral to their trafficking pathways. Similarly, elaboration of
metals into clusters often occurs on chaperones that subse-
quently transfer the cofactor to target proteins. The interpro-
tein transfer of metals can occur via ligand exchange reactions
that are driven by differences in metal coordination geometry
and affinity between the donor and acceptor proteins (2, 3).
Seclusion of cofactors in chaperones during assembly/process-
ing into their active forms minimizes unwanted side reactions,
whereas guided delivery averts dilution and promotes specific-
ity of cofactor docking.
In contrast to our understanding of cellular strategies used

for trafficking metals (4–6) andmetal clusters (7), significantly
less is known about strategies for shepherding organic and
organometallic cofactors to target proteins. This picture has
been changing, however, with the convergence of clinical
genetics and biochemical approaches that are beginning to illu-
minate an elaborate pathway for assimilation and delivery of

dietary vitamin B12 or cobalt-containing cobalamin, a complex
organometallic cofactor (8–10).Much less is known about how
the tetrapyrrolic cousins of B12, e.g. iron protoporphyrin
(heme), nickel corphin (F430), andmagnesium chlorin (chloro-
phyll), are guided to specific destinations.
In this minireview, we describe a model for mammalian

cobalamin trafficking, which includes strategies for conversion
of inactive precursors to the active cofactor forms methyl-
cobalamin (MeCbl)3 and 5�-deoxyadenosylcobalamin (AdoCbl;
coenzyme B12) and discuss the human diseases that result from
impairments along the trafficking highway.Weposit that the nav-
igation strategy for B12, in which a rare, reactive, and high value
cofactor is sequestered and targeted to client proteins, might rep-
resent a general archetype for the trafficking of other essential but
scarce organic and organometallic cofactors.

B12 Chemistry and Catalysis

Cobalamin, discovered as the antipernicious anemia factor,
was first crystallized in the cyanocobalamin (CNCbl) form (11),
which is technically vitamin B12. The biologically active alkyl-
cobalamins, MeCbl and AdoCbl, serve as cofactors for the
methyltransferase and isomerase families of B12 enzymes,
respectively (12). Althoughmammals have only twoB12-depen-
dent enzymes, methionine synthase and methylmalonyl-CoA
mutase (MCM), there are many “handlers” that tailor dietary
B12 and deliver it to its target enzymes (8, 9). The existence of
the B12 trafficking pathway was suggested by careful clinical
genetics studies spanning several decades on patients with
inborn errors of cobalamin metabolism (10).
Chemically, cobalamins comprise a central cobalt atom that

is coordinated by four equatorial nitrogen atomsdonated by the
tetrapyrrolic corrin ring (Fig. 1a). A bulky base, 5,6-dimethyl-
benzimidazole (DMB), extends fromone edge of the corrin ring
and coordinates the cobalt at the lower or �-axial position. The
identity of the upper or�-axial ligand varies and includes cyano,
aquo, methyl, and 5�-deoxyadenosyl groups. Ironically, 6
decades after its discovery, the origin and biological relevance
of the cyano group remain unknown, althoughwe have recently
described a decyanase activity in the processing pathway (13),
which allows utilization ofCNCbl used in vitamin supplements.
As the cobalt oxidation state decreases from3�3 2�3 1�, the
coordination number typically decreases from 6 3 5 3 4. In
solution, alkylcobalamins preferentially exist in the six-coordi-
nate “base-on” state, which is in contrast to the “base-off/His-
on” state found in the active site of both mammalian B12
enzymes (Fig. 1b) (14, 15). Because the pKa for the base-on to
base-off transition ranges from�2.13 to 3.17 depending on the
identity of the upper axial ligand (16), the base-on conforma-
tion predominates at physiological pH.
The cobalt-carbon bond in alkylcobalamins is inherently

weak and holds the key to the reactivity of this cofactor. The
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bond dissociation energies for base-on AdoCbl and MeCbl are
30 and 37 kcal/mol, respectively (17, 18). Methyltransferases
utilize MeCbl, and the cobalt-carbon bond is cleaved hetero-
lytically during nucleophilic displacement of the methyl group
from MeCbl to an acceptor. In contrast, the isomerases cleave
the cobalt-carbon bond homolytically generating a radical pair:
5�-deoxyadenosyl radical and cob(II)alamin. The former is the
“working” radical, which abstracts a hydrogen atom from the
substrate to initiate a radical-based isomerization reaction.
The cobalt-carbon bond is re-formed at the end of each cata-
lytic cycle.

Absorption, Transport, and Storage of Cobalamin

The recommended dietary allowance for cobalamin is 1–5
�g/day. A multistep process delivers the cofactor from the
mouth into circulation and thereon to cells (Fig. 2) (19). Cobal-
amin released from food is first bound by haptocorrin, a salivary
glycoprotein with broad specificity and high affinity for B12 at
both neutral and acidic pH (20). In the duodenum, pancreatic
proteases release cobalamin from the haptocorrin-B12 complex
and from other proteins containing bound B12 that have been
ingested. Subsequent binding of cobalamin to a second glyco-
protein, intrinsic factor, facilitates its uptake by intestinal cells
via cubilin/AMN receptor-mediated endocytosis (21). Intrinsic
factor is highly selective for the physiologically relevant precur-
sors of cobalamin containing an intact lower axial DMB ligand
(22). Following internalization into enterocytes, intrinsic factor
is degraded in the lysosome, and cobalamin is released into the
blood stream. The ATP-dependent transporter ABCC1 (also
known as MRP1 (multidrug resistance protein 1)), present in
the basolateral membrane of intestinal epithelial and other
cells, exports cobalamin bound to transcobalamin out of the
cell (23). MRP1 knock-out mice accumulate cobalamin in the
distal part of the intestine and exhibit low plasma, liver, and
kidney cobalamin levels (23).

In the bloodstream, cobalamin is associated with two carri-
ers, transcobalamin and haptocorrin. It is estimated that �20%
of the circulating cobalamin is bound to transcobalamin,
whereas the remainder, including incomplete B12 derivatives, is
bound to haptocorrin (24, 25). Transcobalamin preferentially
binds the intact cobalamin cofactor, representing a second level
of molecular sieving out of degraded derivatives that could
potentially compete with and inhibit B12-dependent enzymes
(20, 26). Transcobalamin binds B12 avidly and mediates its
transport across cells following complexation with the transco-
balamin receptor, which is internalized in the lysosome (27).
Lysosomal degradation of transcobalamin by resident hydro-
lases releases cobalamin, which is retained and further pro-
cessed intracellularly.
Despite their low sequence identity (�25%), the human

cobalamin-binding proteins share a common evolutionary ori-
gin, with transcobalamin being the oldest, followed by intrinsic
factor and haptocorrin (28). Biochemical studies with native or
recombinant proteins indicate that all three proteins bind a
single equivalent of B12 with high affinity (Kd � 1 pM), albeit
with different specificities (20). Both transcobalamin and
intrinsic factor bind cobalamin in a base-on conformation,
whereas the binding mode for haptocorrin depends on the
lower axial ligand. In addition to cobalamins, haptocorrin can
bind cobinamides, B12 analogs that lack the DMB moiety, can-
not be converted to the active cofactor forms bymammals, and
account for �40% of the total plasma corrins (29). Although a
definitive role for haptocorrin remains to be established, its
suggested functions include a role in B12 storage and in removal
of inhibitory corrinoid derivatives.

Lysosomal Egress of Cobalamin

Transport of cobalamin across the lysosomal membrane
requires twomembrane proteins with apparently distinct func-
tions: LMBD1 andABCD4 (Fig. 2) (30, 31). Defects in the genes
encoding these two transporters result in accumulation of B12
in the lysosome and are classified as cblF (LMBD1) and the
recently discovered cblJ (ABCD4) complementation groups
(31, 32). Subcellular localization studies indicate that both
LMBD1 and ABCD4 co-localize with other lysosomal proteins
such as LAMP1; however, the precise role of each protein in the
lysosomal export of cobalamin is unclear. Transport of free
cobalamin into prokaryotes and the export of cobalamin from
mammalian cells are fuelled byATPhydrolysis (23, 33). ABCD4
is anATP-binding cassette transporter, whichmight be the true
lysosomal cobalamin transporter that is assisted by LMBD1.
Alternatively, LMBD1, a putative transmembrane protein,
might facilitate passive transport of cobalamin across the lyso-
somal membrane. In this model, ABCD4 could be involved in
an ATPase-driven loading of B12 from the lysosome onto
LMBD1 and/or in releasing the cobalamin cargo from LMBD1.
Functional studies using fibroblasts frompatients with cblF and
cblJ defects indicate that the two transporters can only partially
complement each other, and therefore, it is likely that they act
synergistically. Clearly, biochemical studies are needed to deci-
pher their function in the lysosomal egress of cobalamin. We
have previously suggested that the release of cobalamin in the
acidic environment of the lysosome favors formation of the

FIGURE 1. Cobalamin structure and conformations. a, cobalamin is shown
in the base-on conformation, with DMB coordinating cobalt from the lower
axial face of the corrin ring. The variable upper ligands are denoted as R on the
right. b, alternative conformations of cobalamins differing with respect to the
lower or �-axial ligation site.
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base-off conformation of the cofactor and that once cobalamin
exits this compartment, it retains this conformation by being
protein-bound (9).

Early Steps in the Cytosolic Processing of Cobalamin

Upon arrival in the cytosol, cobalamins with various upper
axial ligandsmust be processed to a common intermediate that
can be allocated to the MeCbl and AdoCbl synthesis pathways
to meet cellular needs. The protein that is postulated to accept
the cobalamin cargo exiting the lysosomal compartment is
MMACHC (methylmalonic aciduria type C and homocystin-
uria), the product of the cblC locus and hereafter referred to as
CblC (Fig. 2) (9). Mutations in CblC impair both AdoCbl and
MeCbl synthesis and are the most common cause of inherited
cobalamin disorders (34).
Human CblC is a soluble protein in which the C-terminal

�40 amino acid residues appear to be a recent evolutionary
addition and are predicted to be highly disordered (35). Two
CblC variants, a full-length (32 kDa) and a truncated (26 kDa)
form, have been reported in human fibroblasts and in murine
tissue (35, 36). The formation of the truncated CblC form is
attributed to a predicted splicing variant (35). Although the
prevalence of the truncated CblC form is not known, the pres-
ence of the C-terminal domain diminishes the stability of
human CblC and is not required for its function (35). The crys-
tal structures of the truncated variant of human CblC do not
reveal the presence of a C-terminally located bacterial TonB-
like domain, as predicted previously (35, 37).
CblC binds B12 stoichiometrically and exhibits a broad spec-

ificity for the �-axial ligand accommodating C1–C6 alkyl,
adenosyl, cyano, and hydroxyl groups. Cobalamin is bound to
CblC in a five-coordinate base-off conformation, where the
DMB tail is dissociated from the cobalt. In the structure of
MeCbl-bound CblC, the cobalamin tail is secured away from

the corrin ring in a pocket dominated by hydrophobic interac-
tions (Fig. 3a) (35). CblC exhibits remarkable chemical versa-
tility by its ability to cleave cobalt-carbon bonds via both homo-
lytic and heterolytic mechanisms, depending on the nature of
the upper axial ligand (Fig. 3b). Thus,when an alkylcobalamin is
bound to the active site, CblC catalyzes a nucleophilic displace-
ment reaction in the presence of glutathione (Fig. 3b) (38).
Mechanistically, the dealkylation reaction resembles the first
half-reaction catalyzed by methionine synthase, in which the
thiolate of homocysteine displaces the methyl group in MeCbl
to form the thioether methionine and cob(I)alamin (Fig. 4a).
Similarly, in the CblC-catalyzed dealkylation reaction, the glu-
tathione thioether forms upon transfer of the alkyl group in
addition to cob(I)alamin. When CNCbl is in the active site,
electrons provided by free or protein-bound reduced flavin pro-
mote reductive homolytic cleavage, leading to cyanide elimina-
tion (13, 35). Based on UV-visible and EPR spectroscopy, base-
off cob(II)alamin has been identified as the other product of the
reductive elimination, consistent with a homolytic cleavage
reactionmechanism.Themodest decyanation and dealkylation
rates exhibited by CblC are apparently sufficient to handle the
flux through the cobalamin processing pathway tomeet cellular
needs. Fibroblasts derived from cblC patients confirm that
CblC is required for processing alkyl- and cyanocobalamins for
apportioning dietary B12 into MeCbl and AdoCbl, respectively
(39).
Unexpectedly, the crystal structure of CblC revealed a flavin

reductase fold (Fig. 3a) (35). Flavin binds at the dimer interface
in two structurally related flavin reductases, BluB and iodoty-
rosine deiodinase.However, solution studies indicate that CblC
exists predominantly as a monomer (13, 37). Unlike the struc-
ture of apo- and MeCbl-bound CblC, a dimeric crystal struc-
ture has been reported for AdoCbl-bound CblC, where the

FIGURE 2. Model for cobalamin utilization and intracellular trafficking in mammals. Dietary cobalamin (R-Cbl) is bound by a series of proteins found in the
saliva and stomach (haptocorrin (HC)), in the duodenum (intrinsic factor (IF)), and in blood (transcobalamin (TC)). The details of these early trafficking steps are
not shown in this figure. Transcobalamin is recognized by the transcobalamin receptor (TCR) found on cell surfaces and endocytosed into the lysosome, where
R-Cbl is released following proteolytic digestion of transcobalamin. R-Cbl exits the lysosome in a process that requires the products of the cblJ and cblF loci. In
the cytoplasm, CblC converts R-Cbl (and CNCbl) to cob(II)alamin (Cbl2�), which is partitioned to (i) the MeCbl pathway in the cytoplasm, which involves CblG
(methionine synthase), CblE (methionine synthase reductase), and CblD, and (ii) the AdoCbl pathway in the mitochondrion, which requires CblD, CblB (ATR),
and CblA (G-protein or MeaB in bacteria) in addition to MCM (Mut). The question mark by the mitochondrial cobalamin transporter denotes that it is uniden-
tified. M-CoA, methylmalonyl-CoA; S-CoA, succinyl-CoA.
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dimer interface is stabilized by interactions between residues
belonging to a highly conserved “PNRRP” loop (37). The
increase in the proportion of dimeric CblC in the presence of
AdoCbl and FMN to �50% of the total protein in solution but
to a lesser extent in the presence of MeCbl raises questions
about the physiological relevance of the dimeric structure. Fur-
ther studies are clearly needed to address this issue. An argin-
ine-rich pocket located in the vicinity of the cobalamin-binding
site (Fig. 3a) is suggested to be important for glutathione bind-
ing because mutations of highly conserved arginine residues
impair binding (37).
The cblD complementation group represents the most com-

plex and intriguing class of inherited cobalamin defects.
Patients classified in this group exhibit isolated or combined
methylmalonic aciduria and homocystinuria (40, 41). Muta-
tions located in the N and C termini of the encoded CblD pro-
tein (also known asMMADHC (methylmalonic aciduria typeD
and homocystinuria)) are associated with methylmalonic acid-
uria and homocystinuria, respectively (Fig. 3c) (40, 41). Only
the full-length CblD protein is seen in normal cell lines (42).
However, translation initiation at two alternative sites, Met-62
and Met-116, has been invoked to explain how patient muta-
tions predicted to lead to premature termination are bypassed
in a subset of cblD patients. These shorter CblD variants are
competent in the MeCbl (but not AdoCbl) synthesis pathway.
Studies on the �N11 (lacking the mitochondrial leader

sequence) and �N61 (starting at the second methionine initia-
tion codon) CblD variants identified disordered regions in the
N terminus of the protein that decrease its stability (36). Studies
on fibroblasts derived from cblD patients that express shorter
CblD variants revealed that theN-terminal 115 amino acids are
not required for MeCbl synthesis (42). They are also not
required for binding to CblC (43). The structural determinants
needed for AdoCbl synthesis are harbored within a stretch of
residues extending from positions 62 to 116 (42).
Despite the presence of a predicted B12-binding sequence,

CblD does not bind B12, suggesting that its involvement in

intracellular B12 delivery might be exerted indirectly (36). The
ability of CblC and CblD to form a complex that is stabilized
particularly in the presence of alkylcobalamin and glutathione
(43) indicates that CblD might assist in the delivery of cobala-
min from CblC to downstream targets.

MeCbl Synthesis

Methionine synthase, encoded by the cblG locus in
humans (44–46), catalyzes the methyl transfer from
N5-methyltetrahydrofolate to homocysteine in two half-re-
actions (Fig. 4a) (47). First, the methyl group is transferred
from MeCbl to homocysteine to give methionine and cob(I-
)alamin. Second, the supernucleophilic cob(I)alamin removes
the methyl group from N5-methyltetrahydrofolate to give tet-
rahydrofolate and re-formsMeCbl. Occasional oxidation of the
bound cob(I)alamin to the inactive cob(II)alamin state necessi-
tates repair via a reductive methylation reaction, in which the
methyl group of S-adenosylmethionine (AdoMet) is trans-
ferred to cobalamin in the presence of the electron donor
NADPH and the diflavin oxidoreductase methionine synthase
reductase, encoded by the cblE locus (Fig. 2).
Mutations in cblG and cblE loci result in isolated hyper-

homocysteinemia, i.e. without methylmalonic aciduria (48).
Human methionine synthase is an �140-kDa monomeric
protein that is predicted to be modular, like its better studied
bacterial counterpart. The four modules in bacterial methi-
onine synthase bind homocysteine, N5-methyltetrahydrofo-
late, cobalamin, and AdoMet, respectively (49). Methionine
synthase reductase shuttles electrons derived from NADPH
to methionine synthase-bound cobalamin (50, 51). The
reduction of cob(II)alamin to cob(I)alamin by methionine
synthase reductase is thermodynamically unfavorable (52,
53) and driven by kinetic coupling to the exothermic methyl
group transfer reaction (54). The coupled reactions convert
cob(II)alamin toMeCbl. Hence, in addition to rescuing inac-
tive enzyme generated during the catalytic turnover cycle, it
also represents a mechanism for the in situ synthesis of

FIGURE 3. Biochemical functions of CblC and CblD. a, the structure of human CblC with MeCbl (Protein Data Bank code 3SC0). MeCbl (red) is bound in a
base-off conformation, with the DMB tail located in a side pocket. The flavin reductase domain is shown in yellow. The arginine residues that are mutated in
patients are shown in stick representation. b, reactions catalyzed by CblC. c, localization of mutations in CblD that lead to impaired AdoCbl or MeCbl synthesis
and the minimal length required for binding to CblC. MLS, mitochondrial leader sequence.
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MeCbl from cob(II)alamin, loaded into the active site of
apomethionine synthase. It is unclear how cob(II)alamin
bound to CblC is transferred to the methionine synthase and
what role CblD plays in this process. Methionine synthase
reductase has been postulated to assist in the cofactor dock-
ing process (55). However, although the interaction between
these proteins appears to stimulate cofactor docking to
methionine synthase in vitro, a compulsory role for methio-
nine synthase reductase in vivo is unlikely, as fibroblasts
derived from patients with cblE defects have 84–100%
holomethionine synthase (56).

Tailoring of AdoCbl in the Mitochondrion

ATP-dependent cob(I)alamin adenosyltransferase (ATR)
catalyzes the synthesis of AdoCbl and is encoded by the cblB
locus (57, 58). ATR is a bifunctionalmitochondrial enzyme that
catalyzes the formation of AdoCbl and subsequently transfers
the cofactor to the lone AdoCbl-utilizing enzyme, MCM (Fig.
4b) (59). UV-visible, magnetic circular dichroism, and EPR
spectroscopy studies have established that cob(II)alamin is
bound to ATR in a four-coordinate base-off state (60–62). The
base-off state makes reduction of cob(II)alamin to cob(I)ala-
min, which precedes the adenosyl transfer step, more facile. In
solution, the redox potential of cob(I)alamin/cob(II)alamin is
�610 mV versus approximately �500 mV for the base-on ver-
sus base-off states (63). It is not known if a dedicated reductase
couples to the ATR. In vitro studies have demonstrated that
flavoprotein oxidoreductases suchmethionine synthase reduc-
tase, ferredoxin, and flavodoxin can couple to ATRs (64, 65).
The structures of mammalian and bacterial ATRs reveal a

homotrimeric organization in which the active sites are located
between adjacent subunits (66). For theATR fromMethylobac-
terium extorquens, which is the best studied, both AdoCbl and
ATP bindwith negative cooperativity, and only two of the three
available active sites are used at any given time (59, 67). The
non-equivalence of the active sites appears to be an allosteric
strategy for controlling the delivery of AdoCbl from ATR (67).
Binding of ATP triggers the ejection of a single equivalent of
AdoCbl, presumably from the low affinity site of ATR toMCM,
resulting in direct transfer of the cofactor (Fig. 4b). This strat-
egy of chaperoned delivery averts loss of the cofactor by dilu-
tion in the cellular milieu and its conversion to the unwanted
base-on state. The pathogenic C-terminal truncation mutation
compromises the ability of ATR to sequester AdoCbl and
instead promotes its release into solution (68).
Although the base-off conformation of AdoCbl in ATR is

mirrored in the active site of MCM, the coordination environ-
ments are distinct, an important geometric consideration for
the interprotein cofactor transfer process. Thus, in ATR, the
cobalamin is four-coordinate, and the funnel-shaped B12-bind-
ing site leaves the DMB tail exposed to solvent. In MCM, the
cobalamin is five-coordinate by virtue of a histidine ligand
donated by the protein serving as a lower axial ligand. The his-
tidine residue appears to be crucial for the translocation of
AdoCbl from the active site of ATR to the mutase, and its sub-
stitutionwith alanine or asparagine impairs the transfer process
(59). In contrast, the histidine mutations have little impact on
theKD for AdoCbl binding from solution. These results suggest
a model for cofactor transfer in which the histidine residue in
the mutase transiently coordinates the cobalt in ATR, facilitat-
ing the relocation ofAdoCbl to themutase. Interestingly,muta-
tion of conserved residues in a hinged lidmotif that enforces the
base-off conformation in ATR compromises mutase activity in
vivo (66).

A G-protein Editor of MCM

In the reaction catalyzed byMCM, the only isomerase found
in mammals, AdoCbl serves as a radical reservoir, generating
cob(II)alamin and the reactive 5�-deoxyadenosyl radical that

FIGURE 4. Cofactor loading, activity, and repair of mammalian cobala-
min-dependent enzymes. a, methionine synthase (MS; CblG; blue square)
catalyzes the overall transfer of a methyl group from N5-methyltetrahydrofo-
late to homocysteine to give methionine and tetrahydrofolate (THF). Occa-
sional oxidative escape of the cob(I)alamin intermediate during the catalytic
cycle leads to the inactive cob(II)alamin species. The latter is rescued to MeCbl
in a reductive methylation reaction needing NADPH, methionine synthase
reductase (MSR; CblE), and AdoMet. This repair reaction is also likely to repre-
sent the route for formation of MeCbl following transfer of cob(II)alamin to
apomethionine synthase. The mechanism for cob(II)alamin transfer during
methionine synthase reconstitution is not known. AdoHyc, S-adenosylhomo-
cysteine. b, ATR (CblB; blue wheel) converts ATP and cob(II)alamin in the pres-
ence of a reductant to AdoCbl. Two equivalents of AdoCbl are bound at one
time, and binding of ATP to the vacant site triggers transfer of one AdoCbl to
the MCM (Mut; green circle) active site in a reaction that is gated by GTP hydrol-
ysis in the G-protein chaperone (MeaB or CblA; orange rectangle). The GTP-
bound state of MeaB blocks transfer of cob(II)alamin from ATR to the complex
between MCM and G-protein. During catalysis, the cobalt-carbon bond is
cleaved homolytically to initiate a radical-based mechanism for the conver-
sion of methylmalonyl-CoA (M-CoA) to succinyl-CoA (S-CoA). Occasional loss
of 5�-deoxyadenosine (Ado) from the active site precludes re-formation of
AdoCbl at the end of the catalytic cycle and leads to inactive mutase. In this
situation, the GTP-containing chaperone promotes dissociation of cob(II)ala-
min, permitting reconstitution of the mutase with active cofactor.
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initiates the radical-based 1,2-rearrangement of the substrate
(Fig. 4b). The cofactor-derived radicals recombine at the end of
each catalytic cycle. Occasional escape of the 5�-deoxyadenos-
ine intermediate during catalytic turnover leads to inactive
enzyme and is rescued by a G-protein chaperone, which uses
the binding energy of GTP to power the expulsion of inactive
cob(II)alamin from the active site (69).MCMand theG-protein
chaperone are encoded by the mut and cblA loci, respectively
(Fig. 2).
CblA orMMAA (methylmalonic aciduria type A) is a P-loop

GTPase (69, 70).Mutations in the cblA gene are associatedwith
methylmalonic aciduria, reduced AdoCbl levels, and low
mutase activity in patient fibroblasts (71, 72). A bacterial
ortholog of CblA fromM. extorquens, MeaB, is the best studied
member of this class ofG-proteins andhas beenused as amodel
for the human CblA protein (69, 73–76).
MeaB exhibits nanomolar affinity for MCM, which is modu-

lated by the ligands and substrates bound to each protein (75).
The activities of MeaB and the mutase are each influenced by
the other. MeaB has low intrinsic GTPase activity, which is
enhanced by �100-fold in the presence of the mutase. Hence,
themutase exhibits GTPase-activating protein activity. In turn,
MeaB enhances the kcat of the mutase reaction by �2-fold.
Additionally, MeaB influences other mutase functions. It (i)
allows the mutase to discriminate between inactive cob(II)ala-
min and active AdoCbl forms of the cofactor during ATR-de-
pendent docking, (ii) protects the mutase against inactivation
during turnover, and (iii) promotes the release of cob(II)alamin
from inactive mutase.
MeaB exhibits almost equal affinity for GTP and GDP and is

expected to be predominantly GTP-loaded in cells due to the
higher concentration of this nucleotide form. The GTPase
activity of MeaB gates transfer of AdoCbl to the mutase active
site (69). Thus, MeaB functions as a molecular screen, prevent-
ing assembly of MCM with incomplete cofactor precursors.
The susceptibility of themutase to inactivation during turnover
would lead to its gradual accumulation in an inactive form. A
two-pronged strategy is used by MeaB to avert this situation.
First, MeaB diminishes the inactivation rate of the mutase by
�3- and 15-fold in the presence of GDP and GTP, respectively
(74). CblA has a similar effect on the human mutase (69). Sec-
ond, when inactive MCM is generated by the escape of 5�-de-
oxyadenosine from the active site, MeaB utilizes the binding
energy of GTP to power the ejection of cob(II)alamin from
MCM (69). CblA appears to utilize a similar mechanism as
MeaB (70). The remarkable sensing of the 5�-deoxyadenosine
moiety byMeaB avoids the inappropriate ejection of cob(II)ala-
min formed during turnover. The molecular basis of commu-
nication between MeaB and MCM awaits elucidation.
Similarly, themechanistic basis for the intricate bidirectional

signaling between MeaB and MCM remains to be elucidated.
Interestingly, a pathogenic mutation of a conserved arginine to
cysteine at the surface of the B12 domain in the mutase nearly
abolishes its GTPase-activating protein activity and destabi-
lizes the MCM-MeaB complex (69). Strikingly, this mutation
also corrupts the ability ofMeaB to block cob(II)alamin binding
toMCMand to promote release of cob(II)alamin from the inac-
tive mutase. Most G-proteins use structural motifs known as

switch I and II loops that exhibit conformational sensitivity to
nucleotide binding and hydrolysis for communicating with cli-
ent proteins (76, 77). Missense mutations in the switch I and II
loops are pathogenic and are located at the surface ofMeaB and
CblA, which might be important for interactions with the
mutase (71, 78). Interestingly, a conserved region adjacent to
the switch I and II regions in bothMeaB and CblA also displays
nucleotide-dependent conformational plasticity, and muta-
tions in this region are also pathogenic (79). We speculate that
this region might play a critical role in bidirectional communi-
cation between MCM and its G-protein partner.

Summary

The exciting discoveries over the past decade of genes that
are culpable for cobalamin disorders have opened doors to bio-
chemical investigations of their functions. Although homology
has served to clue us into function in some cases (e.g.ATR), the
lack of relatedness at a sequence level to any known protein (e.g.
CblC and CblD) has challenged efforts in others. The recent
discovery of a duo of membrane proteins that lead to trapping
of the cofactor in the lysosome when mutated raises questions
about their individual function and whether one serves as a
bona fide transporter and the other as an assistant. The multi-
functionality of the CblC protein, which keeps busy as a decy-
anase, a dealkylase, and a flavin reductase, raisesmany question
about how this monomeric protein functions as a proverbial
“jack-of-all trades” and how it transfers the tightly bound cob(I-
I)alamin product to client proteins. The role of CblD in this
transfer process is a complete mystery. Similarly, the identities
of the mitochondrial membrane importers for cobalamin are
unknown, as is the reductase on which the ATR function
depends. The mechanism of busy bidirectional signaling
between MCM and the G-protein chaperone, which orches-
trates gating, guiding, and repair functions, awaits elucidation.
The combination of structural and functional studies on cobal-
amin trafficking proteins promises to illuminate this pathway
and possibly general strategies for how rare cofactors are han-
dled within cells.
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Heme is a prosthetic group best known for roles in oxygen
transport, oxidative catalysis, and respiratory electron trans-
port. Recent years have seen the roles of heme extended to sen-
sors of gases such as O2 and NO and cell redox state, and as
mediators of cellular responses to changes in intracellular levels
of these gases. The importance of heme is further evident from
identification of proteins that bind heme reversibly, using it as a
signal, e.g. to regulate gene expression in circadian rhythmpath-
ways and control heme synthesis itself. In this minireview, we
explore the current knowledge of the diverse roles of heme sen-
sor proteins.

Heme-responsive Proteins: Defining Features

Heme homeostasis is crucial. Free heme at �1 �M is cyto-
toxic, mainly by producing reactive oxygen species. Iron intake
accounts for only a small proportion of mammalian require-
ments, so iron recycling (particularly from heme) is critical (1).
Tight regulation of heme synthesis/breakdown is needed.
Heme regulates its own fate and controls several other biolog-
ical processes. Heme-responsive proteins elicit cellular
responses by binding/debinding heme or via changes in heme
ligation (e.g. by gases) or redox state. They can be divided into
two classes: nuclear receptor (NR)2 hemoproteins and heme
sensors with no NR function. Each heme-responsive protein
has a heme regulatory motif (HRM), usually containing a CP
motif (2). The Cys residue of the CP motif is an axial heme
ligand.Noother residues are conserved across the protein class.
The wider relevance of the CP motif is unclear because other
hemoproteins (e.g. prostaglandin E2 synthase, chloroperoxi-
dase, and some cytochromes P450) also have a CP motif. The
properties of members of the two main classes are described
below.

NR Hemoproteins

Several heme-binding proteins occur in the NR superfamily,
which is the largest transcription factor superfamily (summa-
rized in Table 1). NRs bind specific DNAmotifs in response to

small molecule signaling. They generally share conserved
domain architecture, with a DNA-binding region containing
two zinc fingers, a ligand-binding domain, and activation
domains (3). Usually, ligand binding induces conformational
changes that dissociate partner proteins, allowing DNA bind-
ing and/or changes to dimerization status or cellular localiza-
tion that enable the protein to elicit a response. A subfamily of
NRs binds heme at their ligand-binding domain and so act as
heme sensors, as discussed below.

Circadian Rhythm Heme Sensors

Circadian rhythms are regulated by feedback loops at tran-
scriptional/translational levels. Heme is critical in this process
(4). In vertebrates, the expression of several day/night cycle
genes, as well as Rev-erb�, is controlled by binding a het-
erodimer of Clock (or NPAS2 (neuronal PAS domain protein
2)) and Bmal1 to their 5�-UTR, thus switching on transcription.
Expression of Bmal1 and NPAS2/Clock is repressed in turn by
binding of Rev-erb� to a homodimeric partner (5). Rev-erb�
and homologs (Rev-erb� and E75, with the latter involved in
insect ecdysone signaling) are heme-regulated NRs (6, 7).
When heme-bound, partner interactions (with NR corepres-
sors) are favored, and target gene transcription is repressed.
Heme-free Rev-erb�/� does not bind partners, and transcrip-
tion proceeds (7). The resting state heme of human Rev-erb� is
ferric and six-coordinate, with axial ligation from His-568 and
Cys-384 in a CP motif (8). In ferrous Rev-erb�, a major five-
coordinate high-spin form with a His axial ligand and a minor
low-spin six-coordinate form are seen (8). Both the phase and
period of circadian cycles are thought to be controlled by
NO/CO levels (9). NO/CO displaces the Cys ligand in ferrous
Rev-erb� to form His-Fe2�-NO/CO species (8). The ability of
NO-bound Rev-erb� to recruit corepressors is reduced,
decreasing transcriptional repression (10). A protein thiol/di-
sulfide redox switch likely regulates Rev-erb� heme binding. In
the reduced (dithiol) protein state, Rev-erb� retains the Cys-
384 ligand with a 5-fold lower Kd for ferric heme than the oxi-
dized form,whereCys-384 andCys-374 formadisulfide, and an
unknown neutral ligand replaces Cys-384. The Kd of reduced
Rev-erb� for ferric (and ferrous) heme is�20 nM, similar to the
intracellular heme concentration and consistent with its heme
sensor role (11).
Covalent heme binding to protein occurs in insect E75 iso-

forms. The inability to dissociate heme suggests a gas sensor/
redox role, and target gene transcription is induced by binding
NO and CO to E75 heme (12). The transcription factor (TF)
NPAS2 is also heme-regulated. It has two PAS (Per-Arnt-Sim)
domains, common in signaling proteins, each ofwhich can bind
one heme and sense CO, leading to dissociation of its DNA-
binding complex with Bmal1, leaving nonproductive Bmal1
homodimers (13). Spectroscopic analysis of its PAS-A domain
suggests bis-His-ligated heme, with CO replacing His in the
ferrous state to enable signal transduction (14). The pathways
of the circadian rhythm proteins are summarized in Fig. 1.
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The photosynthetic bacterium Rhodobacter sphaeroides uti-
lizes PpsR, a heme and redox sensor protein that binds heme at
a HRM as part of its light/dark cycle (15). PpsR has two redox-
active cysteines and, under oxidizing conditions, binds promot-
ers to block tetrapyrrole gene transcription, preventing heme
and bacteriochlorophyll synthesis. Cys and His residues were
proposed as PpsR axial ligands (15). Heme-bound PpsR does
not bind DNA to inhibit transcription of light-harvesting II
peptides and bacteriochlorophyll synthesis genes, but it can
bind and repress heme synthesis genes, preventing heme accu-
mulation (15). Under oxidizing conditions, the hemeCys ligand
instead forms a disulfide to stimulate binding to and repression
of target genes by PpsR apoprotein. PpsR is regulated by bind-
ing the blue light sensor flavoprotein AppA, an antirepressor
that is reduced as O2 tension decreases. AppA may also bind
heme in a domain indispensable for normal gene regulation
(16). PpsR has a CI rather than a CP motif. This novel HRM is
not in its PAS domain, as in most other heme-sensing TFs, but
is in the C-terminal helix-turn-helix, with a proposed His sixth
axial ligand coming from one of the two PAS domains (15).

Iron, Heme, and Oxidative Stress Response

Iron regulatory proteins (IRPs) control mammalian cell iron
levels. Under low iron conditions, IRPs bind iron-responsive
elements (IREs; 28-nucleotide stem-loop regions of mRNA in
3�- or 5�-UTRs of genes important in iron homeostasis) and
prevent mRNA processing/translation. IRP binding upstream
of the gene prevents its translation, whereas binding at the
3�-end stabilizes mRNA by preventing nuclease attack (17).
Mitochondrial aconitase, ALAS2, and ferroportin I genes all
have IREs.
Two IRPs are known and are differentially regulated by cell

iron concentration. IRP1 binds a [4Fe-4S] cluster at high iron
concentrations. This is lost under low iron conditions, allowing
binding to IREs. Under high iron conditions, IRP2 is ubiquiti-
nated in the C-terminal region and degraded (18, 19). IRP2
binds a Cys-ligated heme in a HRM, and heme binding under-
pins its iron-sensingmechanism (19). Hememay bind only to a
truncated IRP2 that is specifically proteolyzed as part of the
regulatory mechanism (20). However, another proposal is that
C-terminal cysteines bind iron directly and that heme has no
role in IRP2 degradation (21).
Irr (iron response regulator) in �-proteobacteria functions

similarly to IRP2. Heme-free Irr binds iron control elements 5�
to the regulated gene. In Bradyrhizobium japonicum, Irr has a
HRM that binds ferric heme, likely Cys-ligated. Heme-bound
Irr is unstable and rapidly degraded, triggering transcription of
several heme biosynthesis genes. A second His-ligated ferrous
heme was also postulated in Irr (22, 23).
Saccharomyces cerevisiae Hap1 activates transcription of

numerous genes in response to oxidative stress. It has seven
HRMs, six in its heme domain and one in the HRM7 domain.
Heme-free Hap1 binds several proteins to form a large com-
plex. Heme-bound Hap1 binds DNA and activates transcrip-
tion. The single HRM7 CP motif is needed for heme binding.
Deletions of other CPmotifs do not abolish Hap1 heme activa-
tion (24, 25).

Bach1

Heme homeostasis is partly controlled at the level of tran-
scription of heme-metabolizing genes. Genes such as the oxi-
dative stress-responsive ho-1 and erythroid-specific ALAS-E
(ALAS2) genes containMaf recognition elements that bindMaf
TFs, which switch from gene repressor to activator depending
on their partner in a heterodimeric complex. Maf partners
include the transcriptional repressor leucine zipper proteins
Bach1 and Bach2 (26). Bach1 has six CPmotifs and binds heme
(27). No single CP motif is essential, but four motifs in the
C-terminal leucine zipper region are important for heme bind-
ing. Removing all CPmotifs prevents heme binding (27). Heme
binding to Bach1 does not causeMaf dissociation but displaces
the heterodimer from the Maf recognition element-binding
site, allowing binding of a different partner to activate tran-
scription. Heme binding targets Bach1 for ubiquitination and
degradation (28).

Non-NR Heme Sensors

The proteins discussed below typically do not bind DNA/
RNA but instead have heme sensor functions.

TABLE 1
Summary of key proteins with known or proposed heme sensor or
heme-based gas sensor functions
The functions of the proteins listed are detailed in text. For IRP2, regulation by iron
(rather than heme) was proposed (21). HRM-mediated heme binding also remains
controversial for HO-2 (33). The role of heme in regulating ALAS1 and ALAS2
import into mitochondria is also disputed (36, 37). Heme inhibits potassium efflux
fromBK channels. However, how heme binds andwhether CO stimulates K� efflux
in a heme-dependent or heme-independent manner has still to be established. A
cytochrome c-type CXXCH motif is present rather than the typical HRM (45–48).
Further studies are also required to establish the physiological relevance of the
apparent heme-mediated inhibition of the arginine transferase activity of R-trans-
ferase and of putative heme binding to stanniocalcin glycoprotein hormones (52–
54). For DGCR8, heme may have a structural role, although a heme redox state
dependence on RNA binding was proposed (50, 51).

Protein HRM Function Ref.

Rev-erb� CP NR; control of
circadian rhythm
genes

6

Rev-erb� CP NR; control of
circadian rhythm
genes

6

E75 CP NR; control of
ecdysone genes

8

Bach1 CP NR; repression of heme
homeostasis genes

27

IRP2a CP NR; transcriptional
control of iron-
associated genes

19

Irr CP NR; transcriptional
control of iron-
associated genes

22

PpsR CI NR; regulation of
photosynthetic light/
dark cycle

15

Hap1 CP NR; oxidative stress
transcriptional
activator

24

HO-2a CP Heme degradation 30
HRI CP eIF2� kinase 40
ALAS1/
2a

CP �-Aminolevulinate acid
synthesis

36

BK channela CXXCH K�-selective ion
channel

43

Stanniocalcin 1a CS Calcium uptake
hormone

53

R-
transferasea

CP Arginine transferase
for polypeptide
breakdown

52

DGCR8a PC miRNA synthesis 49
a For these proteins, heme-based regulation remains controversial.
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Heme Homeostasis

Heme synthesis/breakdown is directly regulated by heme.
HemeoxygenasesHO-1 andHO-2 oxidatively degrade heme to
biliverdin using three molecules of O2 and yielding one mole-
cule of CO and ferrous iron and three H2Omolecules (29). CO
is a signaling molecule in several pathways, and HO is the main
CO source in mammals. The HOs are 55% identical, but HO-2
has three HRMs with CP motifs, whereas HO-1 has none (30).
Incubation of HO-2 with heme yielded a protein with three
hemes, two binding at HRMs and one at the active site of HO-2.
However, no change in activity or heme binding occurredwhen
CPmotif cysteines weremutated to Ala (31), and His-45 ligates
the substrate heme for oxidation (30). In normoxia, a disulfide
forms betweenCys-265 andCys-282 of twoHRMs, with a small
increase in active site heme affinity (32). Disulfide reduction to
dithiol may lower active site heme affinity and increase the cel-
lular heme pool. CP motifs may thus be nonessential for HO-2
heme binding and instead have signaling or molecular interac-
tion functions (31–33).
The ALASs catalyze pyridoxal phosphate-dependent con-

densation of glycine and succinyl-CoA, forming �-aminole-
vulinic acid in the first heme synthesis step. There are two
mammalian forms: ALAS2 (needed for hemoglobin synthesis)
and ubiquitously expressed ALAS1 (maintains basal heme lev-
els) (34). Large precursor ALAS proteins (pre-ALAS) are trans-
ported to mitochondria and cleaved to form mature enzymes.
Several mechanisms control ALAS function, e.g. binding of
IRP2 (under iron-deficient and/or hypoxic conditions) to an
IRE in the 5�-UTRofALAS2mRNA inhibits its translation (35).
ALAS1 and ALAS2 have three HRMs with CP motifs, two
(HRM1 and HRM2) in the presequence and one (HRM3) in
each mature enzyme. Hemin inhibits mouse ALAS2 transport
into mouse mitochondria, but mutating both presequence CP
motif cysteines to serine eliminated the hemin inhibition (36).
However, studies with ALAS-transfected quail fibroblasts
showed that rat ALAS2 mitochondrial import was not affected
by heme. However, ALAS1 import was inhibited by heme, and
studies on Cys-to-Ser mutant CP variants showed that CP

motifs in HRM1 and HRM3 are important in this heme-medi-
ated inhibition (37).

Cellular Homeostasis

Phosphorylation of eIF2 at its � subunit is a cellular stress
response mechanism. eIF2 aids recruitment of Met initiator
tRNA to the 40 S ribosome. The eIF2�-bound GTP is hydro-
lyzed to GDP prior to translational initiation. Phosphorylation
of eIF2 inhibits GDP release, preventing eIF2 from binding a
new GTP and reactivating (38). Different eIF2� kinases
respond to distinct stress signals, e.g. low amino acid levels, UV
stress, or viral infection. The heme-regulated inhibitor (HRI;
eIF2� kinase 1) phosphorylates eIF2� during heme deprivation
or oxidative stress (39). In heme-replete cells, HRI binds heme
with Cys/His coordination and is inactive (40). At low heme
levels, the heme dissociates, and HRI autophosphorylates and
then phosphorylates eIF2 (41). NO may also regulate heme-
bound HRI, potentially forming a five-coordinate NO-bound
ferrous heme to activate eIF2� phosphorylation (42).

BK (big potassium or large conductance Ca2�-activated K�)
channels are K�-selective and regulated by voltage and cal-
cium. All known BK channels have a CXXCH motif (typical of
c-type cytochromes that bind heme covalently) and bind heme
to inhibit K� efflux under hypoxic conditions independent of
Ca2� concentration (43). CO from HO-2 activates BK chan-
nels, putatively by binding ferrous heme iron to allow K� efflux
(44). Studies on a peptide containing the CXXCHmotif (which
binds heme by His coordination) led to a conclusion that heme
is the CO-binding site (45). However, mutating the CXXCH
motif His did not diminish the effect of CO on channel perme-
ability (despite heme loss), possibly because CO might also
interact with an unidentified metal cluster (46, 47). It was also
proposed that BK channels do not bind heme but that CXXCH
motif cysteines form a thiol/disulfide redox switch, similar to
that proposed for Rev-erb� (48). The significance of the BK
channel CXXCHmotif thus remains to be established.
DGCR8 (DiGeorge critical region 8) protein is essential for

cleavage of long primary microRNAs (miRNAs) into short pre-

FIGURE 1. Summary of key vertebrate circadian rhythm pathways. Transcription of several Period (Per) (A) and cryptochrome (Cry) (B) genes is activated by
binding of the NPAS2-Bmal1 heterodimer to their 5-UTRs in forebrain or peripheral organs. In other organs, the NPAS2 paralog Clock fulfills this function. The
PER and CRY proteins can also self-regulate, and their binding to the NPAS2-Bmal1 heterodimer causes dissociation from DNA and switches off their transcrip-
tion (C). In addition, binding of heme and CO to NPAS2 causes dissociation of the heterodimer, switching off PER/CRY transcription (D). NPAS2-Bmal1
expression is also regulated in a heme-dependent manner (shown for NPAS2 here). In a heme-bound state, Rev-erb� recruits heterodimeric NR corepressor
(NCoR) partners to repress transcription. When heme-free, it cannot repress transcription (E).
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cursor miRNA hairpins ready for further processing to form
mature miRNA. Primary miRNA cleavage is catalyzed by the
RNase Drosha, which forms the “microprocessor” complex
with its DGCR8 partner. DGCR8 binds heme with a PC (rather
than CP) motif (49). Spectroscopy suggested that DGCR8 has
two Cys axial ligands, a unique hemoprotein coordination state
(50). The role of DGCR8 is not resolved, but RNA may bind
ferric (not ferrous) hemoprotein (51). Heme may enable
DGCR8 homodimer formation, with a Cys from each polypep-
tide as axial ligands (50).
There are two other examples. 1) R-transferase is an Arg-

tRNA-protein transferase that links anArg to theN terminus of
a protein, targeting its breakdown by theN-end rule pathway. It
has two HRMs with CP motifs. Heme binding to mouse/yeast
R-transferase inhibits arginylation and induces formation of a
disulfide (Cys-71 andCys-72 inmice) in oneHRM(52). 2) Stan-
niocalcins are glycoprotein hormones with roles in vertebrate
calcium uptake. STC1 was suggested to contain a HRM and
bind heme from studies with a 10-amino acid peptide of the
postulated heme-binding region (53). Heme binding to
intact STC1 was not shown. Heme binding was proposed to
occur at a CS (not CP) motif. However, it was also reported
that this Cys forms a disulfide and does not bind heme (53,
54) and that STC1 may operate a thiol/disulfide redox
switch, as described above (54). HRM-containing heme sen-
sors are summarized in Table 1.

Gas Sensor Proteins

Many gas-binding hemoproteins are known. Oxygen trans-
porters (e.g. hemoglobin) and O2 reductases (e.g. cytochrome c
oxidase and P450 cytochromes) are “poisoned” by CO and NO
binding to ferrous and ferric/ferrous hemes, respectively. NOS
enzymes make NO as a cellular effector (55). CO is produced
endogenously by HOs. Both gases have regulatory roles, many
mediated by binding hemoproteins. Signaling is often achieved
by structural perturbation following heme iron ligation and
transmission of effects by altered activity (e.g. DNA binding or
phosphorylation) in an adjacent domain. Thus, free energy
changes upon gas binding/debinding are transformed into con-
formational changes to trigger alterations in activity and signal-
ing induction. General features of the burgeoning class of heme
gas sensors are given below (56).

CooA

The purple proteobacterium Rhodospirillum rubrum uses
CO as an energy source under anaerobic dark growth condi-
tions. CooA regulates the pathway, binding CO to activate
expression of genes for oxidation of CO to CO2 and reduction
of protons to H2 (57). CooA is a homodimeric heme-binding
cAMP receptor protein (CRP) transcriptional regulator family
member that binds CO cooperatively (58). Inactive ferric CooA
has a Cys-75 thiolate heme ligand, which switches to His-77 in
ferrous CooA. In the active CO-bound form, His-77 coordina-
tion is retained (59). The reduced CooA dimer structure con-
firmed His-77 as the axial ligand, revealing the N-terminal pro-
line (Pro-2) of the opposite monomer as the heme sixth ligand
in both units (60). CO displaces Pro-2 to activate CooA (sup-
plemental Fig. S1). CooA resembles Escherichia coli CRP in

structure, but reorientation of CooA DNA-binding domains is
needed to produce a transcriptionally active state (61). CO
bindingmay accompany a shift in hemeposition to a hydropho-
bic cavity and movement of the C-helix of CooA toward the
opposite heme to restructure the CO-binding pocket. This
switch reorganizes a hinge between the C- and D-helices to
enable DNA-binding domains to interact with DNA (61). Car-
boxydothermus hydrogenoformans CooA structures support
this model, showing a semi-apo state of the CooA dimer, with
heme-bound monomer in a CO-bound form revealing a heme
and C-helix displacement (62). An imidazole-“sensing” CooA
mutant enabled distal imidazole ligation to both Cys-75 (Fe3�)
and His-77 (Fe2�) proximally coordinated forms. Only the
Fe2�-imidazole adduct was transcriptionally active, consistent
with the importance of the heme Fe2�-dependent ligand switch
and heme repositioning in activating CooA (63).

FixL

FixL is an O2 sensor in the N2-fixing bacteria Sinorhizobium
meliloti andB. japonicum, inwhich aHis-ligated heme in a PAS
domain communicates with a response regulator (FixJ) (64).
The FixL N-terminal domain binds heme. The C-terminal
domain is a histidine kinase. B. japonicum FixL is cytoplasmic
with two PAS domains, the second of which binds heme.
S. meliloti FixL has one heme-binding PAS domain and is
attached to the innermembrane (65, 66). Both FixL proteins are
dimers and interact with two molecules of the transcriptional
regulator FixJ (67). FixL-FixJ is sensitive to environmental [O2].
FixL hasO2Kd values (B. japonicum, 140�M; and S. meliloti, 50
�M) in the [O2] ranges inwhich it triggers target gene transcrip-
tion (68). The five-coordinate (deoxy) FixL is “active” and
directs induction of genes encoding high O2 affinity terminal
oxidases for microaerobic respiration (the likely main role of
FixL in non-N2-fixing bacteria/archaea) and for nitrogenase
subunits (S. meliloti) or denitrification enzymes (B. japonicum)
(67). Activation relates toHis kinase activity, and theO2-bound
form is inactive. The �-phosphate transfer from ATP (and O2
sensing) occurs in the FixL-FixJ dimer complex (69). Confor-
mational change in the five-coordinate state enables autophos-
phorylation of a conservedHis in each FixL that precedes phos-
phate transfer to a target Asp on each FixJ to activate
transcription (Fig. 2) (67). FixL heme is ferrous, but oxidation to
the ferric form either does not affect FixJ phosphorylation rate
(B. japonicum) or inhibits it by 100-fold (S. meliloti) (70, 71).
This likely relates to conformational differences that impact on
phosphate transfer efficiency. The high-spin ferrous heme iron
in deoxy-FixL is active, but O2 binding shifts it to low spin,
alters its position relative to the heme plane, and induces con-
formational changes, including reorientation of a conserved
arginine (Arg-220 in B. japonicum and Arg-214 in S. meliloti)
that disrupts heme propionate interactions and allows its
H-bonding to the O2 ligand (56). FixL inhibition by NO/CO is
less effective than in the Fe2�-O2 complex. Themore polarized
nature of the Fe2�-O2 bondmay explain the difference. Only in
B. japonicum FixL O2 and cyanide complexes does Arg-220
move to interact with the sixth ligand, with cyanide about half
as effective as O2 in inactivating B. japonicum FixL (71, 72).
Quaternary structural organization of FixL/FixJ is pivotal for
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both O2 sensing and phosphorylation/phosphate transfer steps
to enable gene regulation.

Soluble Guanylate Cyclase

cGMP is made from GTP by guanylate cyclases (GCs) in
response to Ca2� levels (73). cGMP activates kinases, ion chan-
nels, and phosphodiesterases (PDEs) (73). Mammalian soluble
GCs (sGCs) are NO-binding hemoproteins (55). The sGCs are
heterodimers of �/� subunits found in most tissues. The �/�
subunits are homologous, and two isoforms of each are known
(73). Themost common sGC combination is�1/�1, but�2/�1 is
highly expressed in some tissues (e.g. brain). The�2 subunit has
not been well studied but may be the only sGC form functional
as a homodimer (74). The �/� subunits are different sizes (e.g.
690/619 amino acids for rat �1/�1) with four component
domains (73). The minimal heme-binding region is in the first
�200 residues of �1. The domain is a H-NOX (heme-nitric
oxide/oxygen binding) family member (73). This is followed by
PAS and coiled-coil domains, both likely involved in sGC

dimerization. The C-terminal domains are catalytic subunits
that dimerize to enable cGMP formation, although the �1
N-terminal region may also be important in dimerization (75,
76). Bovine sGC binds �1 heme/heterodimer, and studies of
N-terminally truncated human �1 indicated that the heme
binding and NO sensitivity of the �1/�1 subunit complex were
unaffected (77). The bovine sGC �1 H105F mutant produced a
non-NO-responsive heme-free heterodimer, revealing His-105
as a heme ligand. A His residue is absent in the corresponding
part of the �1 domain, but this domain may still have heme
affinity (73, 78, 79). Insights into sGC heme domain structure
come from prokaryotic H-NOX proteins (Fig. 3) (73). The
Thermoanaerobacter tengcongensisH-NOX structure revealed
His-102 as a heme ligand (80). Structural/spectroscopic data for
sGC �1/�1 and H-NOX proteins indicate a distorted heme
occupying different conformations (73). Binding of chemical
activators of sGC �1/�1 leads to a more planar heme, but it is
unclear whether this induces or results from enzyme activation
(81). The sGC �1 iron-His bond breaks rapidly on binding NO,

FIGURE 2. FixL mechanism. The upper panel shows the FixL mechanism in the presence of oxygen, whereas the lower panel shows the mechanism under
anaerobic conditions. FixL is shown as a red square, with the heme iron represented as a dot in the center with lines to indicate the tetrapyrrole ring. The iron
is shown in purple for the high-spin ferrous state (for deoxy-FixL) and in red for the low-spin ferrous state (when bound to oxygen). In the absence of oxygen
(lower panel), the His-ligated FixL dimer associates with a FixJ dimer (blue circles) to form a complex that can bind ATP. The FixL dimer can also bind ATP in the
absence of FixJ but with much lower affinity. FixJ preferentially exists as a heterodimeric complex with FixL when it is non-phosphorylated. Once ATP is bound,
a conserved FixL histidine residue is phosphorylated, releasing ADP. The phosphate is then transferred to a conserved aspartate residue on FixJ and stabilizes
the FixJ dimer. FixJ undergoes a conformational change, and the FixL-FixJ complex dissociates. Free phosphorylated FixJ then activates transcription of target
genes. Binding of O2 (or to a lesser extent, CO or NO) causes a conformational change in FixL and switches the heme iron spin state from low spin to high spin
(upper panel). CO and NO bind FixL more tightly than O2 but are less effective inhibitors of kinase activity. In the O2-bound state, association with FixJ and
binding of ATP are unaffected, but FixL cannot be phosphorylated, and therefore FixJ cannot be switched on as a transcriptional activator. Oxygen dissociation
reactivates the system (67–71).
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and structures of aH103Gmutant and the Fe2�-COcomplex of
WT Shewanella oneidensisH-NOX show that large changes in
both heme and H-NOX conformation accompany His ligand
cleavage. Precisely how ligand-dependent events regulate activ-
ities of the associated His kinase (in S. oneidensis H-NOX) or
GC domains is unclear (73, 82). However, sGC Fe2�-NO and
(less effectively) Fe2�-CO complexes stimulate cGMP synthe-
sis. O2 is disfavored as a ligand to ferrous iron despite its higher
cellular concentration. A lack of H-bond-donating residues (as
found in oxygen-binding globins) resulting in faster O2 dissoci-
ation rates in sGC/H-NOX is a potential explanation for weak
O2 binding (73, 83). Steric constraints are likely also important
(84). This discrimination allows sGC to respond efficiently to
Ca2�-stimulatedNOproduction.Mg2�-GTP orMg2�/cGMP/
PPi accelerates NO-bound ferrous sGC�1 iron-His bond cleav-
age, whereas ATP inhibits formation of a five-coordinate
Fe2�-NO complex (85). Elevated NO levels also stimulate sGC.
A secondNObinds to the proximal (opposite) side of the heme,
transiently forming bis-NO sGC. The distal NO then dissoci-
ates, leaving a more active sGC with NO bound at the heme
proximal face (Fig. 3) (86). Studies on Alcaligenes xylosoxidans
cytochrome c� reveal similar six- and five-coordinate
NO-bound forms, with conversion to a five-coordinate state
showing [NO] dependence. H-NOX consecutively forms two
spectrally distinct bis-NO complexes. H-NOX converts only
partially to a five-coordinate state and undergoes conforma-
tional change on heme oxidation, perhaps pointing to a redox
(rather than NO) sensor role (84).

DosS and DosT

DosS and DosT (with response regulator DosR) regulate the
transition of Mycobacterium tuberculosis from a replicating
form to a “persistent” latent state that is unresponsive to anti-
biotics (87). Understanding how M. tuberculosis switches in
and out of latency is crucial for development of effective
drugs. Conditions associated with M. tuberculosis latency are
decreased [O2] and/or increased [NO] (88). TheDos gene regu-
lon is induced under such conditions, controlled by the two-
component regulators dosS/dosR and dosT/dosR (89). Dos
regulon induction is essential for M. tuberculosis survival/re-
covery on exposure to hypoxia, NO, and CO, conditions faced
on host infection and immune response activation (87). DosS/
DosT are autokinases that phosphorylate a conserved His and
then transfer phosphate to DosR Asp-45 to up-regulate target
genes (90). DosS andDosThave a similar architecture, with two
N-terminal GAF (cGMP-specific phosphodiesterases, adenylyl
cyclases and FhlA) domains. Heme binds only to GAF-A. The
topology of GAF is similar to that of PAS domains, but the
Mycobacterium smegmatisDosS GAF-B structure shows alter-
ations (relative to other GAF domains) that suggest that cyclic
nucleotide binding is unlikely and that it may instead interact
with GAF-A to help structure its heme-binding pocket (91).
His-149 is the M. tuberculosis DosS GAF-A heme ligand, but
heme still binds DosS in a non-ligated form, unless hemin is
omitted from growthmedium inDosS-expressing cells (92, 93).
TheM. tuberculosisDosT structure confirms the invariantHis-

FIGURE 3. Heme ligand binding/switching mechanisms in sGC. The heme tetrapyrrole ring is represented as a square with the ferrous (Fe2�) iron bound. In
the resting state, the heme has His coordination with no sixth ligand (A). This form has only very low activity (red circle). Binding of CO as the sixth ligand yields
a form with a 4-fold increase in activity (B; dotted green circle). At stoichiometric NO levels, distal NO binding first produces a six-coordinate species (C). The
proximal His then dissociates, yielding a five-coordinate distally NO-bound form with low GC activity (D; solid green circle) (73). Alternatively, in more rapid
reactions in the presence of excess NO, a second NO molecule binds at the proximal side of the heme, displacing the His (E). The distal NO then dissociates,
leaving a high GC activity five-coordinate proximally NO-bound form (F; double green circle) (86). The low (D) and high (F) activity five-coordinate NO-bound
forms can be distinguished by EPR spectroscopy. Preincubation of sGC substrate (Mg2�-GTP) or products (Mg2�/cGMP/PPi) with sGC at stoichiometric NO
concentrations may also lead to the high activity form (curved arrow), although ATP competes with GTP and can instead lead to formation of a low activity form
(likely species D) (73). The low activity NO-bound form (D) may be less stable and more prone to deactivation in a process that may not involve dissociation of
the distal NO ligand (73, 86). A distinct “desensitization” of sGC to repeated exposure to NO may result from nitrosation of a sGC protein thiol (73). The sGC
allosteric stimulator YC-1 (5-(1-(phenylmethyl)-1H-indazol-3-yl)-2-furanmethanol) may convert the low activity form (D) to the high activity state (F) and also
substantially stimulates the sGC activity of the CO-bound form (B). YC-1 was also reported to decrease the rate of sGC deactivation, despite enhancing the NO
dissociation rate (73). Other such allosteric stimulators of sGC are also known (e.g. BAY 41-2272 (3-(4-amino-5-cyclopropylpyrimidine-2-yl)-1-(2-fluorobenzyl)-
1H-pyrazolo[3,4-b]pyridine)) (73, 85).
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147 as the heme iron ligand. Tyr-169 H-bonds to O2 in the
DosT O2 complex. In DosS, Tyr-167 provides a H-bond to the
sixth ligand H2Omolecule (92). DosS ferrous heme iron is rap-
idly autoxidized to the met (ferric) state, whereas DosT forms a
stable Fe2�-O2 complex. Autokinase activity is increased in fer-
rous DosS and in deoxy-DosT, suggesting that DosS is a redox
sensor and that DosT is a hypoxia sensor, with activities mod-
ulated by O2, NO, and CO in vitro (94). However, the in vivo
situation ismore complex.Differential expression ofdosT (con-
stitutive in anaerobic dormancy and in aerobic growth) and
dosS (induced by hypoxia, CO, and NO) suggests that DosT
induces the Dos regulon in response to hypoxia, and then DosS
(induced by the action of DosT) continues to induce the regu-
lon once DosT is inactivated (87). Ascorbate (a cytochrome c
reductant) and menaquinone induce the Dos regulon under
aerobic conditions, suggesting links to theM. tuberculosis res-
piratory chain (87).

Other Gas Sensors

Another sensor hemoprotein is human cystathionine �-syn-
thase (CBS). CBS is critical to sulfur metabolism, catalyzing
pyridoxal phosphate-dependent condensation of homocys-
teine and serine to make cystathionine, which is hydrolyzed by
cystathionine �-lyase form cysteine (95). CBS binds heme in an
N-terminal domain with His-65/Cys-52 ligands. CO displaces
Cys-52, forming a six-coordinate ferrous complex, whereasNO
forms a five-coordinate complex and dissociates both heme
axial ligands (96). CO inhibits CBS completely, although the
mechanismof signal transduction and the physiological role are
unclear (96). However, CBS and cystathionine �-lyase can pro-
duceH2S in non-classical reaction pathways, andCO-mediated
inhibition of H2S release by CBS might improve bile output by
stimulating HCO3

� excretion through H2S-sensitive channels
(97). Another key example is the E. coli direct oxygen sensor.
E. coli Dos binds heme to the first of two PAS domains in the
N-terminal region of the protein. E. coli Dos has both cAMP
and cyclic di-GMP PDE activity, in the former case, producing
5�-AMP and preventing cAMP from interacting with its recep-
tor CRP. It is a ferrous protein with His-77/Met-95 heme
ligands. Met-95 is displaced by O2 (and, for example, NO and
CO), resulting in enhanced PDE activitymediated by the C-ter-
minal region, which contains GGDEF and EAL subdomains
(98) associated with cyclic di-GMP synthesis and PDE activi-
ties, respectively, and named after amino acid residues associ-
ated with activities of such domains (56). The GGDEF sub-
domain is likely inactive because it lacks key residues needed for
diguanylate cyclase activity. Arg-97 H-bonds to heme-bound
O2, stabilizing the oxyferrous form by lowering its autoxidation
rate (99). E. coli Dos was also suggested to be a redox sensor
because the ferric state (readily formed in vitro with H2O
replacing the Met-95 ligand) has diminished PDE activity with
cAMP (98). However, the reduced cytoplasm of E. coli and sta-
bilizing Arg-97/O2 interactions probably maintain the oxyfer-
rous form in vivo. A further example is RcoM-2 fromBurkhold-
eria xenovorans, which undergoes a redox-dependent heme
ligation switch (Cys to Met) and is implicated in the transcrip-
tional response to CO (100).

Summary

The recognition of novel physiological roles for heme in, for
example, gas sensing and transcriptional regulation has stimu-
lated extensive research. Key roles for heme in regulating phys-
iological functions such as circadian rhythms, ion channel
activity, and miRNA biogenesis are now clear, as is heme func-
tion in gas sensing, e.g. in cGMP synthesis and signal transmis-
sion, and in regulating microbial respiration and denitrifica-
tion. However, many challenges remain to clarify roles of CP
“motifs” in heme binding in some cases (cf. forming disulfides,
for instance) and to define mechanisms by which gas ligand
binding induces structural changes that activate enzymes such
as sGCs for cGMP synthesis andDosT for autophosphorylation
and phosphate transfer to regulate transcription. A century
after its structural characterization, the versatility of heme in
biology continues to surprise, and its myriad functions are still
not fully understood.
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Contrary to the traditional view that bacterial populations are
clonal, single-cell analysis reveals that phenotypic heterogeneity
is common in bacteria. Formation of distinct bacterial lineages
appears to be frequent during adaptation to harsh environ-
ments, including the colonization of animals by bacterial patho-
gens. Formation of bacterial subpopulations is often controlled
by epigenetic mechanisms that generate inheritable phenotypic
diversity without altering the DNA sequence. Suchmechanisms
are diverse, ranging from relatively simple feedback loops to
complex self-perpetuating DNAmethylation patterns.

The term “epigenesis” was introduced into contemporary
biology by Conrad Waddington, a British visionary embryolo-
gist, to describe how cell lineages are formed during the devel-
opment of multicellular eukaryotes (1, 2). During differentia-
tion of eukaryotic tissues, genetically identical cells diversify
into distinct lineages by inheritable changes in gene expression
without loss or alteration of the DNA sequence. Many decades
after Waddington, a universally accepted definition of epige-
netics remains to be agreed upon. However, a tentative defini-
tion may be that epigenetics addresses the study of cell lineage
formation by non-mutational mechanisms.
Most textbooks and reviews on epigenetic gene regulation

concern only eukaryotes. One reason may be the enormous
success of eukaryotic epigenetics and its implications for
human disease. In addition, bacteria have been traditionally
viewed as clonal populations of genetically identical cells with
phenotypes merely reflecting their genetic constitution. This
view is, however, naïve. Certain bacterial genera undergo com-
plex developmental programs that involve cell differentiation.
Spore formation by Bacillus subtilis (3), differentiation of Rhi-
zobium into nitrogen-fixing bacteroids (4), asymmetric cell
division in Caulobacter (5), formation of fruiting bodies by
Myxococcus (6), heterocyst formation in cyanobacteria (7), and
biofilm formation in many bacterial species (8, 9) are well
known examples of bacterial development. In all of these phe-
nomena, bacterial cells with distinct morphological and physi-
ological properties are formed while the genome DNA
sequence remains intact.

Formation of phenotypically distinct cells in populations
made of genetically identical bacteria is not restricted to devel-
opmental programs. In the last few decades, the introduction of
single-cell analysis in bacteriology has revealed many examples
of subpopulation formation. For instance, clonal populations of
bacteria can sometimes bifurcate into two distinct states, a phe-
nomenon known as bistability (10, 11). Reversible bistability,
traditionally known as phase variation, is also common (12).
Transition at high frequency between two or more phenotypic
states (13) can occur through mutations at genomic repeat
sequences (14, 15) or via site-specific recombination (16–19).
In other cases, bistability and phase variation are controlled by
epigenetic mechanisms with strikingly different levels of com-
plexity, from the propagation of simple feedback loops to the
formation of DNA methylation patterns reminiscent of chro-
matin modification in eukaryotic cells (20–22).
Subpopulation formation can often be observed in the labo-

ratory. However, it may be especially relevant in natural envi-
ronments, either as an adaptive strategy (e.g. to evade the
immune system and other host defenses during bacterial infec-
tion) or as a bet-hedging strategy that may facilitate survival if
environmental changes occur (23). Relevant examples of phe-
notypic heterogeneity in natural environments are the forma-
tion of “persisters” (dormant bacterial cells resistant to antibi-
otics) (24, 25), the formation of lineages during Salmonella
colonization of animals (26–28), and the bistable expression of
extracellular matrix genes during biofilm formation by B. sub-
tilis (9).
Even though subpopulation formation can be seen as the

execution of intrinsic bacterial programs, it often involves sto-
chastic events. For instance, random fluctuations in gene
expression, a phenomenon known as “noise,” can establish cell-
to-cell differences in an isogenic population of bacteria (29).
These quantitative differences can become qualitative (30) in
the sense that expression above a critical threshold will provide
a distinct signal, and expression below the threshold will pro-
vide a different signal (21, 31). Propagation of these signals by
feedback loops enables the formation of epigenetic lineages
(Fig. 1).

Formation of Epigenetic Lineages by a Positive Feedback
Loop

Bistable gene expression occurs when a unimodal pattern of
gene expression becomes bimodal, bifurcating into two distinct
patterns (10, 32). Bistability can be generated either by a posi-
tive feedback loop or by a double-negative feedback loop (22,
33). A classical example of bistability generated by a positive
feedback loop was described in the Escherichia coli lac operon
(34). When added at high concentrations, the gratuitous
inducer isopropyl �-D-thiogalactopyranoside (IPTG)3 fully
derepresses the lac operon. At low concentrations, however,
IPTG is unable to induce a naïve (uninduced) culture.However,
if a fully induced culture is transferred to medium containing

1 To whom correspondence may be addressed. E-mail: casadesus@us.es.
2 To whom correspondence may be addressed. E-mail: david.low@lifesci.

ucsb.edu. 3 The abbreviation used is: IPTG, isopropyl �-D-thiogalactopyranoside.
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low concentrations of IPTG, a subpopulation of cells is able to
maintain the fully induced state (34). Maintenance occurs
because fully induced cells have a high level of �-galactoside
permease in their membrane. The permease transports IPTG,
providing a high internal concentration of inducer, which
maintains full induction (32, 34). The positive feedback loop in
this system is that a high level of permease is required to con-
centrate IPTG in the cell, and high internal IPTG levels are
required for high levels of permease synthesis (34). In other
cells, however, a decrease in the internal concentration of
inducer will reduce permease synthesis, which in turn will
cause further reduction in the internal concentration of IPTG,
driving the cell toward the repressed state via binding of the
LacI repressor. The overall consequence is that a fully induced
population bifurcates into two bistable states: fully induced and
uninduced (repressed) (32–34).
Errorsmade during transcription can also provide signals for

epigenetic switching in the E. coli lac operon (35). An increased
error rate during transcription, caused either bymutations that
reduce transcription fidelity of RNA polymerase or by the
absence of transcription fidelity factors GreA and GreB,
increases switching of the lac operon from the off state (unin-
duced) to the on state (induced) (35). The interpretation is that
errors in lacImRNA synthesis cause a transient decrease in the
Lac repressor level, which permits switching to the on state (35,
36). Note that an uninduced E. coli cell contains�10molecules
of the Lac repressor, an amount small enough to make the sys-
tem noisy and therefore metastable. Perturbation of this deli-
cate equilibriumby transcription inaccuracy can switch the sys-
tem to the on state. Even though the decrease in the Lac
repressor concentration is transient, synthesis of permease will
generate a positive feedback loop that will maintain in the on
state in certain cells (34). Lac bistability is not observed in cells
containing a 10-fold higher Lac repressor level, consistent with
the hypothesis that switching occurs only under conditions in
which repressor levels are subsaturating.
Another classical example of bistability occurs in B. subtilis.

Upon entry into stationary phase, a fraction of B. subtilis cells
acquire the capacity to take up DNA, a phenomenon known as
competence (10). A crucial factor for competence development
is accumulation of ComK, which activates genes required for
DNA uptake as well as the comK gene itself (37). During expo-
nential growth, ComK is synthesized but degraded. When the
culture approaches stationary phase, a quorum sensing-related

factor stabilizes ComK (38, 39). At that moment, a competition
is initiated between several repressors andComK for binding to
regulatory regions of the comK promoter (40, 41). Binding of
ComK initiates a positive feedback loop, leading to increased
synthesis of ComK and subsequent transcription of compe-
tence genes. Binding of the repressors inhibits comK expression
and prevents competence. A crucial property for bifurcation of
the population into two subpopulations is that the level of
ComK in individual cells fluctuates, generating stochastic
noise.When the ComK level reaches a threshold in a B. subtilis
cell, a quantitative difference becomes qualitative: the ComK
positive feedback loop will be activated, and competence will
develop (42–44). Development of competence thus occurs in
cells that undergo a small but critical increase in ComK con-
centration (Fig. 2). In turn, comK will be repressed in cells in
which the ComK level remains below the threshold, and they
will not develop competence (Fig. 2) (43).

Formation of Epigenetic Lineages by a Double-negative
Feedback Loop

Infection of E. coli by bacteriophage � can follow two devel-
opmental programs.One is lysis of the bacterial cell; the other is
lysogeny, a symbiosis-like association inwhich the phage enters
a dormant state. Although the lysis/lysogeny decision is influ-
enced by the physiological state of the cell and by environmen-
tal factors, the fate of individual infections is unpredictable and
may be considered stochastic (33, 45, 46). Phage � has two
repressors, cI and Cro, each of which represses expression of
the other. At the onset of infection, both repressors are pro-
duced, and the lysis/lysogeny decision may be viewed as a
repressor race: the repressor that first occupies specific regula-
tory DNA sites in � DNAwill repress synthesis of its antagonist
(45). If the winner is Cro, synthesis of cI will be repressed, and �
will lyse the host cell (Fig. 2). If the winner is cI, synthesis of Cro
will be repressed, and�will lysogenize the cell (Fig. 2) (45).Note
that the outcomes of a positive feedback loop and a double-
negative feedback loop are analogous (22, 33). In the case of �,

FIGURE 1. Left panel, Waddington’s artistic drawing of an “epigenetic land-
scape” as a ball that falls to stable valleys from unstable ridges (adapted from
Ref. 1). Right panel, bistability viewed as the fall of a ball from an unstable state
on a ridge to a stable state in a valley. In phase variation, the valley state is
metastable, and the ball periodically returns to the ridge.

FIGURE 2. A, competence development in B. subtilis, an example of bistability
created by a positive feedback loop. B, the lysis/lysogeny decision in bacte-
riophage �, an example of bistability created by a double-negative feedback
loop.
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preventing the synthesis of Cro by cI is equivalent to positive
autoregulation of cI and vice versa.

Phase Variation via DNA Methylation Patterns

A common epigenetic mechanism to regulate switches
involves the formation of DNA methylation patterns (47, 48).
This occurs when amethylation sequence onDNAoverlaps the
binding site for a protein, and methylation of that sequence is
blocked (49, 50). For example, most GATC sites in the E. coli
chromosome are fully methylated except for a short time fol-
lowing DNA replication, in which they are hemimethylated.
However, a few sites are stably unmethylated due to binding of
proteins at sites that overlap or are adjacent to a GATC site,
competingwithDam for binding and blockingmethylation (47,
48, 51). Two such GATC sites in the pap (pyelonephritis-asso-
ciated pili) operon of uropathogenic E. coli orchestrate Pap
pilus phase variation (52, 53). The core of the Pap switch con-
sists of two sets of binding sites, 1–3 and 4–6, within the pap
promoter region for the global regulator known as the leucine-
responsive regulatory protein, Lrp (54). Lrp appears to be pre-
dominantly a tetramer of dimers (octamer), with three Lrp
dimers binding to three pap sites, leaving one dimer unbound
(Fig. 3) (55–57).
A GATC site is present within site 2 (GATCprox) and site 5

(GATCdist); methylation of these sites affects Lrp binding, as
discussed below. Lrp binds cooperatively to a set of three pap
sites, but occupancy of all six Lrp sites occurs infrequently due
to a mutual exclusion mechanism that requires negative DNA
writhe (supercoils) (58). Lrp binding to sites 1–3 (Fig. 3, red
boxes) blocks methylation of GATCprox and also blocks pap
transcription because the RNA polymerase �70-binding site is
in this region (Fig. 3A) (59). In contrast, binding of Lrp to sites
4–6 (Fig. 3, green boxes) blocks methylation of GATCdist and
helps to activate pap transcription (60). The role of Lrp in acti-
vating transcription may be to bend DNA, facilitating binding

of catabolite gene activator protein to the RNA polymerase
�-subunit (61).
Transition from the phase off state to the phase on state

requires two pap-encoded regulators, PapI and PapB. PapI
increases the affinity of Lrp for pap sites 2 and 5 via an
ACGATC sequence present in each site (52, 56, 62). PapB, the
product of the first gene of the pap operon, binds near the papI
promoter and activates papI transcription, forming a positive
feedback loop (Fig. 3D, dashed arrow) (63). Methylation of
GATCprox is required for the off-to-on transition because it
lowers the affinity of PapI/Lrp for site 2, increasing the proba-
bility that PapI/Lrp will bind to sites 4–6 and initiate transition
to the on phase (58). For this to occur, Lrp bound at sites 1–3 in
off phase cells must dissociate to allow methylation of
GATCprox by Dam. This likely occurs as the replication fork
passes through the pap regulatory region, and a hemimethyl-
ated GATCdist site is generated (Fig. 3B). The affinity of PapI/
Lrp for hemimethylated pap sites 4–6 is significantly higher
than for the fully methylated DNA (52, 56). If PapI/Lrp binds to
site 5 before Dam methylates the daughter strand, cooperative
binding of Lrp/PapI to sites 4–6 will occur to initiate transition
to the phase on state. Evidence indicates that a dimer of Lrp and
amonomer of PapI bind to pap site 5 (56). This transition is also
dependent on dissociation of Lrp from sites 1–3 and methyla-
tion ofGATCprox: increasing the off rate (kdis) of Lrp at sites 1–3
increases the off-to-on rate (64).
Dam methylase is highly processive, such that �130 Dam

molecules can efficiently methylate �20,000 genomic GATC
sites (65). Thus, when Dam methylates GATCprox, it should
have a high propensity to methylate the adjacent GATCdist site
before dissociating from DNA. This would block PapI/Lrp
binding to site 5 and block transition to the on phase (60).
Recentwork has shown that the presence of a poly(A) tract 5� to
the two papGATC sites decreases the processivity of methyla-

FIGURE 3. Model for the pap off-to-on state transition, an example of a bistable switch controlled by DNA methylation patterns. A, in the phase off state,
an octamer of Lrp (a tetramer of dimers; only one tetramer is depicted) binds cooperatively to promoter-proximal sites 1–3 (red boxes). Lrp binding to sites 1–3
inhibits further binding of Lrp to sites 4 – 6 (green boxes) by mutual exclusion. B, immediately following passage of the replication fork (REP 1), the two daughter
chromosomes become hemimethylated. Only the daughter chromosome methylated on the top strand is shown (filled circle above Lrp-binding site 5). C, two
stochastic events occur in which PapI facilitates Lrp binding to sites 4 – 6, and Dam (DNA adenine methylase) methylates both strands of the proximal GATC site.
Binding of Lrp at sites 4 – 6 reduces the affinity of Lrp for sites 1–3 by mutual exclusion and facilitates activation of pap transcription via cAMP-catabolite gene
activator protein/RNA polymerase binding (not shown). Methylation of GATCprox reduces the affinity of PapI/Lrp for sites 1–3 and is required for transition to
the on phase (98). D, one additional round of DNA replication (REP 2) completes transition to the phase on state, in which GATCdist is fully unmethylated. The
on phase is self-perpetuating due to a bidirectional feedback loop between PapB and PapI (dashed arrow). The PapB level rises due to activation of transcription
of the first gene of the pap operon, papB. PapB binds near the papI promoter, increases the PapI level via activation of papI transcription, and helps maintain the
on state via binding of PapI/Lrp to sites 4 – 6.
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tion by reducing the rate of methyl transfer (kchem) (66). This
may be necessary to allow PapI/Lrp to compete with Dam for
access to hemimethylated GATCdist sites following DNA repli-
cation (67).
The phase on-to-off transition, which occurs at an�100-fold

higher rate than the off-to-on transition (47), has not been ana-
lyzed in detail. Following DNA replication, cells in the phase on
state contain a hemimethylated GATCdist site and a fully
unmethylated GATCprox site. If Dam methylates GATCdist,
binding of PapI/Lrp will be inhibited, providing an opportunity
for Lrp binding at sites 1–3 due to release of mutual exclusion.
Notably, binding of Lrp to site 2 is unaffected bymethylation of
GATCprox (52); therefore, the key step must be competition of
Dam and PapI/Lrp for binding at site 5. Formation of the phase
off DNAmethylation pattern requires two rounds of DNA rep-
lication to convert a fully methylated GATCprox site to a fully
unmethylated site.
The on and off pap transcription states are each self-perpet-

uating and heritable. In the off state, GATCdist is fully methy-
lated, preventing PapI/Lrp binding to sites 4–6 (Fig. 3A). Con-
versely, in the on state, PapI expression is high due to the PapB
positive regulatory feedback, andGATCprox is fullymethylated,
preventing PapI/Lrp binding to sites 1–3 (Fig. 3D). In addition,
it is likely that both the off and on states are stabilized bymutual
exclusion (58).
The pap switch is modulated by additional transcription fac-

tors that are environmentally responsive, including H-NS,
RimJ, and CpxR. Transcription of pap is blocked at 23 °C by
H-NS, which binds to the pap regulatory region and blocks
GATCmethylation (68). H-NS alsomodulates Pap switching at
37 °C in response to high osmolarity and other environmental
conditions (69, 70). This may occur by altering PapI/Lrp bind-
ing to pap regulatory sites, but the mechanistic details are
unknown. RimJ, which acetylates ribosomal protein S5, inhibits
transition to the on state in response to temperature and other
environmental conditions by an unknown mechanism (71).
TheCpxAR two-component regulatory system responds to cell
envelope stress by phosphorylation of CpxR. Phosphorylated
CpxR binds specifically to the pap regulatory region, competes
with Lrp, and blocks pap transcription, whichmay protect cells
from further cell envelope damage (72–74).

Other Switches Regulated by DNA Methylation Patterns

Many methylation-dependent phase variation systems have
been identified since the initial discovery of the Pap system.
Someof these systems, such as foo, clp, andpef, which all encode
pili, are designed similarly to the pap switch (75–77). Remark-
ably, the latter two systems have a reversed architecture in
which the PapI homologs ClpI and PefI act as negative regula-
tors. Other methylation-controlled switches use DNA-binding
proteins other than Lrp, including OxyR and Fur. The best
characterized system is agn43, which controls the expression of
antigen 43 (78, 79), an outermembrane protein that plays a role
in biofilm formation and pathogenesis (80, 81). OxyR binds
three GATC sites in the agn43 regulatory region. Binding of
OxyR blocks methylation of the three GATC sites and inhibits
agn43 transcription, forming the off phase. Transition to the on
phase occurs following DNA replication if Dam can methylate

both strands of the three GATC sites before OxyR rebinds to
the sites (50, 82, 83). Notably, the poly(A) tracts adjacent to the
GATC sequences in pap and its relatives are not present in
agn43, and thus, Dam should processively methylate the three
agn43 GATC sites if they are not bound by OxyR (84). The
on-to-off switch can occur after DNA replication, when the
threeGATC sites are hemimethylated. OxyR has a higher affin-
ity for agn43DNAcontaining hemimethylatedGATC sites ver-
sus fullymethylatedGATC sites (84, 85). Thus, if OxyR binds to
the GATC region before Dam fully methylates the GATC sites,
a phase off intermediate state will ensue, and after one more
round of replication to convert the hemimethylated GATC
sites to fully unmethylated sites, the phase off transition will be
complete. On-to-off transition is affected by the local concen-
tration of OxyR; the addition of three or more OxyR-binding
sites upstream of agn43 biases cells toward the off phase (84).

A number of phase variation switches appear to be regulated
by mechanisms reminiscent of agn43. These include the gtr
switch on the P22 bacteriophage (86) and the chromosomal
switch locus STM2209-STM2208 (opvAB) (87), each control-
ling modification of cell surface lipopolysaccharide of Salmo-
nella, both of which are controlled by OxyR and Dam. In
enteroaggregative E. coli, the sci1 type VI secretion system is
controlled by a phase switch in which the iron regulatory pro-
tein Fur blocks Dam methylation of sci1 GATC sites, forming
phase off and on methylation patterns (88).

Phasevarions: Formation of Epigenetic Lineages by
Phase Variation of DNA Methylase Synthesis

Certain restriction-modification systems show phase varia-
tion, and a common mechanism for switching between off and
on states is expansion and contraction of nucleotide repeats
(89). Phase variation of restriction-modification systems may
generate subpopulations of bacterial cells differing in their sus-
ceptibility to phage infection and in their ability to acquire for-
eign DNA. In addition, DNA adenine methylation by certain
phase-variable restriction-modification systems regulates
expression of specific genes (90). These systems, known as
“phasevarions,” conserve their restriction-modification activity
but have additionally acquired epigenetic regulatory capacity
(91, 92). In some phasevarions, the gene encoding the restric-
tion enzyme is inactivated by mutation, whereas the modifica-
tion gene (mod) remains active. Hence, in these mutant type III
restriction-modification systems, the Mod enzyme is a func-
tional analog of solitary methyltransferases (e.g. Dam).
In the human pathogens Haemophilus influenzae, Neisseria

meningitidis, and Neisseria gonorrhoeae, DNA adenine methy-
lation by Mod enzymes has been shown to regulate gene
expression, and the loci under Mod control include genes with
roles in envelope structure, virulence, and stress responses (92).
Because synthesis of Mod DNA methylase is phase-variable,
isogenic subpopulations contain two types of bacterial cells.
One population contains N6-methyladenine in the genome,
whereas the other subpopulation does not. As a consequence,
each lineage shows a distinct pattern of gene expression that
affects all DNA methylation-sensitive loci.
Whereas individual phase variation systems, such as pap and

agn43, generate heterogeneity of a single phenotypic trait, cell
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lineages under phasevarion control differ in multiple pheno-
typic traits. The capacity of phasevarions to generate bacterial
lineages may be further extended in bacterial species that con-
tain multiple mod alleles, each with slightly different DNA-
binding domains (92). Independent switching in the synthesis
of several Mod proteins can be expected to generate multiple
gene expression patterns, thus increasing the phenotypic het-
erogeneity of the population.

Hierarchical Epigenetic Networks

Phase variation of certain genetic loci causes bistable expres-
sion of other genes, extending phenotypic heterogeneity to cell
functions encoded outside the phase variation locus. An exam-
ple of this kind occurs in the Salmonella enterica std operon,
which encodes fimbriae for attachment to the intestinal
mucosa (93). Transcription of std is controlled by a LysR-like
regulator known asHdfR andby twoproducts of the stdoperon,
StdE and StdF (94). Production of Std fimbriae in isogenic pop-
ulations of Salmonella is subject to phase variation; the switch-
ing mechanism remains to be deciphered. However, it is well
established that the StdE and StdF gene products regulate
expression of genes outside the std operon, including the clus-
ter of virulence genes known as Salmonella pathogenicity
island 1, SPI-1 (95). Because SPI-1 expression is prevented by
StdE/StdF, cells that produce Std fimbriae do not synthesize the
SPI-1-encoded apparatus and vice versa (95). One may thus
predict that phase variation of the std operon in the animal
intestine will split Salmonella populations into two lineages,
one able to invade the intestinal mucosa (causing acute disease)
and one able to attach to the intestinal epithelium (causing
latent infection). Depending on the host physiological condi-
tions and the host response, one of the two subpopulations will
be able to colonize the animal, whereas the other will be elimi-
nated. Whatever the outcome, bet-hedging will increase the
chances that a fraction of the Salmonella population survives.
This model fits well with the view that colonization of animals
by Salmonella involves subpopulation formation at several
stages (26–28), and the same may be true for other human
pathogens (25, 96, 97). Subpopulations may differ in their sus-
ceptibility to antibacterial drugs, thus explaining why certain
bacterial infections are difficult or impossible to eradicate.
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Presenilin and signal peptide peptidase are multispanning
intramembrane-cleaving proteases with a conserved catalytic
GxGD motif. Presenilin comprises the catalytic subunit of
�-secretase, a protease responsible for the generation of amy-
loid-� peptides causative of Alzheimer disease. Signal peptide
peptidase proteins are implicated in the regulation of the
immune system. Both protease family proteins have been recog-
nized as druggable targets for several human diseases, but their
detailed structure still remains unknown. Recently, the x-ray
structures of some archaeal GxGD proteases have been deter-
mined. We review the recent progress in biochemical and bio-
physical probing of the structure of these atypical proteases.

Intramembrane proteolysis is an atypical hydrolysis of pep-
tide bonds within the lipid bilayer. Several lines of evidence
suggest that this unusual cleavage is involved in numerous bio-
logical processes encompassing all branches of life. So far, three
families of intramembrane-cleaving proteases have been dis-
covered: rhomboid, site-2 protease, and GxGD proteases,
including �-secretase and signal peptide peptidase (SPP).2
�-Secretase is a key enzyme in the production of amyloid-�
peptide (A�), amajor component of senile plaques in the brains
of patients with Alzheimer disease, from amyloid-� precursor
protein (APP) (Fig. 1) (1). In particular, �-secretase cleavage
determines the level of A�42, the most aggregation-prone spe-
cies of A� predominantly deposited in the brains of Alzheimer
disease patients (2, 3). Moreover, �-secretase mediates the pro-
teolysis-dependent signaling of several type I membrane pro-
teins, including the Notch receptor, which is involved in the
maintenance of stem cells and in the development of cancer (4).

Thus, rational design of �-secretase inhibitors (GSIs) andmod-
ulators (GSMs) based on the molecular mechanism of �-secre-
tase would pave the way toward development of novel drugs (5,
6). The identity of the �-secretase had been a long-time mys-
tery. PSEN genes were identified as familial Alzheimer disease
(FAD)-linked genes encoding novel proteins, the presenilins
(PSEN), lacking the traditional conserved aspartic protease
motif (i.e. D(S/T)G) (7–9). Functional analyses in vitro and in
vivo showed that presenilin (PS) is required for and modulates
�-secretase-mediated cleavage of APP (10–15). However, sim-
ple overexpression of PS does not significantly alter the�-secre-
tase activity in cells. Soon after the biochemical analysis of PS, it
was recognized that PS forms a large membrane protein com-
plex, and only overexpressed PS protein that is incorporated
into the complex affects the APP cleavage. Crucial evidence of
the enzymatic function of PSwas obtained by chemical biology;
transition state analog-type GSIs directly target PS (16, 17). In
addition, the identification of membrane-embedded aspartate
residues critical for enzymatic activity (18), as well as inhibitor
binding experiments, revealed a novel conserved GxGD motif
among species (19). In fact, theGxGDmotif is conserved in type
4 prepilin peptidase proteins (20), and this motif is required for
the secretion of type 4 prepilins or prepilin-like proteins in a
wide range of bacterial species. Finally, another chemical biol-
ogy approach unveiled a novel enzyme (SPP) that harbors
exactly the sameGxGDmotif with a different primary sequence
and topology compared with PS (Fig. 1) (21). Both the recom-
binant �-secretase complex (22, 23) and SPP proteins reconsti-
tute proteolytic activities, indicating that these proteins are
truly proteolytic enzymes. Furthermore, recent x-ray crystallo-
graphic analyses of two archaeal membrane-spanning pro-
teases carrying a GxGDmotif revealed that the catalytic aspar-
tates are facing a hydrophilic environment in the membrane
(24, 25). Thus, now the identity of the�-secretase is no longer in
question. However, structural analyses of mammalian �-secre-
tase and SPP, which are required for the development of novel
drugs, have not been fully achieved yet. In this minireview, we
summarize the recent findings on the structure and function of
�-secretase and SPP proteins.

Presenilins

PS is a serpentine integral membrane protein with nine
transmembrane domains (TMDs) (1). Two aspartyl residues in
TMD6 and TMD7 of PS are required for its endoproteolytic
activity, but not its expression and complex formation (18).
Studies using transition state analog-type GSIs strongly indi-
cate that PS is the enzymatic subunit of this atypical enzyme
(16, 17). Biochemical purification and protein chemical analy-
ses revealedNct (nicastrin; NCSTN) as amajor binding partner
of PS (26). Moreover, genetic studies using Caenorhabditis
elegans identified two more components required for �-secre-
tase activity that are conserved from worms to mammals:
Aph-1 (anterior pharynx-defective 1; APH1) (27) and Pen-2
(presenilin enhancer 2; PSENEN) (Fig. 1) (28). Although several
proteomic analyses of the �-secretase complex have been per-
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formed to date, no other component critical for the enzymatic
activity has so far been identified. In contrast, we and others
have successfully reconstituted �-secretase activity by coex-
pression of PS with these cofactors (22, 23). After complex
assembly, PS undergoes auto-endoproteolysis between TMD6
and TMD7 to generate N- and C-terminal fragments (29, 30),
whichmight reflect the active state of the enzyme. In fact, tran-
sition state analog-type GSIs bind only to the processed forms
of PS (17). �-Secretase-mediated cleavage is observed in the
trans-Golgi network, on the cell surface, and in endocytic
organelles, in which PS fragments are detected (31–33). In con-
trast, the PS holoprotein that is not incorporated into the com-
plex is rapidly degraded in the endoplasmic reticulum, and traf-
ficking of PS requires full assembly of the complex (17, 30).
Recently, the proteolytic activity of purified recombinant PS
protein was reported (34). This suggests that PS itself is a pro-
tease, although the proteolytic activity is quite low. These data
strongly suggest that minimal �-secretase is a membrane pro-
tein complex composed of PS fragments, Nct, Aph-1, and
Pen-2.
Topological analyses of PS have implied that the catalytic

aspartates are located at the center of the TMDs. This predic-
tion prompted us to investigate the water accessibility of spe-
cific amino acid residues in amembrane-embedded state by the
substituted cysteine accessibility method (SCAM) (35–37).
SCAM is a procedure that has been frequently used to obtain
structural information on various multipass membrane pro-
teins in a functional state by covalently modifying the intro-
duced cysteine residues using sulfhydryl reagents (38, 39).
Using SCAM, we and others have revealed that PS1 harbors a
hydrophilic “catalytic site” formed by TMD1, TMD6, TMD7,
and TMD9 within the membrane (Fig. 2) (35–37, 40, 41). Res-
idues at the luminal side of TMD6 and at the cytosolic side of
TMD1, TMD7, and TMD9 form a subsite for the substrates.
Especially, residues around the GxGD motif within TMD7 are
highly water-accessible, suggesting the presence of a large
water-filled cavity within themembrane at the cytoplasmic side
of the complex. We also investigated the changes in water
accessibility of the residues around the catalytic site during
complex assembly. Unexpectedly, the water accessibility of the
catalytic site of PS is widely increased before cofactor binding
(42). This also fits with the hypothesis that the nascent PS poly-

peptide functions as a calcium leak channel in the endoplasmic
reticulum (43). These ideas have now been supported by the
results of structural studies on archaeal GxGD proteases (24,
25), and the hydrophilic milieu around the active site located
within the lipid bilayer is a common structure across intramem-
brane-cleaving proteases.

Mechanism of �-Secretase-mediated Cleavage

The molecular mechanism of proteolysis of the intramem-
brane sequence by �-secretase has been enigmatic, as proteo-
lytic processes require ionized water in general. However,
extensive biochemical and enzymatic analyses revealed that
�-secretase executes an endopeptidase-like cleavage, followed
by carboxypeptidase-like processive/successive cleavage (Fig.
3) (44). The transmembrane substrate is first endoproteolyzed
at the border between the cytosol and membrane, which is
called the �-site (45, 46). This �-cleavage allows liberation of the
intracellular domains (ICDs) of the substrates from the mem-
brane. ICDs are direct signaling mediators in several pathways,
including Notch signaling (1, 4). Solid-state NMR and molecu-
lar dynamics simulation analysis of APP revealed that the struc-
ture around the �-site is highly flexible in themembrane, which
might allow access to the catalytic site of �-secretase (47, 48).
�-Secretase then trims the remaining hydrophobic sequence in
the membrane from the cytosolic side in a processive manner
by every 3–4 residues (i.e. �-cleavage). In the case of APP, the
initial cutting at the �-site forms A�48 or A�49, both of which
are trimmed to generate the various C termini of the other A�
peptides, ranging from 46 to 38 residues long (49, 50). Notably,
the levels of A�48 and A�49 show some correlation (51), but
not definitively, with the production ofA�42 andA�40, respec-
tively, suggesting the possibility that the proteolysis by �-secre-
tase occurs together with helix breaking of the substrate.
SCAM analyses revealed the GSI/GSM-binding sites and

conformational alterations upon compound binding. Transi-
tion state analog-type GSIs decrease the water accessibility of
the residues around the GxGD and PAL (Pro-Ala-Leu) motifs
(35, 36), the latter being highly conserved in PS and SPP pro-
teins among species. Point mutations in the PAL motif also
diminish the �-secretase and SPP activities (52, 53). A cross-
linking experiment also showed the proximity of the PALmotif

FIGURE 1. Schematic depiction of �-secretase and SPP. �-Secretase exe-
cutes the intramembrane proteolysis of several single membrane-spanning
proteins, including APP. The core complex of �-secretase is composed of PS,
Nct, Aph-1, and Pen-2. SPP forms a homotetramer in its enzymatically active
state. The topologies of PS and SPP are completely different. However, both
PS and SPP harbor conserved catalytic motifs (aspartates are shown by stars)
and the PAL motif (bold lines).

FIGURE 2. Predicted architecture of the catalytic site of PS1. Using SCAM,
we identified that PS1 harbors a hydrophilic “catalytic site” formed by TMD1,
TMD6, TMD7, and TMD9 within the membrane. Catalytic aspartates are
shown by stars. Amino acid residues in the GxGD and PAL motifs are repre-
sented by circles. Putative entry of the substrate mediated by TMD9 is repre-
sented by an arrow.
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to the catalytic center. Using this and the photoaffinity labeling
technique, we identified that N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester, a PS-selective GSI,
directly targets the C-terminal region of PS1 (54). A peptide
with a stabilized helical conformation also inhibits �-secretase
activity, presumably by competing with the substrate (55–58).
Intriguingly, the effect of a helical peptide in SCAM and pho-
toaffinity labeling is totally distinct from that of a transition
state analog-type GSI (35, 36, 57, 59), supporting the notion
that PS harbors two enzymatically important sites: the catalytic
pocket and the initial substrate-binding site, which might be
involved in substrate selectivity (56). In addition, TMD2,
TMD6, andTMD9 are implicated in the formation of the initial
substrate-binding site (Fig. 2) (36, 41, 59). Nevertheless,
detailed structural analyses of the initial substrate-binding site
are critical for the development of substrate-specific GSIs. We
also identified the movement of TMD1 of PS1 downward to
the cytosolic side by SCAM (37). Intriguingly, inhibition of the
motion of TMD1 by a specific antibody results in inhibition of
�-secretase activity (60). Moreover, we have identified TMD1
as the direct molecular target domain for the potent A�42-
lowering compound GSM-1 (61). Interaction of GSM-1 with
the luminal side of TMD1 induces a conformational change in
the structure of the cytoplasmic region of TMD1, which
reduces A�42 production. These data suggest the critical func-
tion of TMD1 in the intramembrane-cleaving mechanism.
Notably, A�42 is capable of binding to �-secretase to be pro-
cessed to A�38 (62), although the binding site still remains
unclear. Nevertheless, structural information on inhibitor/
modulator-bound PS at the atomic level ismandatory to under-
stand the molecular mechanism of the �-secretase-mediated
cleavage. Thus, a combination of SCAM with other structural
analyses such as x-ray crystallography, NMR, and subsequent
computer simulations would be ideal to understand the struc-
ture and function of PS.

Cofactor Proteins of the �-Secretase Complex

Other subunits have also been implicated in the enzymatic
process of �-secretase. Nct is a singlemembrane-spanning pro-
tein with a heavily glycosylated extracellular domain (26). This
extracellular domain has been implicated in the stability of the
enzyme as well as substrate binding (63), although the latter has
been opposed by results showing that recombinant PS (34) and
SPP (64) are able to cleave peptide bonds without any cofactor
proteins. However, we and others have shown that antibodies
against the Nct extracellular domain are capable of inhibiting
�-secretase activity by competition with substrates (33, 65, 66),
suggesting the possibility that Nct assists in capturing �-sub-
strates on themembrane (Fig. 3). Aph-1 is a highly hydrophobic
protein with unknown function. There exist two or threemam-
malian aph-1 genes (Aph1a and Aph1b; Aph1c is only in mice),
and twoaph-1a isoforms are transcribed by alternative splicing.
Recently, interaction of Aph-1 with arrestin, which regulates
the trafficking and activity of the �-secretase complex, was
reported (67, 68). The fact that different Aph-1 proteins never
exist in the same complex (69) suggests the possibility that
Aph-1 functions as a binding scaffold for regulatory proteins to
determine the specific activity of the �-secretase complex at
different subcellular localizations, as well as substrate prefer-
ence. In addition, Aph-1 and Nct form a subcomplex in the
early secretory pathway (70) and stabilize the �-secretase com-
plex (71) by binding to the very C-terminal end of PS (72, 73).
Pen-2 is a small polypeptide with a hairpin like conformation
and is required for activation of the �-secretase subcomplex
composed of PS, Nct, and Aph-1 (30). Pen-2 interacts directly
with TMD4 of PS (74, 75), whereas its exact function still
remains unclear. However, systematic mutagenesis analyses
suggest that Pen-2 is involved in the stability of the complex
(76) and the production of A�42 (77). Supporting this idea, an
immobilized GSMwith a phenylimidazole moiety pulled down
Pen-2 (78). Nevertheless, the three cofactor proteins are
required for full activity of �-secretase on the cell membrane.
The assembled �-secretase complex contains 19 TMDs,

which may cause difficulties in crystallization of the fully active
enzyme. Thus, we used an indirect approach: single particle
analysis of the purified �-secretase complex. We analyzed
the complex overexpressed in Sf9 cells and found that the active
�-secretase is a very large complex with a volume of 560 �
320 � 240 Å at 48 Å resolution (79). Osenkowski et al. (80)
extensively analyzed the purified complex by cryo-EM and
revealed the minimal �-secretase structure with dimensions of
8� 9 nm in the top view and 8.5 nm in height at 12Å resolution.
They also identified the internal chamber and cavity that might
be water-accessible in the putative TMD. Renzi et al. (81) also
reported the structure of the �-secretase complex analyzed by
single particle analysis at 18 Å resolution. They compared this
with the structure of the intermediate complex lacking Pen-2
and found a widening of the internal chamber of the complex.
These data are consistent with our SCAM data demonstrating
that the binding of the cofactors narrows the water accessibility
of the catalytic site. Differences in the predicted shape and size
may reflect a monomeric or oligomeric state and/or may be
caused by distinct expression and purification protocols. Nev-

FIGURE 3. Schematic model of the �-secretase-mediated intramembrane
cleavage. Nicastrin is a putative substrate receptor on the membrane. The
substrate is captured and then incorporated into the catalytic site within PS.
First, endopeptidase-like �-cleavage occurs to liberate the ICD of the sub-
strate. Subsequently, carboxypeptidase-like processive/successive �-cleav-
age within the TMD results in release of the A� peptides.
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ertheless, further structural studies of the assembled �-secre-
tase complex are required to understand the functional role(s)
of these subunits.

Signal Peptide Peptidase

SPP cleaves remnant signal peptides in the membrane after
their production by signal peptidase during the biogenesis of
membrane proteins at the endoplasmic reticulum (82). This
process is also critical to the immune surveillance system, in
which signal peptides from major histocompatibility complex
type I are cleaved by SPP (83). Moreover, SPP is implicated in
the maturation of the core protein of hepatitis C virus and GB
virus B, suggesting SPP as a potential target for antiviral therapy
(84–86). A bioinformatics method identified four SPP-like
(SPPL) proteins in fruit flies and mammalians: SPPL2a–c and
SPPL3. SPPL2a and SPPL2b are highly expressed in various
immune cells and are implicated in TNF� cleavage and inter-
leukin-12 production (87, 88). Moreover, recent phenotypic
analyses of knock-out mice revealed the critical function of
SPPL2a in the development of B and dendritic cells via cleavage
of the invariant chain (89–91).
Human PS and SPP share identical active site GxGD and

highly conserved PAL motifs, pointing to a common catalytic
mechanism. Supporting this notion, a subset of GSIs andGSMs
directly target the SPP protein to inhibit/modulate its proteo-
lytic activity (61, 92–95). SPP cleaves substrates atmultiple sites
in a processive manner similar to �-secretase (94). Thus, the
structure of the catalytic site of SPP should resemble that of PS,
although the water accessibility of residues around the active
site in SPP remains unknown. Moreover, expression of human
SPP in yeast and in bacteria reconstitutes the proteolytic activ-
ity (21, 64), suggesting that the SPP protein has activity on its
own and does not require other cofactors. Intriguingly, the
recombinant C-terminal half of SPP is sufficient for proteolytic
activity in vitro, indicating that this region is the minimal cata-
lytic domain of SPP. We have purified the human SPP protein
using the baculovirus/Sf9 cell system and analyzed its structure
by single particle analysis (96). Enzymatically active SPP forms a
bullet-shaped homotetramerwith dimensions of 85� 85� 130
Å at 22 Å resolution. The SPP complex has a larger chamber
within the molecule, and the N-terminal region of SPP is suffi-
cient for its tetrameric assembly. This tetramer formation is a
common feature of SPP family proteins. Thus, the ability to
express active SPP/SPPL as a single protein indicates that a
presenilin-like protease may be amenable to crystallization and
high-resolution structural analysis.

Detailed Structure of GxGD Proteases

To date, no detailed structural information on mammalian
PS and SPP is available. A C-terminal fragment of PS1 in SDS
micelles was analyzed by NMR (97). However, no activity has
been detected in the recombinant PS1 C-terminal fragment so
far (98), suggesting that structural information on themolecule
carrying two catalytic aspartates is important. Recently, x-ray
crystallographic analyses of the archaeal GxGD protease have
been reported (Fig. 4). In the first study, Hu et al. (24) reported
the structure of FlaK fromMethanococcusmaripaludis at 3.6 Å
resolution. The structure contains six TMDs, and the GxGD

motif is located in TMD4. The second essential aspartyl residue
is located away from theGxGDmotif, inTMD1, suggesting that
the protease must undergo conformational changes to bring
the two aspartates into close proximity for catalysis. Although
FlaK belongs to the type 4 prepilin/preflagellin peptidase family
and shows no sequence homology to PS and SPP, several
important key residues for PS activity were mapped around the
catalytic site of FlaK (24, 42), indicating that the active site of the
prokaryotic enzyme has a similar architecture. In the second
study, Li et al. (25) reported the crystal structure of a PS
homolog (PSH; MCMJR1) from the archaeon Methanoculleus
marisnigri (99), which harbors nine TMDs, at 3.3 Å resolution.
The structure of PSH contains a large hole traversing through
the entire protein and a cavity that reaches the active site
from the cytosolic side, in a manner similar to that in PS. How-
ever, the aspartates are separated by a distance of 6.7Å, which is
not enough for proteolysis. Thus, substrate binding must cause
a conformational change in the catalytic site, as suggested in the
case of FlaK. Notably, PSH shows considerably high sequence
homology to PS/SPP and conserves several critical residues for
endoproteolytic activity. In the structure of PSH, TMD9, which
is implicated in the substrate binding and gating function of PS1
(36, 41), is facing the open space, raising the possibility that the
substrate is likely to enter the active site laterally through the
space between TMD6 and TMD9. Li et al. (25) generated a
structural model of PS1 and annotated the FAD-linked muta-
tions. They found that several artificial mutations in PSH cor-
responding to the residue in FAD-linked PS1 mutations
decreased the proteolytic activity. This is highly reminiscent of
the recent report that FAD-linked mutations cause malfunc-
tion in recombinant PS1 (34). These mutations are located at
the interface of TMDhelices or in proximity to the catalytic site
in the PSH structure, suggesting that the local conformation of
active enzyme is altered by amino acid substitution to decrease
the proteolytic activity (25). However, it still remains difficult to
annotate the effect of FAD mutations on the �-secretase activ-
ity in this model, as FAD-linked mutations cause several mal-
functions at multiple processes of the �-secretase-mediated
cleavage in a qualitative manner (100). For instance, mutation
in TMD4, which is implicated in the Pen-2 binding to PS1,
shows no effect on PSH activity. Thus, a detailed structural
analysis of the whole �-secretase complex is still required.
Intriguingly, PSH forms a tetrameric assembly with its N-ter-

FIGURE 4. Structures of FlaK and PSH. Shown are ribbon representations of
FlaK (left; Protein Data Bank code 3S0X, molecule A) and PSH (right; code
4HYG, molecule A). Putative catalytic aspartates are represented by spheres
and indicated by dashed circles. These illustrations were generated using
PyMOL.

MINIREVIEW: Structural Biology of GxGD-type Proteases

14676 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 21 • MAY 24, 2013



minal half, which is reminiscent of the single particle analysis
data on humanSPP (96). Themajority of the catalytic site archi-
tecture in PSH is formed by its C-terminal half, which is in
accordance with the result that the C-terminal portion is the
minimal proteolytic core domain of SPP (64). Thus, accurate
modeling of the SPP structure based on PSH would provide
further molecular information on the intramembrane-cleaving
process by SPP/SPPL. Nevertheless, structural analyses of these
archaeal GxGD proteases provide several hints and clues to the
molecular mechanism of intramembrane-cleaving activity.
However, much more effort is required to determine the
detailed structure of �-secretase, which is composed of PS and
three cofactors.

Conclusion

Aspartyl intramembrane-cleaving enzymes are now found in
all forms of life and play essential roles in biology and disease.
This, together with advances in structural research, including
rhomboid and site-2 proteases, has led to our understanding
of the universal principle that intramembrane cleavage is
achieved by creating an aqueous cavity inside the membrane-
embedded protease. In addition, identification of small com-
pounds and their utilization in chemical biology have provided
several clues to understanding themechanismof action of these
atypical enzymes. However, there are still many unsolved issues
in the structural biology of GxGD proteases. How do �-secre-
tase and SPP family proteins recognize and incorporate the
substrate into the catalytic site? What molecular mechanism
underlies the processive cleavage? What are the functional
roles of the �-secretase cofactors? How are the activities of
these enzymes regulated? Can we design compounds to regu-
late the activities specifically to develop novel therapeutics
against human diseases? Furthermore, the biggest issue is to
determine the structure of the �-secretase complex/SPP at
atomic resolution in the enzymatically active state. The revolu-
tionary advances in biochemical and structural biologywith the
development of novel techniques should give us answers to
these questions in the near future.
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Rhomboid protease was first discovered inDrosophila. Muta-
tion of the fly gene interfered with growth factor signaling and
produced a characteristic phenotype of a pointed head skeleton.
The name rhomboid has since been widely used to describe a
large family of relatedmembrane proteins that have diverse bio-
logical functions but share a common catalytic core domain
composed of six membrane-spanning segments. Most rhom-
boid proteases cleave membrane protein substrates near the N
terminus of their transmembrane domains. How these pro-
teases functionwithin the confines of themembrane is not com-
pletely understood. Recent progress in crystallographic analysis
of theEscherichia coli rhomboid proteaseGlpG in complexwith
inhibitors has provided new insights into the catalytic mecha-
nism of the protease and its conformational change. Improved
biochemical assays have also identified a substrate sequence
motif that is specifically recognized by many rhomboid
proteases.

The Drosophila growth factor Spitz is synthesized with a
C-terminal transmembrane (TM)3 domain that anchors it to
the endoplasmic reticulum membrane. Cleavage of the TM
domain by rhomboid protease is required for the release of
Spitz into solution, which enables it to diffuse and bind to EGF
receptors (EGFRs) in signal-receiving cells (1). Mutations in
rhomboid and other essential genes in the EGFR signaling path-
way produce a fused and pointed head skeleton in the larva,
which gave rise to their names (Rhomboid, Spitz, and Star) (2).
Homologs of the fly rhomboid have nowbeen identified inmost
prokaryotic and eukaryotic organisms (3, 4). As with other
ancient enzyme families, rhomboid proteases and rhomboid-
like proteins have acquired a wide range of biological functions
during the course of evolution (e.g. see Refs. 1 and 5–11). The
recent elucidation of the role of the protease in the infection of
human cells by apicomplexan parasites Toxoplasma gondii and
Plasmodium falciparum suggests that inhibition of rhomboid
protease may have medical value (e.g. see Refs. 12–14). Because
the functions of rhomboid proteases have been extensively
reviewed (15–17), we will focus this minireview on the mecha-

nism of the protease, an area in which significant progress has
been achieved recently. This topic may also have broader
implications because rhomboid protease, site-2 protease, and
�-secretase represent a distinct class of proteases called
intramembrane-cleaving proteases (I-CLiPs) (18–20). Differ-
ent from their soluble counterparts, the I-CLiPs operate within
the hydrophobic environment of the lipid bilayer and specialize
in cleaving membrane protein substrates. Rhomboid protease
was the first intramembrane protease whose crystal structure
was solved (21) and is presently the best characterized
intramembrane protease in terms of structure and catalytic
mechanism.
Themembrane topology and three-dimensional structure of

the catalytic core domain of the Escherichia coli rhomboid pro-
tease GlpG are shown in Fig. 1. The crystal structures of the
E. coli protease and a related rhomboid from Haemophilus
influenzae have been studied by several groups (21–25). With
the exception of a surface loop (L5) and one of the TM helices
(S5), which we discuss below, the independently obtained
structures, including one from lipid bicelles (26), are all very
similar to each other. The catalytic core domain of GlpG is
composed of sixmembrane-spanning segments (S1–S6), which
harbor a number of highly conserved sequence motifs that are
characteristic of the family (3). Crystallographic analyses
revealed the fold of the membrane protein and showed that the
HxxxN motif in S2 (His-150; Asn-154 in the E. coli protease),
the GxSG motif near the N terminus of S4 (Ser-201), and the
(A/G)H motif in S6 (His-254) are all essential elements of the
active site of the enzyme. Ser-201 and His-254 are hydrogen-
bonded to each other and form a rudimentary catalytic dyad.
The other conserved motifs seem to play mainly a structural
role; for example, the tight packing between S4 and S6 is made
possible by a conserved small amino acid (A/G) at position 206
in S4 and the GxxxG motif in S6. Besides the basic 6-TM con-
figuration represented by E. coli GlpG, some rhomboid pro-
teases, e.g. the mitochondrial rhomboid PARL and Drosophila
Rhomboid-1, have an additional TM helix outside the core
domain toward either the N terminus (1� 6) or the C terminus
(6 � 1) of the protein (4). Although their structures are not yet
known, the 7-TMversions of the protease are expected to share
the same basic catalytic mechanism.

Catalytic Mechanism and Inhibitor Binding

Based on sequence conservation and site-directed mutagen-
esis, it was recognized early that rhomboid proteases belong to
the serine catalytic class (1). It was hypothesized initially that
Ser-201,His-254, andAsn-154 (E. coliGlpGnumbering) forma
catalytic triad, a variant of the classical Ser-His-Asp triad (1),
but later studies found that Asn-154 was not essential for enzy-
matic activity, suggesting that the catalytic apparatus might
consist only of a Ser-His dyad (27, 28). This is now confirmed by
the crystal structures (Fig. 1). The sequences (GxSG) surround-
ing the catalytic serines of rhomboid and chymotrypsin are sim-
ilar (1), but this appears to be coincidental. The structure of
rhomboid’s active site is very different from that of chymotryp-
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sin. In chymotrypsin, the backbone amide of the first glycine of
theGxSGmotif is pointed into the active site and, togetherwith
the amide of the serine, forms the oxyanion-binding site of the
protease (29); in rhomboid, the amide group of the glycine is
pointed away from the active site and does not contribute to
catalysis.
Earlier biochemical studies using class-specific inhibitors led

to the suggestion that rhomboid proteases might be different
mechanistically from the other serine proteases; with the
exception of 3,4-dichloroisocoumarin (DCI) (1, 27, 30), most
inhibitors, including a few that have broad-spectrum activity,
were found to be ineffective against rhomboid (30). Like the
others, DCI reacts with the catalytic serine of the protease in a
mechanism-dependentmanner (31), butwhy it is the only com-
pound that can broadly inhibit rhomboid could not be
explained. Later studies showed that, depending on reaction
conditions, even DCI does not always achieve complete inhibi-
tion,4 and efforts to visualize the covalent adduct of DCI with
GlpGby x-ray diffractionwere also unsuccessful (32).We know
now that the crystallographic experiment failed because the
covalent complex of DCI with GlpG is unstable and that the
protease can regain activity through deacylation (Fig. 2A) (33).
A critical breakthrough was made by Vinothkumar et al. (25),
who finally found the right isocoumarin to work with. The new
compound differs from DCI by having a methoxy substitution
at position 3 and a 7-amino group; the binding of the new com-
pound toGlpG is slightly different, so the catalytic histidine can
now reactwith theC4 atomof the inhibitor to formanunbreak-
able bond (Fig. 2A). The finding quickly led to the first crystal
structure of a protease-inhibitor complex; in the complex, Ser-
201 is covalently bonded to the C1 atom of the inhibitor, con-
firming that the serine functions as a nucleophile and directly
attacks the carbonyl carbon during catalysis (Fig. 2C). The

resulting acyl-enzyme is the hallmark of the classical mecha-
nism. Shortly afterward, the crystal structure of GlpG in com-
plex with diisopropyl fluorophosphate (DFP), a classical serine
protease inhibitor (Fig. 2B), was also solved. DFP phosphory-
lates the catalytic serine and stably inhibits the proteolytic
activity of GlpG (33). DFP performed poorly in an earlier study
(30), and the reason for the discrepancy between the two stud-
ies is unclear at this time. The covalent adduct of DFP with
GlpG mimics the oxyanion-containing tetrahedral intermedi-
ate of the proteolytic reaction. In the crystal structure, the phos-
phoryl oxygen of the inhibitor is hydrogen-bonded to the main
chain NH group of Ser-201 and the side chains of His-150 and
Asn-154 (the HxxxN motif in S2) (Fig. 2D), suggesting that
these groupsmay contribute to the stabilization of the oxyanion
developed during peptide hydrolysis.
The exact bindingmode of peptide to the protease active site

is not yet known. A model currently favored by most research-
ers predicts that TM substrates approach the protease from the
direction of TM helices S2 and S5 (22, 23, 32, 25, 34). The
cleavage site of rhomboid protease is located near the N termi-
nus of the TM domain of the substrate, and given the known
position of the oxyanion hole, this would require the catalytic
serine to attack the carbonyl carbon from the si-face of the
peptide bond (32, 34), which is uncommon but not unprece-
dented (Fig. 2E) (35). The mutagenesis data showing that Ala-
253may contribute to the S1 pocket (where the side chain of the
P1 residue binds) are consistent with this model (Fig. 2E, inset)
(see below).
A clarification of the rhomboid protease catalytic mecha-

nism will facilitate the development of rhomboid-specific
inhibitors, which are potentially useful in medicine as adjunct
therapy in treating apicomplexan infections (12–14). Because
rhomboid protease uses the same chemical mechanism for
catalysis as its soluble counterparts, modifying known serine
protease inhibitors may represent a fruitful approach in this4 Y. Ha, Y. Akiyama, and Y. Xue, unpublished data.

FIGURE 1. Catalytic core domain of rhomboid protease. A, topology model. The membrane-spanning segments (S1–S6) are represented by white boxes and
sequentially labeled. The gray boxes represent the membrane. The locations of the conserved motifs are illustrated (3, 4). The active site residues are high-
lighted in red, and residues that play a structural role are highlighted in green. The topology of the (1 � 6)-type mitochondrial rhomboid PARL is opposite that
of GlpG, with the extracellular loops now facing the mitochondrial matrix. B and C, crystal structure of E. coli rhomboid GlpG (Protein Data Bank code 2IC8) (21).
TM helices are shown as coiled ribbons. The side chains of the catalytic dyad are shown as stick models. The dashed line represents a hydrogen bond. In B (back
view), the two horizontal lines represent the approximate boundaries of the membrane. The lower half of L1 is embedded in the membrane. The N-terminal
soluble domains of two prokaryotic rhomboids have been characterized by NMR (60 – 62).
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endeavor. Evenwhenhigh throughput screening is employed to
discover novel compounds, the mechanistic knowledge will be
helpful in evaluating early hits and in deciding which chemical
classes are worth pursuing further. Both approaches were used
in the recent discovery of the�-lactam class of rhomboid inhib-
itors (36).

Conformational Change in the Protease and Substrate

The active site of rhomboid protease is hydrophilic and has
to be closed initially to minimize unfavorable contact with the
lipid molecules that surround the protein from the side. The
TM domain of the rhomboid substrate also initially adopts a
helical conformation incompatible with cleavage by the prote-
ase. Therefore, the protease and substrate must both undergo
conformational changes before their productive binding can
take place. In the absence of the crystal structure of a protease-
substrate complex, the nature of these conformational changes
has been debated.
Crystallographic analyses of GlpG in complex with two

classes of inhibitors suggest that the conformational change in
the protease is likely subtle (25, 33, 37). The complex with Car-
boxybenzyl-AlaP(O-iPr)F (CAPF), which is the largest of these
inhibitors, is illustrated in Fig. 3 (A and B). CAPF occupies the
S� side of the protease active site; it forms a covalent bond with
the catalytic serine and extends toward the gap between TM
helices S2 and S5 (37). Real TM substrate is expected to pass

through this gap to enter into the active site. CAPF binding
displaces a loop, which we called the L5 cap (32), from the
substrate-binding cleft (the opening of the L5 cap also unblocks
the gap between S2 and S5) but causes only minor movement
in the TM helices. The lack of any major movement, especially
in the TM region of the protease, was confirmed by a co-crys-
tallization experiment in which the conformational change in
the protease was not restricted by any preformed crystal lattice
(38).
The discovery that rhomboid proteases can cleave not only

peptide bonds initially buried within TM regions but also
hydrophilic sequences outside the TM domains (28, 39, 40) led
to a “top-down” model in which peptide substrates bend into
the protease active site from above the membrane plane (Fig.
3D) (41). This represents a fundamental departure from the
earlier hypothesis that substrate enters the protease laterally
from inside the membrane bilayer. It is easy to visualize how
this model may apply to cleavages in the solvent-exposed jux-
tamembrane region, but how about those that occur inside the
TM domains? The crystal structures provide a possible clue;
high resolution analysis, in which water and detergent mole-
cules can be differentiated, revealed that the hydrophobic belt
of the membrane protein (the part of the protein surface that
contacts the hydrocarbon tails of the lipids) is quite thin (�20
Å), suggesting that the membrane is constricted around the

FIGURE 2. Catalytic mechanism. A, GlpG catalyzes the hydrolysis of DCI to form an �-hydroxy acid. The complex between 7-amino-4-chloro-3-methoxyiso-
coumarin and GlpG is stabilized by two covalent bonds. B, the covalent adduct between DFP and GlpG mimics the tetrahedral transition state. C and D, the
crystal structures of GlpG in complex with isocoumarin and DFP, respectively (Protein Data Bank codes 2XOW and 3TXT) (25, 33). E, hypothetical model of
substrate (green) bound to rhomboid protease (side view; 90o from that in Fig. 1B). The protease TM helices are shown as cylinders, and the loops are omitted
for clarity. The extended cleavage site and helical TM segment of the substrate are connected by a sharp turn (green dots). According to this model, Ala-253 is
adjacent to the side chain of the substrate P1 residue (inset). The red arrows indicate the scissile bond.
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protease (41). This is supported by molecular dynamics simu-
lations (42) and by studying the structure of the protein in lipid
bicelles (where the detergent-solubilized protein is reconsti-
tuted into a local bilayer structure) (Fig. 3C) (26). The constric-
tion of membrane around the protease may facilitate the parti-
tion (transfer) of the buried substrate cleavage site into aqueous
solution or directly into the active site of the protease. Because
most residueswithin the cleavage site, e.g. the glycines, have low
hydrophobicity, such a transfer should not be too costly in
terms of free energy (20, 43). It is hypothesized that, once out-
side themembrane, the helical peptide can easily unfold into an
extended conformation (its backbone can now form hydrogen
bonds with water) and become susceptible to cleavage by the
protease (the conformational change in the L5 loop will enable
the peptide to pass through the S2-S5 gap without steric hin-
drance) (Fig. 3A).
The “S5 lateral gating” model offers a different explanation

for the conformational change in the protease (22, 44, 45). The

model was based on an earlier crystal structure of the apo-
protease inwhichTMhelix S5 is tilted drastically away from the
other helices (22). This movement was thought to open a gate
inside the membrane for substrate to enter the protease later-
ally. Mutations designed to weaken the interactions between
S5 and S2 have been found to enhance the protease activity
(44, 46). The large tilting movement of the S5 helix is not
observed, however, in any of the protease-inhibitor complex
structures solved later. Furthermore, a recent study showed
that cross-linking S5 to S2 in the F153C/W236C double
mutant (Figs. 2E and 3A) does not hinder the ability of the
protease to cleave a TM substrate in both detergent solution
and reconstituted membrane vesicles (38). Because the
cross-linker physically blocks the path between the two hel-
ices, the new experiment demonstrated that the TM sub-
strate is fully capable of climbing over residues 153 and 236
(Fig. 2E), thus avoiding the proposed lateral gate, to reach the
active site.

FIGURE 3. Conformational change in the protease. A, inhibitor binding displaces the L5 cap from the active site (back view). Left, the apo structure; right, the
GlpG-CAPF complex (Protein Data Bank codes 2IC8 and 3UBB) (21, 37). CAPF is shown as space-filling models. TM helices S2 and S5 are colored in dark blue, and
the L5 cap is highlighted in yellow. B, the movement of the TM helices is small (top view). The C� traces of the apoprotein (gray) and the CAPF complex (brown)
are shown. The gray arrow indicates the direction of the tilt of S5 according to the lateral gating model, and the black arrow indicates the movement of S5 in the
CAPF complex. C, structure of the GlpG S201T mutant in a lipid environment (Protein Data Bank code 2XTV) (26). The protein surface is color-coded according
to the electrostatic potential. Red, negative; blue, positive. The lipid molecules are shown as space-filling models. Yellow, carbon; red, oxygen. The estimate of
the membrane lower boundary is higher than that in Ref. 26 to exclude the polar (lipid) oxygen atoms from the hydrophobic core. D, schematic diagram
illustrating that buried (red box, helical) and exposed (red zigzag line, extended) cleavage sites use a similar mechanism to enter the active site of the protease
(shown as a cross-section). The gray lines indicate the boundaries of the membrane. Because it is not yet possible to predict precisely where the TM helices end,
we do not know for certain how deep the scissile bonds are buried.
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Substrate Specificity

Rhomboid proteases are unique among I-CLiPs, as substrate
cleavage does not depend on prior ectodomain shedding of the
substrate, which appears to be critical for determining sub-
strate specificity in other I-CLiP families. Nonetheless, rhom-
boids specifically recognize their substrates;Drosophila Rhom-
boid-1 cleaves membrane-bound EGFR ligand precursors (e.g.
Spitz, Keren, and Gurken) but not similar membrane proteins
(e.g. TGF�, Delta, and TGN38) (47). Drosophila Rhomboid-1
and AarA (a rhomboid homolog from the Gram-negative bac-
teria Providencia stuartii) act interchangeably in these organ-
isms, and AarA and other bacterial rhomboids specifically
cleave EGFR ligand precursors, suggesting that rhomboids rec-
ognize their substrates via a common and specific mechanism
(48). Understanding the principal determination of substrate
specificity should promote identification of new rhomboid sub-
strates and elucidation of the mechanism.
Chimeric analysis of Spitz and TGF�/Delta indicated that a

small luminal region of the Spitz TM segment is necessary and
sufficient for cleavage by Rhomboid-1 (49).Mutational analysis
of this region showed that themost important determinants are
helix-destabilizing residues. Based on sequence similarity to
this Spitz substrate motif, T. gondii micronemal adhesin was
identified as a rhomboid substrate. Studies with model sub-
strates have provided information on substrate specificity for
the E. coli rhomboid homolog GlpG; in addition to helix-desta-
bilizing residues around the cleavage region, those in the sub-
strate TM region are critical for cleavage (50). Although it is
thought that I-CLiPs cleave their substrates within the plane of
the membrane, AarA and GlpG could cleave a substrate at the
correct site when the cleavage site was moved into the jux-
tamembrane or membrane/extracytoplasm interface region by
insertion of a hydrophilic linker sequence (39, 51), suggesting
that they can cleave a substrate region exposed to the hydro-
philic milieu. Helix-destabilizing residues in the substrate TM
region may cause local unfolding, facilitating exposure of the
membrane-embedded cleavage site via membrane thinning
around the enzyme (41) and/or its presentation to the proteo-
lytic active site. Randommutagenesis of residues on each side of
the scissile bond (P1 and P1� residues), combined with in vivo
screening, showed that residues with a small side chain and
with a small or negatively charged side chain are preferred at
the P1� and P1 sites, respectively, for proteolysis by GlpG (50).
However, these substrate features were insufficient to predict
new rhomboid substrates.
Amore comprehensivemutational analysis of the region sur-

rounding the cleavage site of TatA, a physiological substrate of
AarA, identified a specific sequence motif commonly recog-
nized by rhomboids (Fig. 4) (51). Freeman and co-workers (51)
individually mutated 7 residues (from positions P5 to P2�) to 1
of 19 other amino acids and examined cleavage ofmutated sub-
strates by AarA. Residues at the P4, P1, and P2� positions were
themost sensitive to substitutions for in vitro and in vivo cleav-
age. P1 required small residues (Gly, Ala, Ser, andCys), whereas
P4 and P2� required bulky hydrophobic residues (Val, Leu, Ile,
Phe, and Trp), although small residues (Ala, Ser, Cys, and Thr)
at P2� also permitted cleavage. This motif was also recognized

by other prokaryotic and eukaryotic rhomboid proteases.
Moreover, a similarmotif was found in other substrates, includ-
ing Gurken and Spitz, and was cleavable by AarA. For cleavage
of a substrate with an exposed cleavage site, there was a stricter
requirement for this sequence motif around the cleavage site
than for helix-destabilizing residues in the TM region.
Analysis of the complex formed between GlpG and an iso-

coumarin inhibitor suggested the presence of pockets (S1- and
S1�-binding subsites) that accommodate the side chains of P1
and P1� residues (25). Mutations reducing the cavity size of the
putative S1 pocket compromised cleavage of WT TatA (Ala at
P1) but exerted weaker effects on cleavage of a mutant with a
smaller residue at this position, TatA A8G, providing a struc-
tural explanation for preference for the P1 position. Screening
with an algorithm based on the specificity matrix enabled iden-
tification of AarA substrates; among the 15 top-scored candi-
dates, 38% were cleavable by AarA (51).
Although the proposed motif would provide a basis for sub-

strate recognition by rhomboids in many cases, not all of the
rhomboid substrates have this motif, and it is likely that other
mechanisms for substrate recognition/cleavage may exist.
For example, cleavage of thrombomodulin by Rhomboid-2
depends on its cytoplasmic rather than TM domain (52). Mito-
chondrial rhomboids may also recognize different substrate
features (53). Although rhomboids have substrate preference
for type I (Nout-Cin) single-spanning membrane proteins, type
II (Nin-Cout) single-spanning membrane proteins (54, 55) and
even multi-spanning membrane proteins can act as rhomboid
substrates (56, 57). Thus, further studies are required to fully
understand rhomboid substrate specificity.

Future Prospects

Since the landmark discovery that Drosophila Rhomboid-1
represents a new class of membrane-bound proteases (1), the
field has expanded tremendously. The biological functions of
many related rhomboid proteins are now known, and there is
optimism that the pace of such discoveries will only quicken in
the near future. The crystal structures of E. coli andH. influen-
zae GlpG proteins have provided a framework for in-depth

FIGURE 4. Determinants for rhomboid substrate specificity. P1 and P4 are
the first and fourth residues on the N-terminal side of the scissile bond,
respectively, and P2� is the second residue on the C-terminal side. The S1 and
S2� subsites of rhomboid recognize the P1 and P2� residues of the substrate.
HB, helix-breaker residue.
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probing of the mechanism of action of the membrane protein.
On this second front, future work needs to focus on the follow-
ing areas. (i) The crystal structure of rhomboid protease in
complex with a peptide substrate analog covering both S and S�
subsites has to be solved to explain the basis of the observed
substrate specificity. (ii) The structure of the protease with a
bound TM substrate is required to fully explain the nature of
the conformational change in the enzyme. (iii) Complementing
the structural characterizations, biophysical studies should be
carried out to examine how rhomboid protease interacts with
the lipid bilayer and how such interactions may influence the
protease activity. (iv) The biochemical mechanism of the mito-
chondrial rhomboid PARL should be investigated more thor-
oughly (55, 58). PARL has an inverted catalytic core domain
and, unlike the others, cleaves in the middle of a hydrophobic
sequence downstream of the primary TM domain of the sub-
strate. (v)T. gondii and P. falciparum rhomboids are also inter-
esting subjects for future research because they play essential
roles in the life cycles of two medically important parasites and
demonstrate unique substrate specificities (14, 59).
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Cytochrome P450 enzymes have major roles in the metabo-
lism of steroids, drugs, carcinogens, eicosanoids, and numerous
other chemicals. The P450s are collectively considered themost
diverse catalysts known in biochemistry, although they operate
from a basic structural fold and catalytic mechanism. The four
minireviews in this thematic series dealwith the unusual aspects
of catalytic reactions and electron transfer pathway organiza-
tion, the structural diversity of P450s, and the expanding roles of
P450s in disease and medicine.

In a sense, the field of cytochrome P450 research first began
in the 1940s with observations on oxygenation reactions in the
metabolismof drugs, steroids, and carcinogens (1–3). Although
P450 spectra had been reported in 1958 (4, 5), P450 was not
really first characterized until the publication of a communica-
tion byTsuneoOmura andRyo Sato inThe Journal of Biological
Chemistry in 1962 (6), followed by two extensive papers in 1964
(7, 8). These pioneering studies in mammalian systems were
soon complemented by work on a bacterial P450 system by
Irwin C. Gunsalus and associates (9).
Having passed the 50-year anniversary of P450 last year, the

field is a mature one, in a sense. Through the human genome
project, we now know that humans have 57 P450 (CYP) genes.
The genes have been organized into families (denoted by the
first identification number) and subfamilies (denoted by let-
ters). Thus, “2D6” denotes family 2, subfamily D, and individual
P450 6 (genetic variants are denoted *1 (“wild type”), *2, etc.)
(10). (In some cases, the same designation across species is used
for a P450, but not always.) The Protein Data Bank contains
nearly 500 P450 structures, including 30 different mammalian
P450s (20 of the human P450s).
Most of the reactions catalyzed by P450s are mixed-function

oxidationwith the following general stoichiometry:NADP(P)H�
H� � O2 � R3 NADP� � H2O � RO, where R is the sub-
strate. The catalytic mechanism is understood to involve a so-
called “Compound I” high-valent iron species (formally FeO3�,
with the iron in the FeIV state and the remaining positive charge
distributed in the porphyrin ring), endogenous to that charac-
terized in peroxidase chemistry. The elusive Compound I inter-
mediate was elegantly described in a P450 by Rittle and Green
in 2010 (11).
Today, the P450 field has made tremendous contributions in

numerous areas. The understanding of P450s has revolution-

ized aspects of drug development and agriculture. We now
understand genetic diseases in endocrinology, and P450 played
a leading role in fields as diverse as pharmacogenetics, chemical
carcinogenesis, molecular epidemiology, bioremediation, plant
breeding, and insect control.
Nevertheless, important questions remain, and we have an

opportunity to further apply our understanding of P450s to
important problems. With �18,000 known P450 sequences
available and the number increasingly rapidly, it is humbling to
realize that we understand the functions of only a fraction of
these P450s (12). The flexibility of the P450 proteins is now
recognized, and prediction of catalytic activities for individual
P450s is still difficult.
This thematic series consists of four minireviews (13–16),

selected to present the current state of knowledge in the field of
P450 and to stimulate interest in the challenges of the future.
In the first minireview (13), AndrewW.Munro and I discuss

the unusual features of P450s to show the extent of variation
that can be accommodated among a set of enzymes that use a
rather common chemical mechanism, that of the Compound I
oxidation alreadymentioned. Part of thisminireview deals with
seemingly unusual reactions, and part deals with unusual P450
systems, showing diversity in pathways of electron transfer, etc.
The second minireview in the series, written by Michael T.

Green and co-workers (14), describes the long quest for the
reactive intermediate in the P450 that catalyzes the oxygen-
ation of the substrate. This field has a long history, with early
hypotheses about mobile forms of reactive oxygen being
involved and moving on to the concept of a high-valent iron-
oxygen complex solving the problem of spin-forbidden reac-
tions of oxygen. Recent work on the intermediate Compound I
(11, 16) is discussed, including alternative proposals.
The third minireview, written by Eric F. Johnson and C.

David Stout (15), addresses a different aspect, that of three-
dimensional structures. As with the catalytic mechanism and
the electron transfer pathways (13), there is an inherent com-
monality in the P450 structures but also considerable diver-
gence in many of the details, especially in the active site. The
active site volumes of human P450s vary at least 7-fold, and
several have been found to contain two substrates. This diver-
sity in the active sites is one reason for the hundreds of thou-
sands of P450 substrates.
The fourthminireview in the series, written by Irina A. Piku-

leva and Michael R. Waterman (16), deals with the roles of
P450s in diseases (aside from the prominent roles for P450s in
drug metabolism) (17). Numerous examples of genetic defects
in the metabolism of sex steroids, glucocorticoids, cholesterol,
bile acids, vitamin D, and eicosanoids are now understood in
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the context of our knowledge of P450s. Most of these are acute
or otherwise obvious maladies, and a challenge still continues
to understand roles of P450 contributions to chronic diseases
such as cancer and hypertension.
When Professor Ryo Sato retired in 1987, the P450 field was

at the quarter-century mark, and a retirement ceremony was
held in Nara, Japan, with the title “Cytochrome P450: New
Trends” (18). The 25 years since then have seen an explosion of
new knowledge that even those in the field really did not antic-
ipate.What the future holds for P450 discovery in the next 25 or
50 years, with “NewTrends,” will undoubtedly interest and sur-
prise us.

REFERENCES
1. Mueller, G. C., andMiller, J. A. (1948) Themetabolism of 4-dimethylami-

noazobenzene by rat liver homogenates. J. Biol. Chem. 176, 535–544
2. Williams, R. T. (1947) Detoxication Mechanisms, 1st Ed., John Wiley &

Sons, Inc., London
3. Ryan, K. J. (1958) Conversion of androstenedione to estrone by placental

microsomes. Biochim. Biophys. Acta 27, 658–669
4. Klingenberg, M. (1958) Pigments of rat liver microsomes. Arch. Biochem.

Biophys. 75, 376–386
5. Garfinkel, D. (1958) Studies on pig liver microsomes. I. Enzymic and pig-

ment composition of different microsomal fractions. Arch. Biochem. Bio-
phys. 77, 493–509

6. Omura, T., and Sato, R. (1962) A new cytochrome in liver microsomes.
J. Biol. Chem. 237, 1375–1376

7. Omura, T., and Sato, R. (1964) The carbon monoxide-binding pigment of
liver microsomes. I. Evidence for its hemoprotein nature. J. Biol. Chem.
239, 2370–2378

8. Omura, T., and Sato, R. (1964) The carbon monoxide-binding pigment of
liver microsomes. II. Solubilization, purification, and properties. J. Biol.
Chem. 239, 2379–2385

9. Katagiri, M., Ganguli, B. N., and Gunsalus, I. C. (1968) A soluble cyto-
chrome P450 functional in methylene hydroxylation. J. Biol. Chem. 243,
3543–3546

10. Nelson, D. R., Koymans, L., Kamataki, T., Stegeman, J. J., Feyereisen, R.,
Waxman,D. J.,Waterman,M. R., Gotoh,O., Coon,M. J., Estabrook, R.W.,
Gunsalus, I. C., andNebert, D.W. (1996) P450 superfamily: update on new
sequences, gene mapping, accession numbers, and nomenclature. Phar-
macogenetics 6, 1–42

11. Rittle, J., and Green,M. T. (2010) Cytochrome P450 compound I: capture,
characterization, andC–Hbond activation kinetics. Science 330, 933–937

12. Guengerich, F. P., and Cheng, Q. (2011) Orphans in the human cyto-
chrome P450 family: approaches to discovering function and relevance to
pharmacology. Pharmacol. Rev. 63, 684–699

13. Guengerich, F. P., and Munro, A. W. (2013) Unusual cytochrome P450
enzymes and reactions. J. Biol. Chem. 288, 17065–17073

14. Krest, C.M., Onderko, E. L., Yosca, T. H., Calixto, J. C., Karp, R. F., Livada,
J., Rittle, J., and Green,M. T. (2013) Reactive intermediates in cytochrome
P450 catalysis. J. Biol. Chem. 288, 17074–17081

15. Johnson, E. F., and Stout, C. D. (2013) Structural diversity of eukaryotic
membrane cytochrome P450s. J. Biol. Chem. 288, 17082–17090

16. Pikuleva, I. A., and Waterman, M. R. (2013) Cytochromes P450: roles in
diseases. J. Biol. Chem. 288, 17091–17098

17. Guengerich, F. P. (2005) Human cytochrome P450 enzymes. in Cyto-
chrome P450: Structure, Mechanism, and Biochemistry (Ortiz de Mon-
tellano, P. R., ed) pp. 377–530, 3rd Ed., Kluwer Academic/Plenum Press,
New York

18. Sato, R., Omura, T., Imai, Y., and Fujii-Kuriyama, Y. (eds) (1987) Cyto-
chrome P-450: New Trends: Yamada Conference XVII, Nara Hotel, Nara,
Japan, May 11–13, 1987, Yamada Science Foundation, Nara, Japan

MINIREVIEW: New Trends in P450

17064 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 24 • JUNE 14, 2013



Unusual Cytochrome P450
Enzymes and Reactions*□S

Published, JBC Papers in Press, April 30, 2013, DOI 10.1074/jbc.R113.462275

F. Peter Guengerich‡1 and Andrew W. Munro§

From the ‡Department of Biochemistry and Center in Molecular
Toxicology, Vanderbilt University School of Medicine, Nashville, Tennessee
37232-0146 and the §Manchester Institute of Biotechnology, Faculty of Life
Sciences, The University of Manchester, Manchester M1 7DN,
United Kingdom

Cytochrome P450 enzymes primarily catalyze mixed-func-
tion oxidation reactions, plus some reductions and rearrange-
ments of oxygenated species, e.g. prostaglandins. Most of these
reactions can be rationalized in a paradigm involving Com-
pound I, a high-valent iron-oxygen complex (FeO3�), to explain
seemingly unusual reactions, including ring couplings, ring
expansion andcontraction, and fusionof substrates.MostP450s
interact with flavoenzymes or iron-sulfur proteins to receive
electrons fromNAD(P)H. In some cases, P450s are fused to pro-
tein partners. Other P450s catalyze non-redox isomerization
reactions. A number of permutations on the P450 theme reveal
the diversity of cytochrome P450 form and function.

General Aspects of Catalytic Mechanisms

Details of the cytochrome P450 catalytic mechanism are
described in the accompanying minireview by Green and co-
workers (1). Most of the P450 reactions can be rationalized in
the context of the intermediate FeO3�, which corresponds to
what was first described as “Compound I” in peroxidase chem-
istry (Fig. 1A, i). A variant mechanism has been proposed for
some P450 reactions (Fig. 1A, ii), particularly those regarding
aldehydes (4). Anothermode of P450 reactions is the rearrange-
ment of some oxygenated substrates (e.g. prostaglandins) (Fig.
1A, iii), as exemplified by the P450s CYP5A1 and CYP8A1, the
respective prostacyclin and thromboxane synthases (see
below). Another mechanistic aspect is the distinction of reac-
tions regarding low- and high-spin FeO3�, proposed by Shaik et
al. (7) to explain multiple reactions catalyzed by a P450.
Although intriguing, this hypothesis has been examined only at
the theoretical level. The experimental approaches described
by Green and co-workers (1, 8) can be applied to the questions
posed by the spin hypothesis.

Oxidations

Most of the unusual reactions of P450s can be understood in
the context of rearrangements, either of the reaction products
(due to instability) or within an enzymatic reaction intermedi-
ate. Examples of both will be considered. For a more extensive

collection of unusual P450 reactions, see previous reviews (4,
9–11). The literature of these unusual reaction products is
dominated by contributions from the fields of drugmetabolism
and plant biochemistry (which are not unrelated, in that many
drugs are plant secondary metabolites). Most drugs are com-
plex molecules, and regulatory agencies require elucidation of
chemical structures of metabolites prior to registration (12).
Plants have large numbers of P450 genes (hundreds per species)
and utilize these in the synthesis of complex secondary metab-
olites, e.g. alkaloids, modified terpenes, flavonoids, etc.
Rearrangements of Oxidized Products—Many examples are

known of�-hydroxy heteroatom products that break down, e.g.
carbinolamines, hemiacetals, and gem-halohydrins (Fig. 1B).
However, some stable carbinolamines (5, 6) and hemiaminals
(13) are known. In many cases, the initial products have not
been observed directly, but indirect approaches have been used
to demonstrate their existence, e.g. oxygenated halogen atoms
(haloso compounds) (supplemental Fig. S1) (14, 15).
Sometimes, alcohol products dehydrate to yield olefins.

However, olefins can also be formed directly by an oxidative
mechanism resembling those of recognized desaturases (9, 16).
Arene oxides (epoxides) rearrange to phenols (17). In addi-

tion, vinyl compoundswith good leaving groups can formepox-
ides that rearrange, e.g. to �-halocarbonyls (18, 19).
In more complex (cellular) settings, leaving groups may be

attached to the alcohols generated by P450s. Accordingly, the
elimination or nucleophilic addition products may be recov-
ered and identified. The latter type of reaction with a macro-
molecule (i.e. DNA and protein) is a major issue in chemical
carcinogenesis and toxicity (20).
A dramatic example of rearrangement in a product involves

the drug candidate BMS-690514 (supplemental Fig. S2). The
reaction is rationalized by an electrophilic attack of a P450
(CYP3A4?) on a pyrrole ring to form a hydroxypyrrole, which
rearranges to open the pyrrole ring and eventually involves
reaction of a neighboring aniline ring to form a stable carbino-
lamine product (21).
Rearrangements Involving Enzyme Intermediates—In gen-

eral, rearrangements of enzyme intermediates are more com-
plex,more interesting, and oftenmore difficult to rationalize. A
brief discussion of kinetics and mechanism is in order before
consideration of examples.
Strained cycloalkyl entities have been utilized as “radical

clocks” (22, 23). Abstraction of a hydrogen atom is an energet-
ically unfavorable reaction, but, once formed, the “oxygen
rebound” step (Fig. 1A, i) is very rapid, as recently demonstrated
in direct experiments with P450 119A1 Compound I by Green
and co-workers (1, 8). The rates of rearrangement of some
cycloalkyl radical systems are known (in solution) and can be
used to estimate the rates of rearrangement and oxygen
rebound (radical recombination, i.e. reaction of FeOH3� � �C)
in enzymes. Although this field has not been without contro-
versy (24), rates of recombination of�109 s�1 are considered to
occur in several P450s (25). Such studies have caveats regarding
rates of rearrangement, in that atoms of these molecules are
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undoubtedly restrained in active sites through various bonding
forces, and this can change the rates compared with those
measured in simple chemical systems (26).
With this background, we can consider some of the rear-

rangements. Another aspect to consider is one already men-
tioned, that of desaturation resulting from the abstraction of a
second hydrogen atom to achieve a net 2-electron loss.
One recent example of an unusual rearrangement in a P450

complex involves the P450 enzyme CYP125 (fromMycobacte-
rium tuberculosis and rhodococci) and the oxidation of choles-
terol (Fig. 2). An unusual product is the formate ester (M2 in
Fig. 2A). The reaction is shown as releasing formate in the pro-
posed mechanism in Fig. 2A, presumably without extrusion
into the medium (equilibration with any formate in the
medium was not examined.) An alternative concerted Baeyer-
Villiger reaction is shown in Fig. 2B.
Many other P450 reactions are known in which rearrange-

ments undoubtedly occur with a P450 enzyme-intermediate
complex. Notable examples are the conversion of vinyl halides
to �-haloacetaldehydes (18, 28). A recent similar example
involves the “direct” conversion of 7,8-dehydrocholesterol to
7-ketocholesterol by the human P450 CYP7A1 (29). Strained
cycloalkyl rings undergo rearrangements (2, 30). Other exam-
ples in which cleavage of a substrate occurs in such a mecha-
nism involve the ipso cleavage of bisphenol A (supplemental
Fig. S3) (31) and the conversion of nabumetone to 6-methoxy-
2-naphthylacetic acid by the human P450 CYP1A2 (supple-
mental Fig. S4) (32, 33).

Coupling Reactions—P450-catalyzed C–C and C–O bond
couplings are common in plant biosynthetic pathways (e.g.
alkaloid biosynthesis) and in bacteria (e.g. antibiotic synthesis in
Actinomycetes). These reactions are often critical in the bio-
synthesis of plant secondary metabolites. An interesting exam-
ple from Taxol biosynthesis (plus a possible mechanism) is
shown in Fig. 3A (34).
Some other interesting examples include C–O bond cou-

pling in the biosynthesis of grayanic acid (supplemental Fig. S5)
(37), coupling in the synthesis of isoquinoline alkaloids (supple-
mental Fig. S6) (38), and oxidative coupling in early steps of
morphine biosynthesis (supplemental Fig. S7) (39, 40). These
coupling reactions, generally believed to involve radical chem-
istry, are not restricted to plants and bacteria. Human P450s
have been shown to also catalyze steps in morphine synthesis
(supplemental Fig. S8) (41).Most of these reactions are internal
couplings, in which rings are in juxtaposition to fuse if a radical
pathway is initiated. The coupling of two flaviolin molecules
together has been observed in a Streptomyces coelicolor
CYP158A2 reaction, in which the two molecules are both
bound in the active site (42). A dimer of capsaicin is formed
during its oxidation by human liver microsomes (although
which P450 is involved remains unknown) (43). The general
reaction supports a view of an aromatic radical pathway but is
rare among oxidations of unlinked substrates. Recently, the
environmental contaminant BDE-47, a polybrominated bis-
phenyl ether flame retardant, was reported to be converted to a

FIGURE 1. A, major modes of oxidation reactions catalyzed by P450 enzymes. i, Compound I (FeO3�) with hydrogen abstraction and oxygen rebound. A variant
on this is the initial abstraction of a non-bonded electron from a heteroatom, followed by base-catalyzed rearrangement of the aminium radical (N .�) to a
carbon radical prior to oxygen rebound (2, 3). ii, reaction of an iron peroxy anion (normally an intermediate in the production of FeO3�) with an aldehyde,
probably the best documented example of this kind of chemistry (4). The process leads to an alkene or aromatic ring, e.g. estrogen synthesis in the aromatase
(CYP19A1) reaction (see Fig. 2B). iii, rearrangement of an oxidized entity, exemplified here by the P450 CYP58A1 formation of TXA2 from PGH2. B, rearrange-
ments. i, formation and non-enzymatic rearrangement of a carbinolamine and a gem-halohydrin. ii, a stable carbinolamine formed from N-methylcarbazole in
P450 oxidations (5, 6).
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(brominated) p-dioxin molecule by the introduction of a sec-
ond ether oxygen (supplemental Fig. S9) (44).
Nitration—A highly unusual reaction is involved in the syn-

thesis of a phytotoxin, thaxtomin, in Streptomyces turgidisca-

bies (Fig. 3B) (35). The FeO2
2� form of the enzyme is proposed

to react with nitric oxide to form an iron peroxynitrite-like
species that can produce a nitrating species capable of nitrating
tryptophan.

FIGURE 2. Possible mechanisms for steroid deformylation reactions catalyzed by the P450 CYP125. A, the important steps involve addition of the
ferric-peroxo anion (FeO2

�) of CYP125 to the C-26 carbonyl and subsequent radical fragmentation of the peroxyhemiacetal adduct (27). The radical fragmen-
tation of the peroxyhemiacetal adduct leads to formation of an alkene (M1; arrow a) or a one-carbon deficient alcohol (M4; arrow b). The Compound I-catalyzed
oxidation of M1 generates a diol (M5) via the acid-catalyzed ring opening of an epoxide intermediate. A C-25 cation may also derive from the single-electron
oxidation of the C-25 radical (arrow c). Trapping of the cation by formate or water (arrow d) results in the formation of the C-25 oxyformyl (M2) or the one-carbon
reduced alcohol (M4), respectively. Loss of a proton from the C-25 cation may also generate M1 (arrow e). The Compound I-catalyzed oxidation of M4 produces
a gem-diol intermediate that dehydrates to a keto compound (M3). B, a possible alternative mechanism involving Baeyer-Villiger oxidation with the ferric-
peroxo anion (FeO2

�) of CYP125 to yield M2 (see Fig. 1B, ii).

FIGURE 3. Some unusual P450 reactions. A, proposed mechanism for rearrangement of taxa-4(5),11(12)-diene to 5(12)-oxa-3(11)-cyclotaxane, catalyzed by
the P450 CYP725A4 from yew trees (34). B, proposed pathway for nitration of tryptophan (35). C, cyclopropanation by P450BM-3 (carbene transfer) (36).
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Cyclopropanation—This is not a physiological reaction but
nevertheless demonstrates the versatility of P450s (this is not an
oxidation per se but is included here in the context of mecha-
nistic similarity). The ferrous form of a mutant of bacterial
CYP102A1 (P450BM-3) reacted with ethyl diazoacetate to con-
vert styrene to a cyclopropyl derivative (Fig. 3C) (36). Multiple
turnovers were observed, and the stereochemistry was distinct
from that seen in reactions with only free heme.
Methane Hydroxylation—Although P450s are well known

catalysts of alkane hydroxylations, the oxidation of methane
presents a special challenge due to the strong C–H bond
strength (104 kcal mol�1). Two groups have employed a strat-
egy of “activating” CYP102A1 by using short perfluorinated
fatty acids (with no C–Hbonds available for oxidation) to “acti-
vate” the enzyme and then also adding short alkanes, which can
be oxidized as substrates (45, 46). The activation process
includes both a spin-state change in the iron and a constriction
in the size of the active site.Watanabe and co-workers (46)were
not able to oxidizemethane or ethane in their system, but Reetz
and co-workers (45) were able to achieve multiple turnovers of
methane, an unusual feat.

Reductions

Although the vast majority of P450 reactions are oxidations,
reductions are also known. Most are observed more readily
under anaerobic or hypobaric conditions. For ratherunclear rea-
sons, the substrates for such reactions accept electrons from fer-
rousP450 at a rate that is competitivewith the rates of binding and
reduction of oxygen. These reactions can occur in cells with low
oxygen tension, e.g. those most distant from capillary arteries in
animals. The electrons must be transferred one at a time.
The nature of the 1-electron reduced intermediates and, in

some ways, the fate of an oxygen in a substrate remain unclear.
One unusual case is the conversion of benzo[a]pyrene epoxides
to the polycyclic hydrocarbon itself, i.e. benzo[a]pyrene (47).
For reasons that are not clear, the only reactions of the human
“orphan” P450 CYP2S1 that have been reproducibly observed
to date are all reductions (48–50).

Non-redox Reactions

At least three non-redox P450 reactions have been reported,
including a phospholipase D-type hydrolysis by several mam-
malian P450s (51), pyrophosphatase (hydrolytic) activity of
S. coelicolor CYP170A1 (52), and the rearrangement of a bicy-
clic pentaenone to an oxetane by CYP154A1 from the same
bacterium (53). Those reactions are likely to involve elements of
acid-base chemistry, but the details are unknown. In the case of
CYP170A1, an alternative active site for the hydrolytic reaction
has been identified (the P450 also catalyzes oxidative reactions).

Unusual P450 Enzymes

The “classical” eukaryotic P450 enzymes are membrane-as-
sociatedP450s that interact eitherwith theNADPH-dependent
diflavin enzyme cytochrome P450 reductase (CPR2; for Class II

microsomal P450s) or with the flavoprotein adrenodoxin
reductase (ADR) and the iron-sulfur protein adrenodoxin
(ADx; for Class I mitochondrial P450s) (Fig. 4). Typical pro-
karyotic Class I systems have similar flavoprotein reductase and
ferredoxin (FDx) partners (60). Interestingly, some of themam-
malian microsomal P450s are also imported in the mitochon-
dria and use ADx (an FDx) and its ADR (64). Recent years have
seen the identification of several distinct types of P450s that do
not fall into the general Class I/II types, many of which have
been identified through characterization of P450 enzymes
identified from genome sequencing projects.

2 The abbreviations used are: CPR, cytochrome P450 reductase; ADR, adreno-
doxin reductase; ADx, adrenodoxin; FDx, ferredoxin; PG, prostaglandin;
TXA2, thromboxane A2.

FIGURE 4. Diversity of P450 redox systems and P450 fusion proteins. A
selection of distinct types of P450 enzymes and (where relevant) their redox
partner systems is shown. The sizes of the boxes are indicative of the lengths
of the protein modules. Bound prosthetic groups are indicated in the color-
coded domains. A, P450BM-3 (CYP102A1)-type P450-CPR fusion, also seen for
fungal P450foxy (CYP505)-type systems (54). B, CYP116B-type P450-phthalate
dioxygenase reductase fusion (55). C, M. capsulatus P450-FDx fusion CYP51FX
(56). D, R. rhodochrous P450-flavodoxin fusion XplA, involved in reductive
degradation of explosives (57). E, Pseudomonas fluorescens PfO-1 acyl-CoA
dehydrogenase-P450 fusion CYP222A1. This protein is depicted with FAD
bound in its N-terminal domain, but there is no report to date of character-
ization of this protein. F, Mimivirus CYP5253A1, with a P450 fused to a C-ter-
minal domain of uncertain function but containing several potential sites for
post-translational modification. G, PpoA dioxygenase/peroxidase-P450
fusion enzyme from A. nidulans, involved in Psi factor production (58). H,
P450-hydrolase fusion CYP631B5, involved in mycophenolic acid production
(59). I, “stand-alone” P450 that acts without partner proteins, typified by
P450nor (CYP55A)-type nitric-oxide reductase enzymes that interact directly
with NAD(P)H, peroxygenase CYP152 P450s that use H2O2 to oxidize sub-
strates, P450s that isomerize substrates (e.g. CYP5A1/8A1), and allene oxide
synthase (CYP74A) dehydratase P450s. J, typical eukaryotic Class II P450 sys-
tems with separate membrane-associated P450 and a CPR partner. K, Class I
(mitochondrial) P450 system that interacts with the iron-sulfur protein ADx,
which is in turn reduced by ADR. Most bacterial systems use a similar redox
apparatus (60). L, variation on system K, in which a flavodoxin replaces the
iron-sulfur protein. This type of system supports CYP176A1 (P450cin); enables
Citrobacter braakii to catabolize cineole; and can also reduce CYP107H1
(P450BioI), involved in B. subtilis biotin synthesis (61, 62). M, heme-free EryCII
P450-like protein devoid of a cysteine proximal ligand. EryCII is an allosteric
activator of the glycosyltransferase EryCIII in the production of erythromycin
D in S. erythraea (63).

MINIREVIEW: Unusual P450s and Reactions

17068 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 24 • JUNE 14, 2013



P450-Redox Partner Fusion Proteins

P450BM-3—The discovery of a high-activity fatty acid
hydroxylase in Bacillus megaterium led Narhi and Fulco (65) to
identify the first P450 linked to its redox partner. P450BM-3
(CYP102A1) has a eukaryote-like CPR fused to the C terminus
of the P450. Both domains lack the membrane anchor regions
typical of their eukaryotic relatives, and P450BM-3 was the first
example of a prokaryotic CPR (54). The P450-CPR fusion
arrangement of P450BM-3 facilitates rapid electron transfer
from NADPH to the P450 heme, and the CPR portion (of
P450BM-3) is also reduced by NADPH much faster than are
eukaryotic CPRs (66), leading to P450BM-3 having the fastest
substrate oxidation rate yet reported for a P450 enzyme, �250
s�1 (67). The catalytic proficiency of P450BM-3 has aroused
great interest in its capacity for oxychemical synthesis, and
notable successes in re-engineering P450BM-3 include trans-
forming the enzyme from a fatty acid (�-1, �-2, and �-3)
hydroxylase into variants capable of oxidizing short chain
alkanes and alkenes as well as steroids (68, 69). P450BM-3 is a
dimeric enzyme, and intermonomeric electron transfer occurs
in this system, as also seen for the structurally related eukary-
otic nitric-oxide synthases (70–72). Several other P450BM-3-
type P450-CPR enzymes are now known (e.g. see Ref. 73). The
physiological function of P450BM-3 still remains unclear,
although a role in bacterial quorum sensingmediated by oxida-
tive inactivation of acylhomoserine lactones has been proposed
(74). Similar types of P450-CPR fusion enzymes have been
found in lower eukaryotes, most notably the Fusarium oxyspo-
rum membrane-associated fatty acid hydroxylase P450foxy
(CYP505) (75).
The CYP116B Family—Several years elapsed between the

discovery of P450BM-3 and the characterization of the next type
of P450-redox partner fusion enzyme. Genome sequence data
led to the identification of a small number of bacterial P450s
fused to partners resembling phthalate dioxygenase reductases
(76). Heterologous expression of two CYP116B family mem-
bers (CYP116B1 andCYP116B2) enabled their purification and
the demonstration that the reductase component binds FMN
and 2Fe-2S iron-sulfur prosthetic groups and that P450 turn-
over is driven by NAD(P)H (55, 77). In the case of CYP116B1,
the enzymewas shown to be catalytically active in the oxidation
of thiocarbamate herbicides, consistent with the sequence sim-
ilarity between its P450 domain and the herbicide-degrading
Class I P450 CYP116A1 from Rhodococcus sp. strain NI86/21
(78). The CYP116B-type model has recently been mimicked in
artificial P450 fusion enzymes in efforts to enhance eukaryotic
P450 activities and produce metabolites of interest (e.g. see Ref.
79). Although electron transfer kinetics in the CYP116B-type
reductase may be �30-fold slower than in the P450BM-3 reduc-
tase, fusing exogenous P450s to this CYP116B type of reductase
may circumvent the problem of dimerization of the P450BM-3
reductase and provide a more robust fusion system for P450
engineering.
Other P450-Redox Partner Fusion Protein Systems—The

P450BM-3 (CYP102A)- and CYP116B-type P450-partner
fusions are catalytically self-sufficient in terms of having all pro-
tein partners required for function covalently linked together,

thus requiring only an electron donor (NAD(P)H) and a P450
substrate for oxidative catalysis. A different type of self-suffi-
cient system was described in Rhodococcus ruber strain DSM
44319, composed of FDx, FMN-containing flavoprotein reduc-
tase, and P450 modules and able to catalyze NADPH-depen-
dent oxidation of polycyclic aromatic hydrocarbons (80). How-
ever, other systems have been characterized in which “partial”
fusions decrease the number of redox partners required to
reconstitute P450 function. In Methylococcus capsulatus, a
CYP51-FDx fusion was shown to be composed of a P450 linked
to a 3Fe-4S FDx at its C terminus. The enzyme (CYP51FX) was
demonstrated to catalyze NADPH-dependent 14�-demethyla-
tion of lanosterol when spinach NADPH-FDx reductase was
added to reconstitute a complete Class I-like system (56). A
soluble biotechnologically relevant P450 enzyme from Rhodo-
coccus rhodochrous strain 11Y (XplA) has an FDxmodule fused
to the P450 at its N terminus. XplA receives electrons from an
NADPH-dependent flavoprotein reductase (XplB) and cata-
lyzes the reductive degradation of the explosive hexahydro-
1,3,5-trinitro-1,3,5-triazine, producing nitrite as a final product
(57).
A flavodoxin-like module in CPR is ultimately responsible

for electron delivery to mammalianmicrosomal P450s, and fla-
vodoxins were also shown to support electron transfer to the
bacterial P450s involved in biotin synthesis and cineole catab-
olism, replacing ferredoxins in Class I-like systems (62, 81).
XplA has unusual properties, including unusually weak binding
of the FMN cofactor and the absence of a phylogenetically con-
served Ser/Thr residue in the P450 I helix. The latter structural
deviation is consistent with a primarily reductive role for XplA
because the Ser/Thr residue is implicated in hydrogen bonding
and/or proton transfer to iron-bound oxygen in the normal
P450 catalytic cycle (82).

P450s Acting Independently of Redox Partner Proteins

Although the classical P450 catalytic cycle requires the timed
delivery of 2 consecutive electrons to the heme iron (1) to allow
(i) formation of ferrous iron, enabling O2 binding and forma-
tion of the ferrous-oxy (FeO2

2�) state, and (ii) reduction of the
FeO2

2� form (followed by further oxygen activation), a number
of P450 enzymes bypass this mechanism. In doing so, these
P450s either use an alternative route to achieve substrate oxi-
dation or exploit the P450 scaffold for unconventional catalytic
functions.
P450 Peroxygenases—The “peroxide shunt” is a long-used

chemical procedure for driving P450 oxidase reactions in the
absence of NAD(P)H-dependent redox partners. The reaction
of H2O2 or organic peroxides with a ferric P450 can result in its
direct conversion to the ferric-hydroperoxo (Compound 0)
intermediate (FeO2

�) (Fig. 1A, ii), protonation of which leads to
loss of a water molecule and formation of the reactive Com-
pound I species (ferryl-oxo with a porphyrin � cation radical,
FeO3�; see above) that oxidizes the substrate (4, 83). The per-
oxide is rarely efficient and is often highly destructive in oxidiz-
ing the protein and the heme prosthetic group (non-physiolog-
ical high-valent iodine compounds, e.g. iodosylbenzene (84, 85),
can give high rates but are also destructive). However, this class
of P450s uses this mechanism and avoids excessive oxidative
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damage during the process. Notable P450 peroxygenases are
the Sphingomonas paucimobilis P450SP� (CYP152B1) and the
Bacillus subtilis P450BS� (CYP152A1), which catalyze long
chain fatty acid hydroxylation primarily at the �- and �-car-
bons, respectively (86, 87). Amore recently discoveredmember
of theCYP152 P450 family is theOleTP450 from Jeotgalicoccus
ATCC 8456, which uses the peroxygenase route to decarboxy-
late a range of long chain fatty acids to form the n-1 alkenes.
OleT thus has potential applications for biofuel and fine chem-
ical synthesis. A speculative mechanism for the reaction
involves abstraction of a hydrogen atom from the �- or �-posi-
tion of the fatty acid. Subsequent oxygen rebound chemistry
would lead to hydroxylation at the �- or �-position (as seen for
P450SP� and P450BS�), but, in the case of OleT, the abstraction
of a further proton from the�-positionwould lead to formation
of a molecule of H2O and an unstable carbocation that sponta-
neously decarboxylates to form the terminal alkene (88).
Nitric-oxide Reductases—In a purely reductive reaction, the

fungal nitric-oxide reductase P450s (P450nor enzymes) bind
NAD(P)H in the P450 active site and catalyze an unusual
hydride transfer from the nicotinamide cofactor to a heme
iron-bound NO� molecule. This intermediate reacts with a sec-
ond molecule of NO� to form N2O and H2O (89). There are
separate cytosolic andmitochondrial isoforms of P450nor found
in F. oxysporum (CYP55A1) and other fungi (60, 89). The
CYP55A1 gene is nitrite/nitrate-inducible and is part of an
energy-producing pathway that reduces these molecules to
N2O. Reduction of NO� in mitochondria may also serve to pre-
vent its action as a respiratory chain inhibitor. Bypassing the
need for electron transfer reactions involving partner proteins
helps to enable the fast reaction rates of NO� reduction (�103
s�1) observed for CYP55A1 (90).

Molecular Rearrangements

Prostaglandin Reactions—Selected P450s are known to cata-
lyze isomerization reactions.Mammalian examples of this class
include the eicosanoid-transforming thromboxane synthase
(CYP5A1) that converts prostaglandin (PG)H2 into thrombox-
ane A2 (TXA2). CYP5A1 also catalyzes molecular rearrange-
ments of PGH1, PGH2, and PGG2. TXA2 causes vasoconstric-
tion and induces platelet aggregation. CYP8A1 (prostacyclin
synthase) also isomerizes PGH2, in this case, generating pros-
tacyclin, which is vasodilatory and inhibits platelet aggregation
(91). These reactions thus have competing regulatory func-
tions. In both cases, the mechanism is proposed to involve
homolytic cleavage of the PG endoperoxide, with a ferryl P450
iron-bonded to one or the other of the oxygen atoms (depend-
ing on whether CYP5A1 or CYP58A1 is the catalyst and the
particular bindingmode of the substrate in the P450 active site)
(i.e. Fig. 1A, iii) and a radical on the other oxygen. Radical
migration to a substrate carbon and electron transfer to the iron
with carbocation formation on intermediates precede their
final rearrangement to form either TXA2 or prostacyclin (92).
Allene Oxide Synthases—Plant allene oxide synthases (the

CYP74A family) catalyze dehydration of fatty acid hydroperox-
ides to form the respective allene oxides (93), which are reactive
epoxides that are further transformed into the plant hormone
jasmonic acid. Jasmonic acid and its metabolites are crucial in

plant growth and development and defense. Flax CYP74A1
converts (13S)-hydroperoxylinolenic acid to its allene oxide at a
rate of �103 s�1 (94). Related CYP74 family members utilize
the same fatty acid hydroperoxide substrates to catalyze carbon
chain cleavage and the formation of aldehydes (hydroperoxide
lyases CYP74B andCYP74C) (95) or the formation of fatty divi-
nyl ethers (divinyl ether synthase CYP74D) (96).

Non-redox Partner-P450 Fusion and Partner Proteins

Genome sequencing projects have led to the identification of
a number of novel P450 enzymes covalently attached to protein
modules that are not obvious NAD(P)H-dependent redox
partners or domains thereof. In several cases, these modules
are homologs of structurally/biochemically characterized
enzymes, although the functions of these fused enzymes are
unknown in most cases. Many of these P450 fusions likely cat-
alyze consecutive reactions or otherwise interact productively
with the P450s to perform important physiological functions.
The PpoA Dioxygenase/Peroxidase-P450 Fusion—The fila-

mentous fungus Aspergillus nidulans encodes a P450 fused at
the C terminus of a heme-binding dioxygenase/peroxidase
domain. Characterization of this PpoA enzyme demonstrated
that the peroxidase domain catalyzed oxidation of linoleic acid
to form (8R)-hydroperoxyoctadecadienoic acid, with this prod-
uct then being isomerized by the P450 domain to form 5,8-
dihydroxyoctadecadienoic acid. Isomerization is predicted to
occur via a ferryl heme iron intermediate, as in the case of
CYP5A1 and CYP58A1 (97). The Ppo enzymes, which have
nowbeen detected in a number of fungi (97), are responsible for
production of Psi (precocious sexual inducer) factors, which are
important for controlling the balance between sexual and asex-
ual life cycles.
Fungal Mycophenolic Acid Synthesis—The fungal secondary

metabolitemycophenolic acid has immunosuppressant activity
and may also have other useful properties (e.g. antiviral and
antibacterial). Initial steps in its synthesis in Penicillium brevi-
compactum are catalyzed by the MpaDE fusion protein, com-
posed of a P450 (CYP631B5) with a hydrolase fused to its C
terminus (59). The substrate 5-methylorsellinic acid undergoes
MpaD P450-dependent hydroxylation on a methyl group to
generate 4,6-dihydroxy-2-(hydroxymethyl)-3-methylbenzoic
acid. A lactonization reaction is then likely catalyzed by the
MpaE domain of MpaDE, forming 5,7-dihydroxy-4-methyl-
phthalide, which is then acted on by later pathway enzymes.
Other fungal genomes have separatempaD/E genes, and thus,
the gene fusion in P. brevicompactum may provide kinetic
advantages in product formation.
Other P450 Fusions of Unspecified Function—Among sev-

eral uncharacterized P450 fusions identifiable from database
searches are enzymes fused to modules related to acyl-CoA
dehydrogenase (CYP221A1), cinnamyl alcohol dehydrogenase,
and F-box motif-containing proteins. The first viral P450
(CYP5253A1) was discovered in the Mimivirus genome and is
fused at its C terminus to a protein of unknown function but
containing several post-translational modification sites (phos-
phorylation, myristoylation, and glycosylation) (98, 99). Recent
studies showed that the Saccharopolyspora erythraea glycosyl-
transferase enzyme EryCIII, which produces erythromycin D
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(from the substrates thiamine diphosphate-D-desosamine and
3-�-mycarosylerythronolide B), is activated by the addition of
the protein EryCII, with which it forms a heterotetrameric (2:2)
complex (63). EryCII is homologous to P450s but lacks the cys-
teinate ligand to the heme iron and was shown to be heme-free
in the structure of the complex. It appears that EryCII has
evolved to become an allosteric activator of EryCIII, allowing
the enzyme binding sites formycarosylerythronolide B and thi-
amine diphosphate-D-desosamine to interact productively (63).

Conclusions and Future Considerations

Characterization of P450 enzymes has revealed considerable
diversity in the types of protein arrangements that can be used
for electron transfer and catalysis. In one sense, the chemical
mechanisms have a great deal of commonality (Fig. 1), but these
are manifested in a wide variety of reactions because of the
natures of the substrates. Today, we have insight into the phys-
iological roles of a small minority of the �18,000 P450 genes
whose sequences have been obtained, and the future promises
to provide more interesting vignettes into this important
superfamily.
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Recently, we reported the spectroscopic and kinetic charac-
terizations of cytochrome P450 compound I in CYP119A1,
effectively closing the catalytic cycle of cytochrome P450-medi-
ated hydroxylations. In this minireview, we focus on the devel-
opments thatmade this breakthrough possible.We examine the
importance of enzyme purification in the quest for reactive
intermediates and report the preparation of compound I in a
secondP450 (P450ST). In an effort to bring clarity to the field,we
also examine the validity of controversial reports claiming the
production of P450 compound I through the use of peroxyni-
trite and laser flash photolysis.

A significant amount of research in the field of bioinorganic
chemistry is focused on discerning the intimate details of
enzyme catalysis. Critical to these efforts is the preparation of
reactive intermediates that form the stations of the catalytic
cycle of an enzyme. The study of these transient species is
driven by the hope that insights gleaned from their electronic,
structural, and kinetic characterizations will guide the design of
next-generation catalysts or point the way to inhibitors that
could serve as drugs for a variety of maladies. Although a thor-
ough characterization of all the intermediates in a catalytic
cycle is required for a detailed dissection of the catalytic mech-
anism, there are certain species that have special significance
and, as such, are considered high-value targets for characteriza-
tion. These species are generally the highly reactive intermedi-
ates that are ultimately responsible for themost important, dif-
ficult, or chemically interesting transformation in the catalytic
mechanism.
Recently, we reported the capture and characterization of

one of themost highly sought intermediates in biological chem-
istry, P450 compound I (P450-I)4 (1). This iron(IV)-oxo (or fer-
ryl) radical species (7 in Fig. 1) had long been thought to be the
principal intermediate in cytochrome P450 catalysis, but due to
its highly reactive nature, it had eluded definitive characteriza-
tion for over 40 years. The existence of P450-I was postulated

based on the observation of a “shunt pathway” (Fig. 1) allowing
the oxidation of substrates through the use of oxygen donors
such as hydrogen peroxide and meta-chloroperbenzoic acid.
These oxidants were known to generate high-valent iron-oxo
species in heme peroxidases (2, 3), suggesting that a similar
intermediate might be involved in P450 catalysis. However, 4
decades worth of searching for the elusive P450-I had led to
questions about not only its competence as a hydroxylating
agent but also its role in P450 catalysis (4–6).
Our investigations confirmed the existence and the reactive

nature of the intermediate. P450-I is capable of hydroxylating
unactivated C–H bonds with the remarkable rate constant of
1 � 107 M�1 s�1 (1). Kinetic isotope effects support a mecha-
nism in which P450-I abstracts hydrogen from substrate, form-
ing an iron(IV)-hydroxide complex that rapidly recombines
with substrate to yield hydroxylated product (7–9 in Fig. 1) (1,
7, 8). An important and perhaps underappreciated conse-
quence of this kinetic result is that it cements the role of P450
compound II (P450-II) (8 in Fig. 1) in P450 catalysis: the inter-
mediate is directly involved in substrate oxidation (9, 10). In
what follows, we highlight the developments that led to the
capture and characterization of the elusive P450-I and review
insights gained fromour electronic and structural characteriza-
tions of compounds I and II.
This minireview also seeks to address recent (and controver-

sial) reports of stable (i.e. relatively unreactive) preparations of
P450-I (4, 6, 11–15). These reports are surprising, given the
highly reactive and historically elusive nature of P450-I (1, 5).
The authors of these studies have argued the need for a new/
alternative oxidant in the catalytic cycle. These preparations of
unreactive P450-I are reportedly obtained through an unusual
process involving the use of peroxynitrite and laser flash pho-
tolysis (PN/LFP).We analyze the ability of the PN/LFPmethod
to generate P450-I, hopefully bringing some clarity to the
debate.

Closing the Cycle: The Quest for Compound I

The general paradigm for P450-catalyzed substrate hydrox-
ylations is shown in Fig. 1 (16, 17). The first step involves the
binding of substrate to the resting low-spin ferric enzyme (1).
This binding induces structural changes, which often, but not
always, (16), manifest themselves in the dissociation of the dis-
tally coordinated water and the conversion of the heme from
low to high spin (2). These substrate-induced structural
changes facilitate reduction of the ferric enzyme (18), allowing
delivery of the first electron to generate the ferrous substrate-
bound form of the enzyme (3). Dioxygen then binds to the
ferrous heme, forming a species that is best described as a ferric
superoxide complex (4). The subsequent reduction of this spe-
cies forms a ferric peroxo species (5), which is protonated at the
distal oxygen to generate a ferric hydroperoxo complex (6). The
delivery of an additional proton to the distal oxygen cleaves
the O–O bond, yielding compound I (7) and a water molecule.
Compound I then abstracts hydrogen from substrate to yield
compound II (8) and a substrate radical, which rapidly recom-
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bine to yield hydroxylated product and ferric enzyme (9).
Hydroxylated product then dissociates, and water coordinates
to the heme to regenerate the resting ferric enzyme (1).
P450-I has not been observed under turnover conditions, but

it can be generated transiently via the peroxide shunt using
oxidants such as meta-chloroperbenzoic acid (m-CPBA) (19–
21). Traditionally, however, the yields in these experiments
have been too low (�5%) to facilitate characterization by more
advanced spectroscopic techniques. As a result, a number of
ingenious experiments have been designed in attempts to cir-
cumvent the reactive nature of P450-I. These efforts have gen-
erally sought tomakeC–Hbond activation (as opposed to com-
pound I formation) rate-limiting. It is in this vein that
researchers have employed cryogenic reduction techniques to
deliver the reducing equivalent that triggers P450-I formation.
In these experiments, the ferrous oxy form of the enzyme is
reduced radiolytically, at cryogenic temperatures, by exposure

to 60Co (22–25), 32P (26), or synchrotron radiation (27). Reduc-
tion of the oxy complex yields a ferric peroxo species, which can
be annealed at higher temperatures to allow for proton delivery,
cleavage of the O–O bond, and P450-I formation. This tech-
nique has been coupledwith electron nuclear double resonance
spectroscopy and x-ray crystallography in hopes of obtaining
electronic and structural characterizations of the intermediate
(22–27). These experiments provided clear evidence for cleav-
age of the dioxygen bond (i.e. the presence of hydroxylated
product). However, P450-I did not accumulate to detectable
amounts.
Investigators have also sought the use of flash-quench tech-

niques, in which a laser pulse triggers the rapid reduction or
oxidation of an active site of an enzyme. The ideawith reductive
flash-quench (as with cryogenic reduction) is to deliver the
electron that triggers compound I formation. The source of
electrons in these experiments is a photoactive redox agent that

FIGURE 1. General paradigm for P450-catalyzed hydroxylations. The first step involves the binding of substrate to the resting low-spin ferric enzyme (1).
This binding induces structural changes, which often, but not always, manifest themselves in the dissociation of the distally coordinated water and the
conversion of the heme from low to high spin (2). These substrate-induced structural changes facilitate reduction of the ferric enzyme, allowing delivery of the
first electron to generate the ferrous substrate-bound form of the enzyme (3). Dioxygen then binds to the ferrous heme, forming a species that is best described
as a ferric superoxide complex (4). The subsequent reduction of this species forms a ferric peroxo species (5), which is protonated at the distal oxygen to
generate a ferric hydroperoxo complex (6). The delivery of an additional proton to the distal oxygen cleaves the O–O bond, yielding compound I (7) and a water
molecule. Compound I then abstracts hydrogen from substrate to yield compound II (8) and a substrate radical, which rapidly recombine to yield hydroxylated
product and ferric enzyme (9). Hydroxylated product then dissociates, and water coordinates to the heme to regenerate the resting ferric enzyme (1).

MINIREVIEW: Reactive Intermediates in P450 Catalysis

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17075



can be attached to the substrate via a hydrocarbon tether or
covalently linked through modification of a non-native cys-
teine. Although electron injection by reductive flash-quench
should be fast enough to make C–H bond activation rate-lim-
iting, the successful generation of P450-I by this technique has
yet to be reported. Instead, researchers have had limited success
using the oxidative route. The rapid removal of one electron
from the P450 active site effectively runs the catalytic cycle in
reverse, generating compound II (an iron(IV)-hydroxide spe-
cies) from ferric enzyme. As with reductive flash-quench, how-
ever, the technique has yet to yield P450-I (28, 29).
In efforts to prepare P450-I by slowing the decay of the inter-

mediate, researchers have turned to the use of “slow” sub-
strates. These substrates are compounds that have their tar-
geted hydrogen atoms replaced by fluorines. In theory, this
substitution should allow for preparation of the intermediate in
high yield, as C–F bonds are not activated by P450-I. However,
studies with these fluorinated compounds have found that
P450-I either oxidizes alternative (non-fluorinated) positions
on the substrate or decays through nonproductive uncoupling
(30, 31).
Amazingly, despite these and other intense efforts (32), the

capture and characterization of P450-I remained an unobtain-
able goal in biological chemistry. Indeed, a recent review on the
enigmatic nature of P450-I noted that, despite 45 years of effort
by the P450 community, the same questions remain: does
P450-I exist, and how does it oxidize substrates? It was con-
cluded that the quest for the elusive intermediatewould require
new and improvedmethods of preparation and detection com-
bined with theoretical simulations (5).
Given this background, what is remarkable about the suc-

cessful capture of P450-I is that the feat did not require any
great advancement in technology. In the end, it did not require
slow substrates, cryogenic reduction, or the use of flash-quench
methods. Likewise, no improvements in rapid mixing or freez-
ing techniques were necessary. The key to our success was sim-
ply enzyme purification (1). In what follows, observations that
led to the eventual capture and characterization of P450-I will
be discussed. In doing so, we hope to draw attention to what
may be an underappreciated concern in the quest for reactive
intermediates: the presence of endogenous substrates.

Importance of Enzyme Purification in the Quest for
Reactive Intermediates

In an effort to resolve a debate concerning the UV-visible
spectrumof compound I in CYP119A1 (13, 20, 33), a P450 from
the thermophilic organism Sulfolobus acidocaldarius (34–36),
we noticed that the yield of P450-I in stopped-flow reactions
was variable. Some enzyme preparations produced no com-
pound I, whereas others would yield as much as 10%. Impor-
tantly, the protein used in these experiments was deemed to be
of high purity based not only on its Reinheitszahl value (i.e. Rz or
purity ratio of A416 nm/A280 nm) but also on an SDS-polyacryl-
amide gel. Purification was performed according to an estab-
lished protocol, which involved heat denaturation and ammo-
nium sulfate fractionation followed by size exclusion and ion
exchange chromatographies (34).
Although the variable yields of P450-I in stopped-flow exper-

iments were confusing, it seemed possible to justify them in
terms of experimental variation/error (e.g. variable equivalents
of protein and/or oxidant combined with variable levels of pro-
tein activity in different growth batches). A breakthrough came
when a buffered solution of “purified” thermophilic enzyme
turned cloudy after several days at �25 °C. Centrifugation of
this suspension resulted in protein that could generate asmuch
as 40% compound I. This observation suggested that there was
a route to increased compound I yields. After careful analysis, it
was determined that the enzyme used in our stopped-flow
experiments had a mixture of contaminating small molecules
bound to its active site. The presence of these endogenous spe-
cies hindered compound I formation and expedited its decay.
GC/MS analysis of protein purified according to the estab-

lished protocol (EP-CYP119A1) revealed that the enzyme con-
tains a distribution of fatty acids (C12, C14, C16, and C18) bound
at its active site. Although the binding of these endogenous
substrates shows little, if any, spectroscopic signature, their
presence can strongly (if not completely) suppress compound I
formation (Fig. 2A). Over 80% of these contaminating fatty
acids can be removed through additional ion exchange chroma-
tography (1). The highly purified protein (HP-CYP119A1)
obtained from this process shows an �10-fold increase/de-
crease in the rate constants for compound I formation/decay,
allowing for the preparation of P450-I in high (�75%) yields

FIGURE 2. Effect of purification on compound I preparation. See text for a discussion of the EP (purified) and HP (highly purified) labels. A, spectrum of
EP-CYP119A1 (black) and a spectrum taken (at maximum formation of P450-I) during the reaction of EP-CYP119A1 with 2 eq of m-CPBA at 4 °C (blue).
Compound I is formed in very low yield. B, spectrum of HP-CYP119A1 (black) and a spectrum taken (at maximum formation of P450-I) during the reaction of
HP-CYP119A1 with 2 eq of m-CPBA at 4 °C (blue). Compound I can be produced in up to �75% yield. C, overlay of HP-CYP119A1 (red) and EP-CYP119A1 (black).
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(Fig. 2B). Fig. 2C shows that there is very little difference
between the UV-visible spectra of EP- and HP-CYP119A1.
Removing the fatty acids from CYP119A1 red shifts the Soret
maximum by �1 nm.

Preparation of Compound I in a Second P450 (P450ST)

Given our success in preparing compound I in CYP119A1,
we looked for another P450 system that might yield the elusive
intermediate following extensive purification.We turned to the
thermophilic enzyme P450ST (CYP119A2) from Sulfolobus
tokodaii. This P450 has 64% sequence identity to CYP119A1
but was reported to have an unusual third Q-band in its visible
absorption spectrum (37). We also observed an additional
absorption in the Q-band region during the preliminary stages
of protein purification (after heat denaturation and ammonium
sulfate fractionation). However, this absorption was due to an
unknown contaminating species, which was eliminated com-
pletely using tangential flow filtration.
Following tangential flow filtration, initial ion exchange

chromatography results in P450ST that appears to be of high
purity based on SDS-PAGE and its Rz of �1.65. However,
P450ST at this stage of purification yields little, if any, com-
pound I (�10% depending on the growth batch). As with
CYP119A1, GC/MS analysis revealed the presence of a distri-
bution of fatty acids bound to the enzyme. The distribution in
P450ST is slightly different, predominantly amixture of C16 and
C18. The majority of these endogenous substrates can be
removed through an additional chromatographic step (1). This
highly purified protein results in enzyme preparations that
yield �65% P450ST-I. In Fig. 3, spectra obtained from EPR and

Mössbauer measurements on this species are shown in com-
parison with those obtained for CYP119A1-I.
We note that the observation of endogenous substrates in

what might be considered “pure” protein is not unique to the
systems reported here. The crystal structures of P450BS� and
P450BS� both contain fatty acids, even though no substrates
were added to the purified enzyme (38, 39), and similar obser-
vations have been made for human microsomal CYP2CA (40).
Furthermore, it seems unlikely that this phenomenon is unique
to P450s. The rupture of the cell(s) of an organism during the
course of enzyme purification releases myriad small molecules,
many of which are poorly soluble. These species can find refuge
in the hydrophobic cavities of enzymes, where they can inter-
fere by blocking substrate access, altering proton transfer path-
ways, and modifying reduction potentials.

Compound II: An Underappreciated Partner in C–H Bond
Activation

An important aspect of ourwork on P450-I is that it confirms
that the rebound mechanism is operative in P450-mediated
substrate hydroxylations, thereby cementing the role of com-
pound II in C–H bond activation. This means that the funda-
mental physical parameters of compound II play a role in deter-
mining the cleavage of the C–H bond (9, 10). To understand
this, it is helpful to consider the factors that govern C–H bond
activation in this system.
Mayer has written extensively on hydrogen atom abstraction

by metal-oxo complexes. Building on the work of Evans,
Polanyi, and Bordwell, he has shown that ground state thermo-
dynamics (the energy difference between theC–Hbond broken

FIGURE 3. Comparison of the EPR (left) and Mössbauer (right) spectra of CYP119A1-I and P450ST-I. Mössbauer spectra were recorded at 4.2 K with a
54-millitesla field oriented parallel to the �-beam. Mössbauer spectra were obtained by subtracting contributions of ferric enzyme (30 and 35%, respectively)
from the raw data. Fits of the Mössbauer data (shown in red) yield the following parameters: P450ST-I, �EQ � 0.85 mm/s and � � 0.12 mm/s; and CYP119A1-I,
�EQ � 0.90 mm/s and � � 0.11 mm/s. The EPR spectra were obtained as reported previously (1). Fits of the P450ST-I EPR data indicate �J/D� � 1.3 and g � 1.95,
1.84, and 1.99, in good agreement with the values reported previously for CYP119A1-I (1).
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and theO–Hbond formed) is generally sufficient to understand
reactivity in these systems (41, 42). The strength of the O–H
bond in compound II is determined by the one-electron reduc-
tion potential of compound I and the pKa of compound II
(Equation 1).

D�O–H� � 23.06 � Ecomp-I
0 � 1.37 � pKa�comp-II� � 57.6 � 2 kcal/mol

(Eq. 1)

It has been shown that the P450 thiolate-ligated heme pro-
motes basic iron(IV)-oxo or ferryl species. P450-II is best
described as an iron(IV)-hydroxide complex)pKa 	 8) (10,
43–47). Equation 1 and the elevated pKa observed in P450-II
suggest a critical role for the unusual P450 thiolate ligand: to
promote C–H bond activation at biologically viable reduction
potentials (9, 10).

Peroxynitrite: A Panacea for Compound II Formation?

Interest in the preparation and characterization of P450-II
leads one naturally to PN and the debate surrounding its use in
P450s. In 2000, Ullrich and co-workers (48) reported the for-
mation of what appeared to be a ferryl species during the PN-
driven inactivation of P450BM3. The PN-generated species,
which had a UV-visible spectrum similar to that of chloroper-
oxidase compound II (49), was relatively stable, decaying at an
apparent rate of 0.08 s�1 (half-life of �9 s). These results sug-
gested that PN could be used to prepare P450-II in high yield,
and our group and others sought to use the technique for this
purpose. Importantly, however, a thorough spectroscopic char-
acterization of the PN-generated species revealed that it is not a
ferryl intermediate (50).
The reaction of PN with P450s generates a ferric nitrosyl

complex on the time scale of stopped-flow and freeze-quench
reactions (50). Compound II does not accumulate to an appre-
ciable degree. The Mössbauer, UV-visible, and resonance
Raman spectra of the PN-generated intermediate match those
of a ferric nitrosyl complex. Importantly, high-field Mössbauer
measurements reveal that the PN-generated species is S � 0, as
expected for an {FeNO}6 complex, but inconsistent with an
authentic S � 1 iron(IV)-oxo (or hydroxide) species (50).

Unreactive Preparations of P450-I: Will the Real
Compound I Please Stand up?

We now examine reports of PN/LFP being used to generate
stable and unreactive preparations of P450-I (4, 6, 11–15).
These reports have led to considerable confusion about the sta-
tus of compound I and its role in P450 catalysis (51). The idea
behind the PN/LFP method was that PN could be reacted with
ferric enzyme to generate compound II, which could then be
oxidized using LFP to yield compound I. The problemwith this
method is that there is no evidence that the reaction of PNwith
ferric P450 yields compound II on the time scale of the LFP
experiments. As noted above, the reaction of PN with ferric
P450 generates a ferric nitrosyl complex (50). It is not possible
to generate compound I from a ferric nitrosyl complex using
LFP.
The first report of the PN/LFP method being used to gener-

ate P450-I appeared in 2006, when the technique was purport-

edly used to prepare compound I in CYP119A1 (12). The
PN/LFP-generated intermediate was reported to be relatively
stable and unreactive toward lauric acid, even under saturating
conditions. In a 2008 study, the rate constant for the reaction
with lauric acid was revised to 0.8 s�1. It was in this study that
proponents of the PN/LFP method first questioned the gener-
ally accepted UV-visible spectrum of P450-I (13). They did so
because their PN/LFP-generated samples lacked a species pos-
sessing the well known spectrum of the intermediate.
The spectrum of P450-I had been previously reported by

Ishimura et al. (P450cam) (19) and Sligar et al. (CYP119A1)
(20). In both cases, the intermediate was generated in low yield
by reacting ferric enzyme with m-CPBA, and the spectrum of
P450-I was obtained using global analysis techniques. Both
P450-I spectra show great similarity to the well known spec-
trum of chloroperoxidase compound I (52), a thiolate-ligated
heme protein that has often served as a model system for P450.
Importantly, nothing resembling these spectra was produced
from the PN/LFP experiments. As a result, proponents of the
PN/LFP technique argued that the previously reported P450-I
spectra were flawed, suggesting that they were obtained
through the improper use of global analysis fitting routines.
They argued that the results obtained fromglobal analysis tech-
niques are highly dependent upon the initial guess for rate con-
stants and that previous investigators used P450-I decay rates
that were too high because they were biased by knowledge of
the chloroperoxidase compound I spectrum (13). Proponents
of the PN/LFP technique claimed that the real spectrum of
P450-I was almost identical to that of ferric enzyme. Indeed, in
a 2009 article (4), they wrote, “The UV spectra, and especially
the Soret absorbances, of the P450 compounds I are similar to
the UV-visible spectra of resting enzymes. This similarity is
undoubtedly one of the major difficulties in attempting to
detect Compound I under turnover conditions or in reactions
of the enzymes with chemical oxidants.”
Over the course of 2009, several articles on the ferric-looking

P450-I intermediate were published, some even reporting its
quantitative production in P450BM3 and CYP119A1 (4, 6, 14,
15). These species were reported to be reactive but not overly
so: oxidizing benzyl alcohol at a rate of 4 s�1 at 22 °C. The
sluggish reactivity of the PN/LFP-generated species led to the
call for an alternative oxidant in the catalytic cycle, one that was
more oxidizing than the sluggish PN/LFP-generated P450-I.
In an effort to provide clarity to the debate, we sought to

obtain the UV-visible spectrum of P450-I from stopped-flow
data via model-independent methods (33). Singular value
decomposition and target testing provided a parameter-free
P450-I UV-visible spectrum that was in excellent agreement
with those reported previously by Ishimura et al. (19) and Sligar
et al. (20). Importantly, no assumptions about reaction kinetics
were required to obtain the spectrum. The implications are
clear. The PN/LFP-generated species is not P450-I. This result
was confirmed during our most recent investigation of P450-I,
in which we were able to prepare the intermediate in �75%
yield, obtaining its definitive characterization via Mössbauer,
EPR, and UV-visible spectroscopies (1).
In 2010, a forum in Inorganic Chemistry (33) noted, “What is

required is a thorough spectroscopic characterization of the
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LFP-generated species. Given the reported quantitative yields
and exceedingly long lifetimes, the LFP-generated species
would seem ripe for spectroscopic characterization. Möss-
bauer, electron paramagnetic resonance, and resonance Raman
spectroscopies, in particular, would provide significant insights
into the nature of the LFP-generated species. We await these
spectroscopic reports.”
To date, no convincing spectroscopic evidence has been pre-

sented for the existence of a PN/LFP-generated P450-I species.
Still, reports of the method’s use continue to appear in the lit-
erature, with the most recent report appearing during the writ-
ing of this minireview (53). We briefly examine a troubling (yet
insightful) aspect of this recent work. In it, Newcomb and co-
workers (53) presented the UV-visible spectrum of the species
generated by the PN/LFPmethod. They assigned this spectrum
to P450-I. To support this claim, they overlaid a P450-I refer-
ence spectrum, obtained from the reaction of m-CPBA with
ferric enzyme. Fig. 4A shows the data and reference spectrum
extracted from Fig. 1C of Ref. 53. At first glance, it appears that
there is good agreement between the P450-I reference spec-
trum and the spectrum of the PN/LFP-generated species, but,
upon closer inspection, it is clear that the PN/LFP-generated
species lacks Q-band absorbance features that are the hall-
marks of P450-I.
TheQ-bands are the absorption bands that can be seen in the

reference spectrum between �500 and 700 nm, but they are
clearly absent in the raw data (Fig. 4A). The most prominent of
the P450-I Q-bands is known to appear at �690 nm and is
thought to be responsible for the green color of P450-I (1, 19,

20). It is also noteworthy that the 690 nm band cannot be seen
in the spectrum shown in Fig. 1B of Ref. 53, which the authors
reported could be decomposed into 50% P450-I, 15% P450-II,
and 35% ferric enzyme. The lack of a 690 nm band in the raw
data of Ref. 53 is troubling.
Additionally, the P450-I reference spectrum used in Ref. 53

appears to be blue-shifted by �12 nm. To examine the matter
further, an analog-to-digital program (GraphClick v3.0.2, Ari-
zona Software) was used to extract the spectra from Fig. 1C of
Ref. 53. Upon plotting the extracted raw data, one observes that
itsmaximumabsorbance is centered at�355 nm.This is a clear
indication that the spectral assignment in Ref. 53 is in error.
P450-I has a maximum absorbance at �367 nm (1, 19, 20, 33,
52). This can be seen in Fig. 4B, in which the data from Fig. 1C
of Ref. 53 are plotted with an actual (unshifted) P450-I spec-
trum (shown in red) (1). It is clear that the spectrum produced
by the PN/LFP method does not belong to P450-I.
In closing the subject, it is interesting to note the use of a

shifted P450-I spectrum by Newcomb and co-workers (53) as
their reference and not the ferric-like spectrum that they have
argued for previously. One wonders about the implications for
their previous work (4, 6, 11–15). Furthermore, given that the
PN/LFP technique does not yield P450-I, it would appear to be
difficult to follow P450-I reaction kinetics using this method (4,
6, 11–15).

Conclusion and Outlook

Enzyme purification is key to the preparation of reactive
intermediates. Fatty acids have been found to occupy the active
sites of a number of purified P450s. In CYP119, the presence of
these small molecules hinders the formation and expedites the
decay of compound I. Removal of these endogenous substrates
through extensive enzyme purification allows for the prepara-
tion of P450-I in high yield. Importantly, P450-I prepared in this
manner can be reacted directly with substrate, allowing
researchers to avoid the limitations of steady-state kinetics. The
use of transient techniques has the potential to provide unprec-
edented insight into a number of P450-mediated oxidations.
However, the subset of P450s that is amenable to this treatment
is unknown. Significant effort has been devoted only toward the
thermophilic enzymes discussed here.
Finally, consider that this is not the first time that endoge-

nous reductants have masked or interfered with the formation
of high-valent intermediates in heme systems. Indeed, the first
intermediate identified in the reaction of horseradish peroxi-
dase with hydrogen peroxide was compound II (54). It was not
until 4 years later, in 1941, that the observation of compound I
was reported (54). In 1976, Dunford and Stillman (54) wrote,
“Work on all peroxidases has been hampered by the spontane-
ous decay of both compound I and compound II, particularly
the former, a problemwhich can be circumvented today only by
careful work on pure enzyme samples.” Given this history and
the observation of bound substrates in the crystal structures of
purified P450s, it is interesting to think that the stagewas set for
the isolation of P450-I at least a decade ago. Hindsight is always
20/20.

FIGURE 4. A, data (black) and shifted reference spectrum (gray) from Fig. 1C of
Ref. 53. Spectra were extracted using an analog-to-digital program. B, com-
parison of the spectrum of the PN/LFP-generated species in CYP119A1 (black)
(data from Fig. 1C of Ref. 53) with an authentic CYP119A1 P450-I reference
spectrum (red) (1).
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X-ray crystal structures are available for 29 eukaryoticmicro-
somal, chloroplast, ormitochondrial cytochromeP450s, includ-
ing two non-monooxygenase P450s. These structures provide a
basis for understanding structure-function relations that
underlie their distinct catalytic activities. Moreover, structural
plasticity has been characterized for individual P450s that aids
in understanding substrate binding in P450s that mediate drug
clearance.

Structural characterization of eukaryotic membrane cyto-
chrome P450s has focused largely on human cytochrome P450s
because of their importance in humanhealth.HumanP450s are
either specialists that exhibit highly conserved functions in ver-
tebrate species or generalists that facilitate metabolic clearance
of structurally diverse compounds to reduce toxic exposures,
although in some cases, mutagenic or more toxic metabolites
are produced. Genes encoding generalist P450s vary between
closely related species, leading to functionally distinct en-
zymes (1, 2). P450s are identified by a family number, subfamily
letter, and either a shared number for orthologs in different
species or a unique number for paralogs. Family and subfamily
designations reflect �35% and �70% amino acid sequence
identity, respectively.Orthologs typically exhibit 70%or greater
sequence identity. There are 57 genes encoding human P450s
comprising 18 families, including 35 genes for predominantly
generalist P450s in families 1–4.

Common Features of Membrane P450 Structures

The catalytic domain of �460 amino acids folds into a trian-
gular prism shape (Fig. 1A) that is similar to that of soluble
prokaryotic P450s (3). Twelve �-helices first identified for the
structure of soluble prokaryotic 101A1 (4) are designated by
letters A–L. Additionally, there is a highly conserved �-sheet
domain near the N terminus of the protein. The number of
helices is typically larger, but these helices are less conserved
(Fig. 1). Spatial conservation is highest for the structural core of
the protein and diverges most for the substrate-binding site
(5, 6).
The heme prosthetic group is the catalytic center of the

enzyme, where a reactive hypervalent oxo-iron protoporphyrin

IX radical cation intermediate is formed for subsequent inser-
tion of the iron-bound oxygen atom into a substrate bond (7).
Substrates bind in a cavity or cleft above the surface of the heme
in proximity to the reactive intermediate (Fig. 1). The thiolate
side chain of a conserved cysteine binds to the axial coordina-
tion site of the iron opposite to the bound oxygen, giving rise to
the unique spectral and functional properties of P450 enzymes.
Most P450s are monooxygenases, and electrons for reduc-

tion of the heme and subsequently the oxygen substrate are
provided by protein partners that bind to the face of the protein
proximal to the heme (8–11). Reduced adrenodoxin (12), a sol-
uble Fe-S protein, serves as the reductant for vertebrate mito-
chondrial P450s, and in turn, it is reduced by the flavoprotein
NADPH-adrenodoxin oxidoreductase. A structure of mito-
chondrial 11A1 crystallizedwith a tethered adrenodoxin bound
to its proximal surface reveals the binding interaction between
the proteins (10). Microsomal NADPH-cytochrome P450 oxi-
doreductase, which has an FMN and an FAD domain, provides
two electrons for reduction of oxygen by microsomal P450s.
The microsomal reductase has been crystallized in a closed
form in which the flavodoxin-like FMN domain is positioned
for reduction by the FAD domain (13) and in amore open form
in which the FMN domain is more accessible for interaction
with the proximal face of the P450 (8, 14, 15).Microsomal cyto-
chrome b5 can also serve as a donor of the second electron, and
interactions between cytochrome b5 and P450s can modulate
rates and product profiles (16).
Helices C, D, and I–L, together with �-sheets 1 and 2, com-

prise the structural core that forms portions of the heme-bind-
ing site and the proximal surface where protein partners bind.
Helix F-G, helix B-C, and theN- and C-terminal regions, which
form the outer boundaries of the substrate-binding cavity, are
more dynamic and exhibit more varied secondary and tertiary
structures (Fig. 1). The flexibility of this architecture was first
demonstrated for P450 102A1, which exhibited an open chan-
nel to the active site when crystallized without a substrate (17)
and a closed form when a substrate was bound (18). Several
solvent access channels (Fig. 2) that can expand, contract, and
merge for substrate access and product exit have been defined
from structures and molecular dynamics studies (19).

Membrane Binding

Microsomal P450s are targeted to the endoplasmic reticulum
by an N-terminal leader that includes a transmembrane helix
(Fig. 2) that is linked by a polar connector to the catalytic
domain, which is sequestered to the cytoplasmic side of the
membrane (20). With the exception of 19A1 (21), microsomal
P450s have been expressed for structure determinations with-
out their N-terminal leader sequences, as described initially for
rabbit microsomal 2C5 (3, 22). The hydrophobic surfaces of
helices A�, F�, and G� of microsomal P450s provide additional
interactions with the membrane surface (3, 22–25). Helices F�
and G� are not typically seen in prokaryotic P450s, and they are
formed by a longer polypeptide chain connecting helices F and
G in eukaryotic membrane P450s. Helix F� resides between
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�-sheet 1 and the helix B-C loop and above a heme propionate.
Inmembrane P450s, this heme propionate is usually positioned
below the plane of the heme, which increases space below helix
F�, whereas in soluble prokaryotic P450s, this propionate typi-
cally resides above the plane (26). The leader sequences target-
ing family 11, 24, and 27 P450s to mitochondria are cleaved
upon import (27, 28), andmembrane binding to thematrix side
of the inner membrane is likely to reflect interactions of the
hydrophobic external surfaces of helices A� and G� with the
membrane (Fig. 2) (29, 30).
Interactions of helices A�, F�, and G� with the membrane

suggest that some substrate access channels are likely to open
into the membrane, whereas those that open on sides of the
active site and under the helix F-G region will open to the cyto-
sol (Fig. 2).Molecular dynamics studies ofmicrosomal 2C9 (31,
32) and 3A4 (26) in solution and bound to phospholipid bilayers

indicate that the opening and closing of solvent channels can be
modulated by such interactions comparedwith simulations in a
homogeneous aqueous medium.

Specialist Enzymes

Mitochondrial enzymes are specialists that generate specific
products that fulfill their physiologic functions. Mitochondrial
11A1 catalyzes the first step in steroid hormone synthesis by
successive oxygenations that result in scission of the C21–C22
bond of cholesterol to form pregnenolone and isocaproalde-
hyde. Structures of 11A1 co-crystallized with cholesterol and
with the two intermediate products, (22R)-hydroxycholesterol
(Fig. 2B) and (22R,20R)-dihydroxycholesterol, bound in the
active site (10) indicate that the sterol ring system is positioned
under helix F�, with the side chain positionedwith C22 andC20
in close proximity to the heme iron for each substrate. A struc-

FIGURE 1. P450 fold and elements comprising the active site. A, the overall
topology is illustrated by the structure of microsomal 2C8 (Protein Data Bank
code 2NNI), colored from blue at the N terminus to red at the C terminus. The
active site cavity is shown as a transparent surface. The bound substrate, mon-
telukast (violet carbons), and the heme prosthetic group (gray carbons) are
shown as stick figures. Twelve helices designated by letters and �-sheets 1
and 2 are highly conserved. Additional helices that are named by letters with
primes or double primes are evident. B, two views of structural components
that form the sides of the substrate-binding site of 2C8. The helix F-G region
(green) forms the top of the cavity and is cantilevered over helix I (yellow),
which forms one side. The opposite side is formed by connections (orange)
between helix K and �-strands 1–3 and between �-strands 1– 4 and helix K�
near the surface of the heme and by the N-terminal region (dark blue) that
includes helix A and �-strand 1. The gaps under the helix F-G region between
helix I and the N-terminal region are filled by the C-terminal loop (red orange)
as shown in the left panel and by the B-C loop (light blue) as shown in the right
panel. C, views of the helix F-G side of the microsomal 1A2 complex with
�-naphthoflavone (left) and of the B-C loop side of the microsomal 3A4 com-
plex with ritonavir (right) illustrate differences in the topologies of the active
sites and the secondary and tertiary structures of 2C8 (code 2NNI), 1A2 (code
2HI4), and 3A4 (code 3NXU).

FIGURE 2. Interactions of microsomal (A) and mitochondrial (B) P450s
with the membrane. A, Fig. 5A from Cojocaru et al. (32) reproduced here
under the terms of the Creative Commons Attribution License. A model of
microsomal 2C9 (ribbon) embedded in a 1-palmitoyl-2-oleoylphosphatidyl-
choline bilayer (thick and thin gold sticks) is depicted. The colored tubes rep-
resent solvent access channels that were observed to open and, in some
cases, close during molecular dynamics simulations and are labeled accord-
ing to the nomenclature of Cojocaru et al. (19). The region between helices F
and G is designated FG. B, Fig. S6 from Mast et al. (33). Structures of 11A1 (blue;
Protein Data Bank code 3MZS) and 24A1 (pink; code 3K9V) are shown. The
upper surface of the membrane bilayer with respect to 11A1 is indicated by
the gray line. The membrane insertion sequences are colored cyan in 11A1
and magenta in 24A1. Secondary structural elements that participate in
adrenodoxin binding are colored green. 22-Hydroxycholesterol is shown in
yellow; heme is shown in red in 11A1 and brown in 24A1.
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ture determined for the bovine 11A1 (22R)-hydroxycholesterol
complex (33) indicates that this substrate-binding site is highly
conserved. Mitochondrial 24A1 catalyzes a similar reaction
that cleaves the side chain of calcitriol to inactivate the hor-
mone. A structure of rat mitochondrial 24A1 crystallized in the
absence of its substrate exhibits an open substrate-binding cleft
between helices A� and F�, and when calcitriol binds, the cleft is
likely to close and resemble structures of 11A1 (Fig. 2B) (30).
Cholesterol 3-sulfate binds in a similar way in a structure of
microsomal 46A1, with the side chain positioned for hydroxy-
lation of C24. This is an important reaction for the clearance of
excess cholesterol from the brain. Interestingly, the substrate-
free structure of 46A1 exhibits a much different cavity shape
(34), and the 46A1 active site adapts to bind several structurally
unrelated inhibitors (35, 36). In contrast, structures of micro-
somal 2R1 (37) indicate that the secosterolmoiety of vitaminD3
and related compounds is bound between helices I and G and
the helix B-C loop. This positions the side chain for 25-hy-
droxylation, which is the first step in the conversion of vitamin
D3 to calcitriol.
The sterol ring system is positioned much differently in a

structure of microsomal 7A1 (Protein Data Bank code 3SN5),
where cholest-4-en-3-one resides above the heme propionate
side chains, with the plane of the sterol rings parallel to the
heme plane. The site of metabolism, C7, is positioned closest to
the heme iron. Hydroxylation at C7 is the rate-limiting step in
bile acid formation from cholesterol. Similarly, a structure of
the human aromatase, microsomal 19A1, crystallized with
androstenedione (21) indicates that the long axis of the steroid
is almost parallel to the heme plane, with the 19-methyl group
positioned for reaction with the reactive intermediate. Estro-
gens are formed by three successive oxygenations at C19, which
leads to elimination of formic acid and to aromatization of ring
A (38). A structure of 19A1 complexed with exemestane, an
inhibitor used clinically to reduce estrogen formation in breast
cancer patients, led to the synthesis of new inhibitors with
increased potency (39).
Similarly, inhibitors of microsomal 17A1 are used to inhibit

androgen formation to treat prostate cancer. The first step of
androgen biosynthesis is 17�-hydroxylation of pregnenolone,
which is followed by a second oxygenation that results in scis-
sion of the C17–C20 bond to produce androstenedione and
acetic acid. Structures of 17A1 were determined with a Food
and Drug Administration-approved first-in-class inhibitor
(abiraterone) and with another inhibitor (TOK-001) that is in
clinical trials (40). In this case, the long axis of the inhibitors is
almost perpendicular to the plane of the heme (40). A similar
orientation was observed for 17�-hydroxyprogesterone in a
structure of 21A2 (41). Microsomal 21A2 catalyzes the 21-hy-
droxylation of 17�-progesterone andprogesterone to formpre-
cursors for the synthesis of cortisol by 11B1 and aldosterone by
11B2, respectively. The binding of deoxycorticosterone to
mitochondrial 11B2 is similar to that of androstenedione in
19A1, but with C11 and the 18-methyl group placed near the
heme iron (42).
Interestingly, human microsomal 51A1 is an anti-target for

development of therapeutic inhibitors that target 51A1 in fun-
gal pathogens. Human 51A catalyzes the 14�-demethylation of

lanosterol, another carbon–carbon bond scission reaction, in
the pathway for de novo synthesis of cholesterol. It is antici-
pated that the availability of structures for human 51A1 (43)
and 51A1 orthologs in fungal pathogens (44–46) will aid in the
design of drugs that aremore selective for fungal 51A relative to
the human enzyme.

Isomerases and Other Non-monooxygenases

Humans express two specialist microsomal P450s (8A1 and
5A1) that catalyze the isomerization of prostaglandin H1 to
produce prostacyclin and thromboxane, respectively. Struc-
tures of human (47) and zebrafish (48) 8A1 in the ligand-free
state have been determined, and conserved characteristics of
the active site architectures were noted (48). U51605, a sub-
strate analog with nitrogens substituted for the endoperoxide
oxygens, binds with the C11 nitrogen coordinated to the heme
iron (48). This is consistent with the proposed initial binding of
the C11 oxygen of the endoperoxidemoiety to the heme iron to
initiate the isomerase reaction (49). The C9 nitrogen exhibits a
hydrogen bond with the side chain of Asn-277 on helix I of 8A1
(48). This asparagine is conserved in plant non-monooxyge-
nases of the CYP74 family, such as chloroplast allene oxide
synthase, in which the corresponding asparagine is thought to
facilitate conversion of lipid peroxides to allene oxides (50).
These studies also noted that alterations in the proximal surface
would likely prevent interactions with electron donors for P450
monooxygenases (48, 50).

Carcinogen-metabolizing Enzymes

Each generalist P450 transforms a wide range of lipophilic
substrates to more polar compounds to enhance elimination.
Unfortunately, P450s can also transform procarcinogens to
direct acting mutagens. Six microsomal P450s (1A1, 1A2, 1B1,
2E1, 3A4, and 2A6) account for �90% of known carcinogen
activation pathways (51). Structures of 1A1 (Protein Data Bank
code 4I8V), 1A2 (52), and 1B1 (53) co-crystallized with the
inhibitor �-naphthoflavone (272 Da) indicate that their active
sites are narrow, with large hydrophobic surfaces suitable for
binding polynuclear aromatic hydrocarbons (Fig. 1). A bend in
helix F reinforces the narrow cavities. Interestingly, amino acid
residues that line these cavities are conserved in other species,
which is likely to reflect persistent environmental exposure to
these compounds during evolution. In contrast, sequence con-
servation is much less evident for portions of the polypeptide
chains that form the active site surfaces of family 2 P450s. This
was first predicted from sequence alignments with the primary
and tertiary structures of bacterial 101A1 (54) and confirmedby
structure determinations.
The active site cavity of the principal enzyme for nicotine

clearance (2A6) co-crystallized with coumarin (146 Da) (55),
with nicotine (162 Da) (56), and with several inhibitors (55, 57)
is smaller than that of family 1 P450s. Relatively small differ-
ences in rotamer and backbone conformations are evident for
these complexes. A somewhat larger and more plastic active
site relative to 2A6 is evident for 2A13, which ultimately con-
verts nicotine and cotinine to carcinogenic nitrosamines such
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as nicotine-derived nitrosamine ketone (NNK2; 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone) in lung tissues (56, 58).
Microsomal 2E1 co-crystallized with indazole (118 Da) and

4-methylpyrazole (82 Da) exhibits the smallest cavity (59). The
active site expands when C8, C10, and C12 fatty acids with an
azole ring attached to the terminal carbon are bound. The azole
group coordinates to the heme and positions the terminal ali-
phatic carbon of the fatty acid constituent tomimic the position
for �-hydroxylation. A minor shift in the position of Phe-298
on helix I allows the carboxylate moieties to reside in an adja-
cent cavity between helices I, F, andG and increases the volume
of the active site from �190 Å3 for indazole to 420–490 Å3 for
the C8–C12 compounds (60). Structures of 2E1, 2A6, and 2A13
co-crystallized with pilocarpine reveal conformational changes
and differences in binding interactions (61).

Drug-metabolizing Enzymes

Drug clearance pathways mediated by P450s can be a formi-
dable barrier to the development of orally available new drugs.
Structures of drug-metabolizing P450s can be used to improve
predictions of sites of metabolism and provide information for
drug redesign to overcome metabolic barriers to improve effi-
cacy or to reduce the likelihood of drug-drug interactions (62–
65). Hepatic clearance of drugs by P450-mediated metabolism
is the most prevalent pathway for elimination of the 200 most
prescribed drugs and is attributed in order of frequency to
microsomal P450s 3A4, 2C9, 2D6, 2C19, 1A2, 2C8, and 2B6
(66). With the exception of 2B6, structures of these enzymes
exhibit active site cavities that are larger than that of 1A2 and
that are more open and pliant.
3A4 structures differ from family 1 and 2 structures because

helices F and G do not extend across the active site cavity (Fig.
1). In 3A4, the “roof” above the heme is formed by a cluster of
phenylalanine side chains. These phenylalanine side chains
expand outward relative to the ligand-free structure (67, 68) to
accommodate erythromycin (734 Da) (69), ritonavir (721 Da)
(70), desthiazolylmethyloxycarbonyl ritonavir (580 Da) (71), or
two molecules of ketoconazole (531 Da) stacked antiparallel
and vertically above the heme (69). In contrast, bromoer-
gocryptine (656Da) elicits only small changes relative to ligand-
free structures when bound (72). Co-crystallization of proges-
terone with 3A4 identified a peripheral binding site for the
steroid near the outer surface of helices F� and G� and the phe-
nylalanine cluster (68). 3A4 often exhibits homo- and hetero-
tropic activation kinetics with progesterone and other sub-
strates of similar size that are consistent with the binding of two
or more molecules to the enzyme (73, 74). Biophysical studies
have suggested that two molecules can stack in the active site
(75), as seen for the 3A4 structure with two molecules of keto-
conazole (69), and have provided evidence for a peripheral
binding site such as that observed for progesterone (76).
The active site cavity of 2C8 is large but has a more serpen-

tine shape than that of 3A4 (Fig. 1). The cavity readily accom-
modates montelukast (586 Da) or two molecules of 9-cis-reti-
noic acid (300 Da). The lower portion of the cavity projects
from the heme iron toward the open entrance to the active site

on the N-terminal side of the B-C loop under helix F�. This arm
is occupied by one retinoic acid molecule, with its carboxylate
in the entrance channel and the trimethylcyclohexenyl ring
positioned for hydroxylation. The distal molecule is stacked
above the proximal molecule, with the carboxylate in a second
entrance on the C-terminal side of the B-C loop, where it forms
an ionic bond with Arg-241 on helix G, and its trimethylcyclo-
hexenyl ring is stacked above the midpoint of the proximal ret-
inoic acid. The two arms of the cavity complement the shape of
montelukast, which exhibits three large groups attached to a
chiral carbon (Fig. 1). In contrast, felodipine (384 Da) and tro-
glitazone (442 Da) occupy only a portion of the cavity (77). The
structure of the enzyme crystallized in the absence of a ligand
(78) does not differ greatly from that of the ligand complexes
(77). This apparent rigidity could reflect the presence of a fatty
acid bound to the exterior surface of 2C8, with the aliphatic
chain passing through the turn formed by helices F�, G�, and G.
The location of this peripheral binding site is close to that
observed for progesterone in the structure of 3A4.
2C19 plays an important role in the clearance of omeprazole

(345 Da) and in the conversion of clopidogrel (322 Da) to its
therapeutic metabolite. The backbone conformation of 2C19
complexed with the inhibitor (2-methyl-1-benzofuran-3-yl)-
(4-hydroxy-3,5-dimethylphenyl)methanone is highly similar to
that of 2C8, but the cavity is divided into a smaller active site
and an antechamber under helix F�, which is likely to be part of
the substrate access channel. These differences between 2C8
and 2C19 arise fromextensive divergence in the amino acid side
chains that form the cavities of the two enzymes (79). The sep-
aration of the two cavities in 2C19 reflects a constriction
formedby the close approachof phenylalanines on theB-C loop
and in the turn of the C-terminal loop as seen for 2D6 (Protein
Data Bank code 3QM4) (Fig. 3A). This antechamber is not evi-
dent in P450s 1A, 1B, 2A, and 2E because this region is filled by
larger amino side chains.
Similarly, the antechamber is reduced in volume in rabbit

2C5 because the differences in the conformation of the F-F�
loop fill this space as they do in family 1 P450s (Fig. 1) and in the
substrate-free 2D6 structure (Protein Data Bank code 2F9Q)
(Fig. 3). Nevertheless, the corresponding phenylalanines ex-
hibit significant rotamer differences as well as changes in the
F-G region, the C-terminal loop, and the B-C loop when differ-
ent substrates are bound (80, 81).
Although 2C9 exhibits �90% sequence identity to 2C19, the

two enzymes make unique contributions to human drug
metabolism. 2C9 contributes extensively to the clearance of
small anionic compounds, and 2C9 genetic variation increases
risks for adverse effects of warfarin and phenytoin therapies.
The functional differences between 2C9 and 2C19 arise from
conformational differences due to amino acid differences that
reside outside the active site cavity but influence the architec-
ture of the 2C9 active site (79). The alternative conformation of
the 2C9 B-C loop positions the conserved Arg-108 in the active
site, where it forms an ionic bond with the carboxylate of flur-
biprofen in the 2C9 structure (Protein Data Bank code 1R9O).
This rearrangement alters both the polar properties and the
shape of the active site cavity and underlies the role of 2C9 in
the metabolic clearance of other small anionic drugs and the2 The abbreviation used is: NNK, nicotine-derived nitrosamine ketone.
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distinct contributions of the two enzymes to drug metabolism
(79, 82).
Two additional 2C9 structures (Protein Data Bank codes

1OG2 and 1OG5) determined for a construct with seven amino
acid substitutions in the helix F-G region to facilitate crystalli-
zation (83) exhibit much larger active site cavities than seen for
2C9 (code 1R9O) (82) or for 2C19 (79). This difference reflects
an elevation of the helix F-G region above the heme, a reposi-
tioning of the turn in theC-terminal loop away fromhelix I, and
an alternative conformation of the helix B-C loop that places
Arg-108 outside the active site in the 1OG2 and 1OG5 struc-
tures. S-Warfarin (308 Da) is bound in a distal portion of the
1OG5 structure of the 2C9 mutant, which was speculated to
serve as an effector site or possibly initial binding site (83). This
location corresponds to the antechamber seen in 2C19, and the
warfarin-binding site could reflect an initial binding site in the
entry way. A similar antechamber binds a second substrate
molecule in the structure of 21A2 (41). Similarly, one of two
molecules of NNK (207 Da) occupies a similar position in an
expanded 2A13 active site, with the other NNKpositioned near
the heme (56). In contrast, a 2A13 structure for an alternative
crystal form exhibits one molecule of NNK positioned for
metabolite formation in a small active site for six of eight mol-
ecules in the asymmetric unit. Interestingly, one of the two
remaining 2A13 molecules of the asymmetric unit exhibits an
open access channel under helix F and between the C-terminal
loop and helix I (56). This channel is also open in the 2F9Q
structure of 2D6 (Fig. 3A) crystallized in the absence of a ligand
(84).

In contrast, the 3QM4 structure of 2D6 complexed with pri-
nomastat (423 Da) exhibits a closed active site cavity that con-
forms closely to the size of prinomastat (85). Additionally, an
antechamber is evident in the structure of the prinomastat
complex below helix F�, similar to that seen in 2C19 (79) and
21A2 (41). There is a significant difference in the conformation
of the helix F-G region and neighboring portions of the two
structures, and the antechamber is filled in the 2F9Q structure
of 2D6 due to the alternative conformation of the helix F-G
region (Fig. 3B).
A second open structure of 2D6 (Protein Data Bank code

3TBG) was crystallized with thioridazine (371 Da) in the active
site, where it forms an ionic bondwithAsp-301 onhelix I.Many
substrates and inhibitors of P450 2D6 have basic nitrogens that
are positively charged at neutral pH and that are thought to
bind to either Asp-301 or Glu-216 in the active site (86). A
second thioridazine is bound in the antechamber of the 3TBG
structure. The constriction between the active site cavity and
the antechamber of the 3QM4 structure is relaxed to form a
continuous channel encompassing the two thioridazine mole-
cules that extends from the active site to the open entrance
between the helix F� and the helixA� regions in the 3TBG struc-
ture (Fig. 3A). The thioridazine in the entrance channel forms
an ionic bondwithGlu-222 on helix F�, suggesting thatGlu-222
could facilitate the initial binding of cationic substrates to 2D6.
Although binding of a secondmolecule in the entrance channel
could act as an effector, biochemical evidence to support this
notion has not been reported for 2D6 with thioridazine, 2A13
with NNK, or 21A2 with 17�-hydroxyprogesterone at enzyme

FIGURE 3. Alternative conformations of microsomal 2D6. A, the 3QM4 structure of 2D6 with prinomastat bound (green) exhibits a closed active site cavity
and an antechamber (black mesh surfaces) with an open 2b channel (arrow). The 3TBG structure of 2D6 with two molecules of thioridazine bound (slate)
displays a single open cavity with merged 2a, 2b, and 2f channels. The 2F9Q structure of 2D6 (pink) exhibits an open S channel. B, a side view of the overlaid
structures shows how conformational changes open the entrance channel in the 3TBG structure relative to the 3QM4 structure (double-headed arrow), whereas
the F-G loop fills the channel entrance in the 2F9Q structure.
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and substrate concentrations used to assess catalytic activity or
ligand binding, which are much lower than those used for
crystallization.
The structural flexibility required for opening and closing the

cavity can also enable the binding of larger inhibitors or alter-
native substrates in more open structural conformations. This
has been studied extensively in rabbit 2B4, which was first crys-
tallized in an open ligand-free form (87) and subsequently in
closed structures with 4-(4-chlorophenyl)imidazole (179 Da)
(88) and 1-(4-chlorophenyl)imidazole (179 Da) (89) bound in a
small active site cavity. A structure of human 2B6 exhibits a
remarkably similar active site when crystallized with 4-(4-chlo-
rophenyl)imidazole (90). Additionally, ticlopidine (264Da) and
clopidogrel (322 Da) complexes of 2B4 exhibit compact closed
structures (91), and more recently, ligand-free 2B4 was crystal-
lized in a closed conformation (92). Similarly, complexes of 2B6
with 4-benzylpyridine (169 Da) and 4-(4-nitrobenzyl)pyridine
(214 Da) are closed, and this is accompanied by small adapta-
tions (93). Systematic use of azole ligands of increasing sizewith
2B4, 1-biphenyl-4-methyl-1H-imidazole (234 Da) (94) and
bifonazole (310 Da) (95), produced a continuum of structures
from small and closed to larger and more open active site cav-
ities (96). 2B6 and 2B4 have also been crystallized with two
molecules of amlodipine (409 Da) in an expanded active site
channel (97).
Additionally, structures have been determined for covalent

adducts of 2B4 with reactive metabolites of the irreversible
inhibitors 9-ethynylphenanthrene (202 Da) (98) and tert-butyl-
phenylacetylene (176 Da) (99) covalently linked to Thr-302 by
an ester bond. The latter was crystallized in both the closed and
open conformations. An alternative rotamer of the adducted
residue opens the active site sufficiently to allow access of other
substrates and may underlie the residual activity of the enzyme
following adduction. Similarly, double occupancy of open con-
formations of P450s could underlie substrate-dependent differ-
ences in Ki values observed for drug-drug interactions.

Perspective

Structures determined for specialist P450s reveal adapta-
tions that underlie their unique physiologic roles, which require
precise positioning of the substrate to produce the appropriate
product. It is likely that structural characterization of human
P450s will be extended to include P450s in other physiologic
pathways as well as P450s targeted for prodrug activation in
tumors. Additionally, structural characterization of membrane
P450s in other species, including plants and insects, would
increase our understanding of the mechanisms of resistance to
pesticides and herbicides, and structures of critical P450s in
eukaryoticmicrobial pathogens could facilitate drug design tar-
geting these organisms. Structures determined for several gen-
eralist P450s indicate that conformational dynamics contrib-
utes to binding diverse ligands. Specialist P450s are also
structurally dynamic, as they must open and close for substrate
access and product egress. Their physiologic substrates form
strong interactions that reduce protein dynamics and increase
catalytic specificity and efficiency. The fit of adopted substrates
with generalist P450s is less exacting and likely leads to a greater
range of substrate and protein dynamics with associated reduc-

tions of catalytic efficiencies and metabolic specificities. Char-
acterization of conformational changes that occur when sub-
strates and inhibitors bind is likely to be extended to additional
generalist P450s, which will contribute to better in silico
approaches for understanding structure-activity relationships
that aid drug design. Additionally, advances in the application
of NMR spectroscopy for structural characterization of mem-
brane P450s could increase our understanding of the confor-
mational heterogeneity of membrane-bound P450s.
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The cytochrome P450 superfamily consists of a large number
of heme-containing monooxygenases. Many human P450s
metabolize drugs used to treat human diseases. Others are nec-
essary for synthesis of endogenous compounds essential for
human physiology. In some instances, alterations in specific
P450s affect the biological processes that they mediate and lead
to a disease. In this minireview, we describe medically signifi-
cant humanP450s (from families 2, 4, 7, 11, 17, 19, 21, 24, 27, 46,
and 51) and the diseases associated with these P450s.

Cytochrome P450 enzymes are found in all biological king-
doms and a majority of phyla so far examined. More than
17,000 genes are currently known, and this number increases
each year as new genome sequences are reported. In humans,
57 P450s have been identified (1), and we still continue to learn
about the properties of these enzymes and their roles in differ-
ent diseases. In general, P450s of medical relevance are the
enzymes acting on important endogenous substrates and in
many cases controlling their levels. Hence, alteration in the
activity of these P450s often leads to a serious humandisease. In
this minireview, we summarize the underlying reasons for
human P450 deficiencies and focus mainly on established
monogenic diseases associated with four critical types of
endogenous compounds: steroid hormones, cholesterol, vita-
min D3, and eicosanoids. We do not discuss the clinical rele-
vance of xenobiotic-metabolizing P450s and refer readers to
excellent prior reviews (2, 3).

P450-dependent Diseases of Steroid Biosynthesis and
Metabolism

CYP11A1 (cholesterol side chain cleavage enzyme, Mende-
lian Inheritance in Man (MIM) database number 18485) is a
mitochondrial monooxygenase converting cholesterol to preg-
nenolone, the precursor of all steroid hormones (Fig. 1A). It is
one of themore essential P450s because placental progesterone
produced during steroidogenesis is required to maintain
human pregnancy, as it suppresses uterine contractility and
prevents spontaneous abortion (4). In very rare cases, however,
fetuses with a complete or partial lack of CYP11A1 activity

reach late gestation (5–11), and the babies born have either
minimal or no serum concentrations of all steroids. All
CYP11A1-deficient individuals develop congenital partial or
complete adrenal insufficiency with 46,XY sex reversal (MIM
613743), a severe endocrine disorder lethal without hormone
replacement therapy. Ten different variations in CYP11A1
were found in individuals with reduced or no cholesterol side
chain cleavage activity. These are three homozygous or
heterozygous nucleotide insertions or deletions in exons or
introns and seven missense mutations, either single homozy-
gous (A359V and L222P) or compound heterozygous (A189V/
R353W, L141W/V4125E, and 835delA/A269V) (5–11). The
A189Vmutation does not affect CYP11A1 activity but creates a
novel splice site, resulting in truncated inactive protein (6). The
L141W mutation likely deteriorates cholesterol binding
because, in the crystal structure of CYP11A1 (12, 13), Leu-141
points inside the active site. The other five affected amino acid
residues are located outside the regions involved in the P450
function and are probably important for protein folding or
stability.
CYP21A2 (steroid 21-hydroxylase; MIM 613815) is a micro-

somal P450 expressed predominantly in the adrenal cortex,
where it is required for the biosynthesis of aldosterone from
progesterone and cortisol from 17-hydroxyprogesterone. Cor-
tisol is the major human glucocorticoid needed for glycemic
control and response to stress, whereas aldosterone is themajor
human mineralocorticoid controlling salt balance and body
fluid volume.Mutations inCYP21A2 lead to congenital adrenal
hyperplasia (CAH2;MIM 201910), a family of autosomal reces-
sive diseases arising fromdefects in the enzymes downstreamof
CYP11A1 in the pathway of steroidogenesis. The symptoms of
CAH vary depending upon which steroidogenic P450 has
reduced activity.CYP21A2 is located in themajor histocompat-
ibility locus of human chromosome 6 (14). In the same location
is CYP21A1, a pseudogene. A significant number of CAH cases
arise from crossover between these two genes (15). Additional
causes include point mutations leading to single amino acid
changes in CYP21A2 (15). Being the most common P450-re-
lated disease, CYP21A2 deficiency accounts for 90–95% of
cases of CAH predicted to occur in 1:15,000 births (15) and
ranging from complete to mild loss of monooxygenase activity.
The most severe form of CAH arising from CYP21A2 muta-
tions is known as salt-wasting, involving complete or nearly
complete loss of enzymatic activity, significant reduction in
glucocorticoid and mineralocorticoid biosynthesis, and ele-
vated androgen levels. A somewhat less profound loss of
CYP21A2 activity leads to the simple virilizing form of CAH. In
this case, an increase in androgen production leads to impaired
fertility. Females with either salt-wasting or simple virilizing
forms have ambiguous genitalia, whereas inmales, elevated lev-
els of androgens enhance genitalia. The most common form of* This work was supported, in whole or in part, by National Institutes of Health
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CAH (1:1000 births) is the nonclassical form, which sometimes
results in hirsutism or impaired fertility. Although a large num-
ber of mutations have been identified and classified (at least
115), we believe thatmanymore ofmutations have not yet been
discovered. The 3.0 Å structure of bovine CYP21A2 was
recently determined and represents an excellent model of
human CYP21A2 because �85% of the reported amino acids
mutated in the human enzyme are identical in the bovine
ortholog (16). Using this structure and identified mutations,
amino acids specific for substrate access (G65E), substrate
binding (G291C), proton transfer (T294N), protein stability
(G227X), heme binding (R425H), the EXXR structural motif
(R354C), overall structural stability (Q481P), and reductase
binding (K75X) have been predicted (16). Presumably different
mutations at the same or nearly same site can result in the
different forms ofCAH.Also, it is conceivable thatmutations in
certain locations (such as heme binding) will very likely lead to
only severe forms of CAH.
CYP17A1 (17�-hydroxylase/17,20-lyase cytochrome P450;

MIM 609300) is a microsomal P450 found in several tissues,
including the adrenal cortex and gonads. It is a particularly
interesting P450, with two distinct enzymatic properties in dif-
ferent tissues: 17�-hydroxylase in the adrenal cortex for gluco-

corticoid biosynthesis and both 17�-hydroxylase and 17,20-
lyase activities in gonads for testosterone and estrogen
biosynthesis. The substrate for glucocorticoid biosynthesis is
progesterone, which is converted to 17-hydroxyprogesterone
by the 17�-hydroxylase activity. In gonads, pregnenolone is
converted to 17�-hydroxypregnenolone and progesterone to
17-hydroxyprogesterone by the 17-hydroxylase activity and
then to the androgens dehydroepiandrosterone and andro-
stenedione, respectively, by the lyase activity. Thus, the lyase
activity converts 21-carbon steroids to 19-carbon androgens.
However, the following questions remain unanswered. 1)What
is the basis of one activity in one cell type and both in other cell
types? 2) Is the product of the first reaction released in one cell
type and not in others? 3) What is the structure-function rela-
tionship of the two distinct activities? More than 50 point
mutations were found in the human enzyme, leading to differ-
ent forms ofCAH (17).Of thesemutations, themost interesting
are R347H and R358Q, which inhibit the 17,20-lyase activity
but not the 17�-hydroxylase activity (18). Because protein-pro-
tein interaction between CYP17A1 and cytochrome b5
enhances the lyase activity (19, 20), both mutations probably
inhibit cytochrome b5 binding to CYP17A1. CYP17A1 is a tar-
get in anti-prostate cancer therapy. Inhibition of the lyase activ-

FIGURE 1. Pathways and cytochrome P450 enzymes involved in the biosynthesis and metabolism of different sterols (A) and metabolism of arachi-
donic acid (B). Coloring of P450s is based on the pathway, i.e. cholesterol-related P450s are shown in magenta, steroidogenic P450s are shown in green, P450s
of vitamin D3 activation and inactivation are shown in light blue, and P450s metabolizing arachidonic acid are shown in orange. If several P450s utilize the same
substrate, that shown in boldface is responsible for the majority of substrate metabolism.
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ity that leads to reduced androgen synthesis inhibits testoster-
one production and therefore the development of prostate
cancer. Drugs that are effective in inhibition of CYP17A1 have
been developed (21, 22). Now that the enzyme structure co-
crystallized with such inhibitors is available (17), even better
drugs that would be able to inhibit the lyase activity without an
effect on hydroxylase activity could probably be designed.
CYP11B1 (steroid 11�-hydroxylase; MIM 610613) and

CYP11B2 (aldosterone synthase; MIM 124080) are two human
mitochondrial P450s, each with 11�-hydroxylase activity, and
are required for cortisol and aldosterone biosynthesis, respec-
tively (23, 24). Both are expressed in the adrenal cortex, with
11-deoxycortisol being the substrate for CYP11B1 and 11-de-
oxycorticosterone for CYP11B2. In addition to the 11�-hy-
droxylase activity, CYP11B2 also catalyzes 18-hydroxylase and
18-oxidase activities, leading to aldosterone production. Genes
encoding these two proteins are near one another in chromo-
some 8, and defects in both activities result from their unequal
crossover (25), leading to glucocorticoid-remediable aldoste-
ronism (MIM 103900) manifested in hypertension and other
symptoms. Also, for each P450, amino acid mutations that
cause CAH are found when occurring in CYP11B1 and corti-
costerone methyl oxidase deficiencies of types I and II (MIM
203400 and 610600, respectively) when occurring in CYP11B2.
Examples of mutations in CYP11B1 are W116G (affects sub-
strate recognition), A165D (alters protein surface polarity), and
R366C and R453Q (reduce the binding of the electron donor
adrenodoxin). These effects are predicted based on a CYP11B1
structure model (26). Likewise, those in CYP11B2 include
S315R and R374W (alter P450 stability), S308P (affects active
site), and L415H (affects heme binding) as suggested by a
CYP11B2 structure model (27). CAH arising from CYP11B1
deficiency is characterized by androgen excess and hyperten-
sion, whereasCYP11B2 deficiency is presentedwith life-threat-
ening salt loss, leading to failure to thrive.
CYP19A1 (CYP19 aromatase; MIM 107910) is a microsomal

P450 essential for the synthesis of estrogen. It is expressed in
several different tissues, including the ovary, breast, vascula-
ture, and brain, and is responsible for the local production of
estrogen. A particularly interesting feature of CYP19A1 is five
different first exons functional in different tissues (28, 29). For
example, alterations in exon 1.3 in the ovary inhibit aromatase
expression in that tissue. In rare cases, nucleotide mutations
in these first exons can lead to increased transcription of
CYP19A1 in men and women, resulting in a rare aromatase
excess syndrome (MIM 139300) characterized by heterosexual
precocity in males and isosexual precocity in females. Other
nucleotidemutations in the noncoding exons lead to aromatase
deficiency (MIM 613546) manifested in pseudohermaphrodit-
ism in females and eunuchoid body proportions with excess
adiposity inmales. In addition to the essential role in reproduc-
tion and other biological processes, estrogen has a well known
enhancing effect on breast tumor growth. This is due to exon
1.4 in adipose tissue, which can enhance aromatase activity in
the breast. Hence, aromatase is an important drug target, and
its inhibitors anastrozole and letrozole are used in treatment of
CYP19A1-dependent forms of breast cancer, as they bind
tightly to the enzyme active site (30). Because the x-ray struc-

ture of human aromatase has recently been determined (31),
new drugs for treatment of breast cancer will likely be devel-
oped in the future. It has also been discovered that aromatase
deficiency can lead to metabolic syndrome and insulin resist-
ance (28).

P450-dependent Diseases of Cholesterol Biosynthesis
and Metabolism

CYP51 (sterol 14�-demethylase; MIM 601637) is the only
P450 involved in cholesterol biosynthesis, a physiological proc-
ess requiring �30 different enzymatic reactions. CYP51, a
microsomal enzyme, catalyzes one of these reactions, 14�-
demethylation of the cholesterol precursors lanosterol and
24,25-dihydrolanosterol, an essential step in the formation of
cholesterol. Mutations in CYP51 completely abolishing the
enzymatic activity have not been reported, probably because
they are embryonically lethal, as indicated by the prenatal
lethality in Cyp51 knock-out mice (32). However, the CYP51
variant (National Center for Biotechnology Information Single
Nucleotide Polymorphism database ID rs2229188; http://
www.ncbi.nlm.nih.gov/projects/SNP/) leading to the V13E
amino acid substitution and a yet unknown effect on enzymatic
activity was recently identified. This SNP was found among the
SNPs in 39 other genes suggested to likely determine the levels
of serum high density lipoprotein cholesterol (33), a protective
factor against cardiovascular disease.We predict that the V13E
amino mutation should not significantly disrupt the CYP51
activity but may affect membrane binding because the N-ter-
minal part of the CYP51molecule encompassing this mutation
is involved in the interaction with the lipid bilayer, as in any
microsomal P450.
CYP7A1 (cholesterol 7�-hydroxylase; MIM 118455) is the

rate-limiting enzyme in the major (also called classical) path-
way of cholesterol elimination from the human body. This
pathway takes place in the liver and involves, besides micro-
somal CYP7A1, 16 other enzymes that collectively convert cho-
lesterol to bile acids, the end products of cholesterol degrada-
tion. CYP7A1 catalyzes the first step in hepatic bile acid
biosynthesis and plays a critical role in the maintenance of the
whole body cholesterol homeostasis as indicated by the pheno-
type of individuals with a complete lack of cholesterol 7�-hy-
droxylase activity (34). Only three such individuals, all from the
same family and all having a homozygous 2-bp deletion muta-
tion in CYP7A1, have been described so far. The identified
frameshift mutation produces the truncated enzyme lacking
part of the active site and hence is inactive. Because cholesterol
cannot be degraded to bile acids via the pathway, which
accounts for the majority of cholesterol elimination, plasma
total and low density lipoprotein cholesterol, both risk factors
for cardiovascular diseases, are significantly elevated, and cho-
lesterol content in the liver is doubled. The homozygous muta-
tion carriers also have a markedly reduced rate of bile acid pro-
duction and excretion and a premature gallstone disease, which
is likely a result of unstable bile supersaturated with cholesterol
(34). Genetic variations are also found in the promoter region of
CYP7A1, with the rs3808607 polymorphismbeing themost fre-
quent and found in �45% of the population. This polymor-
phism was studied for the effect on plasma lipids, response to

MINIREVIEW: Medical Significance of P450s

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17093



cholesterol-lowering drugs and plant sterols, and a number of
diseases such as atherosclerosis, gallstone disease, and colorec-
tal cancer (reviewed in Refs. 35 and 36). More investigation is
required to draw conclusions about the effect of this SNP on
human health.
CYP27A1 (sterol 27-hydroxylase; MIM 606530) is a ubiqui-

tously expressed multifunctional mitochondrial monooxyge-
nase (37). Enzymatic activities of importance to cholesterol
metabolism include C27 hydroxylation of bile acid intermedi-
ates in the liver and cholesterol in many extrahepatic tissues.
The former activity is essential for the degradation of the ste-
roid side chain to bile acids, whereas the latter initiates choles-
terol removal from extrahepatic organs or the so-called alter-
nate pathway of bile acid biosynthesis. Complete inactivation of
CYP27A1 due to genetic mutations leads to a reduced produc-
tion of bile acids (predominantly chenodeoxycholic acid),
increased formation of cholestanol (reduced form of choles-
terol), and increased formation of bile acid alcohols (38). Con-
sequently, affected individuals develop the multisymptom dis-
ease cerebrotendinous xanthomatosis (CTX; MIM 213700)
(39). The initial manifestations of CTX frequently include diar-
rhea (due to bile acid deficiency) and juvenile bilateral cataracts,
followed by the appearance later in life of tendon xanthomas,
multiple progressive neurological dysfunctions, and premature
atherosclerosis due to cholestanol and cholesterol deposition in
the lens, tendons, brain, and blood vessels. Fewer than 400CTX
cases have been reported so far (40), yet CTX is believed to be
underdiagnosed, and it has been suggested not to be as rare as
previously thought, with the estimated prevalence of 1/1,800,00
to 3–5/50,000 (41, 42) depending on the geographic region.
More than 60 different types of mutations have been identified
in CYP27A1, with studies (40, 42, 43) collectively describing 58
of them. The majority of CYP27A1 mutations (62%) are mis-
sense and nonsense amino acid substitutions. The splice site
and deletion mutations account for �17% each, and insertion
mutations are rare (�2%). This spectrum of mutations is dis-
tributed throughout all nine CYP27A1 exons and a number of
introns affecting regions critical for the enzymatic activity:
heme binding (R441W/Q/C/G and R446C/G), the putative
active site (R104W, P368R, N370K, R372W/Q, T306M), inter-
actionwith the redox partner adrenodoxin (P351L), membrane
binding (K226R), and protein folding (G112R, A183P, R362C/
S/H, P408S, and G439A). These predictions are based on our
analysis of a CYP27A1model (data not shown) generated based
on the crystal structure of CYP11A1 (12), which, like CYP27A1,
is a mitochondrial P450. Most CYP27A1mutations likely com-
pletely inactivate the P450. Early diagnosis of CTX is essential
because the treatment (chenodeoxycholic acid alone or in
combination with the cholesterol-lowering drug statin) may
limit or prevent the onset of neurological and cardiovascular
complications.
CYP46A1 (cholesterol 24-hydroxylase; MIM 604087) is a

microsomal monooxygenase expressed mainly in the brain,
where it converts cholesterol to (24S)-hydroxycholesterol (44,
45). (24S)-Hydroxycholesterol then crosses the blood-brain
barrier and is delivered to the liver for further degradation to
bile acids. CYP46A1-mediated cholesterol 24-hydroxylation
initiates the major pathway of cholesterol removal from the

brain and determines the rate at which cholesterol is turned
over in this organ (44–46), which was unexpectedly found to
play a role in memory and cognition (47). (24S)-Hydroxycho-
lesterol is also suggested to affect the processing of the amyloid
precursor protein (48, 49). Accordingly, frequent polymor-
phisms in CYP46A1 are investigated for the association with
Alzheimer disease and effect on cognition. These are rs754203,
rs3742376, rs7157609, and rs4900442, which are found in
either the introns or CYP46A1 promoter region and affect
29–44% of the population. The results are still conflicting
(reviewed in Ref. 50) and preclude definite conclusions about
the medical significance of CYP46A1. Possible involvement of
the rs754203 polymorphism in developing the blinding eye dis-
ease glaucoma is also not confirmed (51, 52).
CYP7B1 (oxysterol 7�-hydroxylase; MIM 603711) is

expressed in the endoplasmic reticulum in many organs,
including the liver, brain, kidney, and reproductive tract, where
it acts on different cholesterol metabolites (53–56). The func-
tion of CYP7B1 in the liver is 7�-hydroxylation of 25- and
27-hydroxycholesterols (57–59), which cannot be converted to
bile acids without this obligatory modification of the steroid
nucleus. The role in the brain is still under investigation but
likely pertains to themetabolism of steroid hormones and their
precursors such as pregnenolone and dehydroepiandrosterone
(54, 60). An important substrate in the reproductive tract is the
estrogen receptor ligand 5�-androstane-3�,17�-diol, which is
inactivated byCYP7B1 via 6�-hydroxylation (61, 62). Complete
lack of CYP7B1 activities due to the same homozygous muta-
tion R388X was found to underlie two different diseases: con-
genital bile acid synthesis defect 3 (MIM613812) (59) and auto-
somal recessive spastic paraplegia 5A (SPG5A; MIM 270800)
(63). The former is characterized by neonatal onset of choles-
tasis, cirrhosis, and liver failure and is consistent with a role of
CYP7B1 in hepatic bile acid biosynthesis (59). The liver prob-
lems are believed to be due to the accumulation of the oxyste-
rols and unusual unsaturated monohydroxy bile acids and a
lack of the normal primary bile acids (59). In contrast, SPG5A is
a neurodegenerative disease with a variable age of onset and the
main clinical feature being progressive weakness and contrac-
tion (spasticity) in the lower limbs. The mechanism whereby
loss of CYP7B1 function affects motor neurons in the cortico-
spinal tract is currently unknown. Also unclear is why the same
null mutation leads to different clinical manifestations. In addi-
tion to the R388X variant, 16 other mutations have been iden-
tified in CYP7A1: one (R112X) in an infant with congenital bile
acid synthesis defect 3 (64) and 15 in patients with SPG5A (63,
65–67). These variants are summarized in Ref. 68. Of them,
three are nucleotide deletion or insertions in the CYP7B1 cod-
ing regions, four are nonsense mutations, and 10 are missense
mutations. The effect of the missense mutations on enzyme
function remains to be established.

P450-dependent Diseases of Activation and Inactivation
of Vitamin D3

CYP2R1 (MIM 608713) is found in the endoplasmic reticu-
lum in many tissues, including the liver and pancreas, with the
highest expression in the testes (69, 70). The role in the liver is
25-hydroxylation of the biologically inert vitamins D2 and D3,
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the first and obligatory step in the production of the active form
of these vitamins (69). Although a number of other P450
enzymes (CYP27A1, CYP2C11, and CYP2J3) can 25-hydroxyl-
ate vitamin D3, available evidence points to CYP2R1 as the
major vitamin D3 25-hydroxylase (71–73). Mutations in
CYP2R1 lead to low serum levels of 25-hydroxyvitamin D3 and
are associatedwith rickets (softening andweakening of bones in
children, leading to bone deformities and fractures). CYP2R1
deficiency is designated as vitaminD-dependent rickets type 1B
(MIM600081) (71, 74–76). The identified gene defects are very
rare and include one missense mutation (L99P), one intronic
single nucleotide change, and one single nucleotide insertion in
exon 3. The former likely affects heme binding and protein
folding, whereas the latter two are predicted to lead to trun-
cated inactive protein (76, 77).
CYP27B1 (25-hydroxyvitamin D3 1�-hydroxylase; MIM

609506) is expressed in mitochondria of a variety of human
tissues but at low levels (reviewed in Ref. 78). In the kidney,
CYP27B1 1�-hydroxylates 25-hydroxyvitamin D3 to form bio-
active 1�,25-dihydroxyvitamin D3 (79). Inactivating mutations
in CYP27B1 cause vitamin D-dependent rickets type 1A (MIM
264700), a rare autosomal recessive disorder characterized by
the early onset and severe syndrome of rickets (80, 81). To date,
47 mutations in CYP27B1 have been identified (summarized in
Ref. 82). Of them, 28 aremissense, three are nonsense, eight are
deletion, two are insertion, two are deletion/insertion, and four
are splice site mutations. Missense mutations are distributed
throughout the primary sequence and either significantly
reduce CYP7B1 activity (by �78%; G57V, G73W, E189G,
T321R, L333F, L343F, R432C, R459C, and R492W) or com-
pletely abolish it (R107H, G125E, R335P, P382S, and R389H/G)
as indicated by in vitro enzyme assays of mutant recombinant
proteins (81–85).
CYP24A1 (1�,25-hydroxyvitamin D3 24-hydroxylase; MIM

126065) is a mitochondrial enzyme detected in many tissues at
low levels but undergoing rapid induction in response to active
forms of vitamins D3 and D2, which are inactivated by the
enzyme through multiple oxidations of the sterol side chain
(reviewed in Ref. 1). Loss of CYP24A1 function usually leads to
idiopathic infantile hypercalcemia (MIM 143880), also charac-
terized by failure to thrive, vomiting, dehydration, and nephro-
calcinosis. The disease is rare, and its transmission (autosomal
recessive or autosomal dominant with partial penetrance of the
trait) is not yet clear (86–89). The identified underlying muta-
tions (missense as well as insertion or deletion variants) either
completely (A475fsX490, E143del, R159Q, E322K, andR396W)
or significantly (L409S) ablate CYP24A1 activity (86). In the
crystal structure of rat CYP24A1 (90), the affected amino acid
residues are located near the heme (Arg-159 and Arg-396),
inside the active site (Glu-322), or on the protein surface out-
side the functionally important regions (Glu-143 and Leu-409)
and are probably involved in heme and substrate binding or
protein folding and stability.

P450-dependent Diseases of Eicosanoid Synthesis

CYP4A11 (fatty acid �-hydroxylase; MIM 601310) oxidizes
arachidonic acid to 20-hydroxyeicosatetraenoic acid (20-
HETE) in the endoplasmic reticulum of kidney tubules (Fig.

1B). 20-HETE regulates salt and water balance in this organ;
therefore, a mutation in CYP4A11 (F434S) profoundly reduc-
ing 20-HETE biosynthesis was found in three different cohorts
of individuals with elevated blood pressure (essential hyperten-
sion; MIM 145500) (91–94). Elevated blood pressure was more
significant in males than in females in an African-American
cohort, suggesting androgen regulation of CYP4A11 transcrip-
tion (94). This effect of androgens has been previously reported
to exist in rodents (93). 20-HETE is also synthesized from
arachidonic acid in the kidney by another human P450
(CYP4A22) found to have 13 sequence variations in the coding
sequence in a Japanese cohort (95). However, it remains to be
determined whether any mutations in CYP4A22 influence
blood pressure. In contrast, in the case of CYP4A11, efforts to
establish clinical management of CYP4A11-dependent hyper-
tension are under way (93).

Concluding Remarks

Herein, we have described 15 human P450s and 14 mono-
genic diseases associated with these P450s, which by no means
represent allmedically relevant P450s andP450-dependent dis-
eases. The development of new DNA-sequencing platforms
and genome-wide association studies have revealed previously
unanticipated associations and P450 contributions to a number
of polygenic diseases. There is no doubt that, within the next
decade, our knowledge about the roles of P450s in different
diseases will be significantly expanded.
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3-Hydroxy-3-methylglutaryl-CoA reductase (HMGCR) is the
target of the statins, important drugs that lower blood choles-
terol levels and treat cardiovascular disease. Consequently, the
regulation of HMGCR has been investigated in detail. However,
this enzyme acts very early in the cholesterol synthesis pathway,
with �20 subsequent enzymes needed to produce cholesterol.
How they are regulated is largely unexplored territory, but there
is growing evidence that enzymes beyondHMGCR serve as flux-
controlling points. Here, we introduce some of the known reg-
ulatory mechanisms affecting enzymes beyond HMGCR and
highlight the need to further investigate their control.

Why Look beyond 3-Hydroxy-3-methylglutaryl-CoA
Reductase?

Eighty years ago, The Journal of Biological Chemistry pub-
lished one of the first examples of feedback control. Schoen-
heimer and Breusch (1) found that mice that were fed choles-
terol synthesized less of it. Subsequently, much has been
published on this complex molecule, which continues to fasci-
nate. Strict control of cholesterol synthesis is necessary because
it is energetically expensive to make and is toxic in excess but is
essential for metazoan life. The cholesterol synthesis or meval-
onate pathway was elucidated thanks to the pioneering work of
many researchers, including Popják, Cornforth, Kandutsch,
and, of course, Konrad Bloch, who had worked with Schoen-
heimer and received a Nobel Prize for his elegant studies on
cholesterol synthesis (2). However, of the �20 enzymes
involved, most attention has focused on just one: 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR).2

The third step in the mevalonate pathway (Fig. 1), catalyzed
by HMGCR, is generally regarded as the rate-limiting step in
cholesterol synthesis. As the target of the statins, the “go to”

drugs for treating high cholesterol levels and cardiovascular
disease, there has been an understandable concentration of
effort on unraveling the regulation of HMGCR (reviewed in
Refs. 3 and 4). However, a generally accepted biochemical prin-
ciple is that biosynthesis pathways havemultiple control points
(5). HMGCR occurs before a branch point directing flux to
sterols or isoprenoids (Fig. 1), and ablation of its activity can
have dire consequences, as illustrated by knock-out of hepatic
HMGCR being lethal to mice (6). Furthermore, over the last
couple of decades, discovery and characterization of inborn
errors of cholesterol synthesis have not only emphasized the
importance of cholesterol but have also drawn attention to the
post-HMGCR pathway: how these genetic diseases manifest is
likely due to accumulation of intermediates and not solely due
to a lack of cholesterol synthesis (reviewed in Ref. 7).

Intermediates in Cholesterol Synthesis as Physiological
Regulators

There is a growing list of intermediates in cholesterol synthe-
sis, mostly sterols, which have been credited with having regu-
latory functions distinct from those of cholesterol. An example
is 7-dehydrocholesterol, which is converted to cholesterol by
DHCR7 (7-dehydrocholesterol reductase) but is also a precur-
sor for vitamin D, involved in bone growth. Hence, polymor-
phisms in the DHCR7 gene are determinants of vitamin D sta-
tus (8). Mutations in DHCR7 cause the most common inborn
error of cholesterol synthesis, called Smith-Lemli-Opitz syn-
drome, manifested by devastating developmental abnormali-
ties. The higher prevalence of Smith-Lemli-Opitz syndrome in
Northern European populations may be explained by the
heterozygote advantage, as an accumulation of 7-dehydrocho-
lesterol leads to increased capacity to produce vitamin D even
with reduced exposure to sunlight (7).
C4-methylsterols are produced by lanosterol 14�-demeth-

ylase (encoded by CYP51A1 (cytochrome P450, family 51, sub-
family A, polypeptide 1)) and demethylated by SC4MOL (ste-
rol-C4-methyl oxidase-like 1; methylsterol monooxygenase 1)
and its partner, NSDHL (NAD(P)-dependent steroid dehydro-
genase-like; sterol-4-�-carboxylate 3-dehydrogenase, decar-
boxylating). They are also referred to as meiosis-activating ste-
rols (MASs), occurring at high concentrations in the testis and
ovary, and as the name suggests, they play an important role in
meiosis activation. Apparently, MASs are active in the skin as
well because skin abnormalities are caused by perturbations of
cholesterol synthesis in humans and in animalmodels at several
points, including at SC4MOLandNSDHL (e.g.Ref. 9). The EGF
receptor (EGFR) may be pivotal in these skin changes, as simi-
larities are observed in mice and humans with EGFR pathway
perturbations.Moreover, accumulation ofMASs through inac-
tivation of SC4MOLandNSDHL reduces EGFR expression and
signaling (10).
Another intermediate that has specific functions not shared

by cholesterol is 24,25-dihydrolanosterol, which is purportedly
the primary degradation signal for HMGCR (11, 12). The ear-
lier non-sterol intermediate squalene has also been implicated
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in stimulating HMGCR degradation (13). A number of choles-
terol synthesis intermediates can serve as activating ligands of
the nuclear liver X receptor (LXR), which up-regulates choles-
terol export genes and represses inflammatory genes. These
sterols include 24,25-dihydrolanosterol (14), MASs (9), and
desmosterol (15, 16). Accumulating in macrophage foam cells
in a regulated fashion, desmosterol integratesmacrophage lipid
metabolism and inflammatory responses by activating LXR
(16).
The oxysterol 24(S),25-epoxycholesterol (24,25-EC) is the

most abundant LXR ligand in the developing mouse midbrain,
where it promotes dopaminergic differentiation of embryonic
stem cells (16). Known as a particularly potent LXR agonist
(17), 24,25-EC is produced in a shunt pathway in sterol synthe-

sis (18), and its production is determined by the relative activi-
ties of squalene monooxygenase (SM) and lanosterol synthase
(LS) (Fig. 1). Partial inhibition or knockdown of LS divertsmore
flux into the shunt pathway, producing more 24,25-EC (19),
whereas overexpression of LS abolishes 24,25-EC production
(20). Conversely, overexpression of SM increases 24,25-ECpro-
duction (21). The extent to which SM and LS are differentially
regulated to alter 24,25-EC production is currently not known.
Therefore, various sterols serving as physiological modula-

tors can accumulate in a regulated manner, suggesting in turn
that the enzymes that form and transform them are also regu-
lated. Indeed, there is growing evidence that other enzymes
beyondHMGCRare flux-controlling points. Regulation of cho-
lesterol synthesis can occur at multiple levels throughout the

FIGURE 1. Cholesterol synthesis pathway. The mevalonate pathway leads to lanosterol, which can then be diverted into either the Bloch pathway, producing
cholesterol via desmosterol, or the Kandutsch-Russell pathway, via 7-dehydrocholesterol. Two other branches also diverge from the mevalonate pathway.
Isoprenoids are produced by geranylgeranyl-diphosphate synthase (GGPPS) acting twice to convert farnesyl diphosphate to geranylgeranyl diphosphate, and
flux through the shunt pathway occurs when SM acts twice to convert squalene 2,3-epoxide into diepoxysqualene, eventually leading to the production of
24(S),25-epoxycholesterol. Intermediates and enzymes in this shunt pathway are not yet fully elucidated (75) but are presumed to follow the Kandutsch-Russell
pathway. MK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, diphosphomevalonate decarboxylase; FPPS, farnesyl-pyrophosphate synthase; SQS,
squalene synthase; LDM, lanosterol 14�-demethylase; SC5D, sterol C5-desaturase.
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pathway. We will illustrate these with recent work on post-
HMGCR enzymes.

Transcriptional Regulation

Sterol Regulatory Element-binding Proteins (SREBPs)—The
SREBP family of transcription factors is activated in response to
low sterol status and helps coordinate the cholesterol synthesis
pathway (22). Thus, nearly all of the genes encoding cholesterol
synthesis enzymes are SREBP targets (Table 1). A notable
exception is the lamin B receptor (LBR), a protein of the inner
nuclear membrane involved mainly in heterochromatin orga-
nization but also possessing sterol �14-reductase activity (23).
The principal sterol �14-reductase, located in the endoplasmic
reticulum (ER), is DHCR14, encoded by the TM7SF2 (trans-
membrane 7 superfamily member 2) gene. However, LBR
appears to adequately compensate, as cholesterol levels are nor-
mal in Tm7sf2 knock-out mice (24). Because TM7SF2 is an
SREBP-2 target gene, whereas LBR is not (23), it may be that
LBR is constitutive, whereas TM7SF2 encodes the inducible
sterol �14-reductase activity.

Three isoforms of SREBP exist, with the SREBP-2 isoform
being ascribed themajor role in regulating cholesterol synthetic
genes. A genome-wide ChIP-seq analysis of mouse liver deter-
mined that most of the sterol regulatory elements (SREs) that
SREBP-2 binds to are within the proximal 2 kb of transcrip-
tional start sites (25). We found very similar SRE consensus
sequences between genes encoding cholesterol synthesis
enzymes and other SREBP targets, with an apparently critical
cytosine in the third position (Fig. 2). However, SREs have been
mapped only for less than half of the human genes encoding
cholesterol synthesis enzymes (9 of 21 that are SREBP target
genes) (Table 1). These may not necessarily be conserved
between mammalian species, considering that the SRE motif
derived from murine ChIP-seq data (25) is very different from

FIGURE 2. SRE consensus sequences. SREs from either seven cholesterol
synthesis genes (A) or 11 other non-cholesterogenic SREBP targets (B) were
used to create a consensus sequence with WebLogo 3.3. This figure was mod-
ified from Ref. 26.

TABLE 1
SREBP regulation of cholesterol synthesis enzymes

Gene name
(HUGO Gene Nomenclature Committee) and gene symbol SREBP target?a SRE(s) mapped?b SRE sequence (human)

Acetyl-CoA acetyltransferase, cytosolic,c ACAT2 Yes No
3-Hydroxy-3-methylglutaryl-CoA synthase 1 (soluble), HMGCS1 Yes Yes (30) G CCAC C TCAC, C TCAC A CCAC
3-Hydroxy-3-methylglutaryl-CoA reductase, HMGCR Yes Hamster (79)
Mevalonate kinase,MVK Yes No
Phosphomevalonate kinase, PMVK Yes No
Mevalonate (diphospho)decarboxylase,MVD Yes No
Isopentenyl-diphosphate �-isomerase 1/2, IDI1/IDI2 Yes No
Farnesyl-diphosphate synthase, FDPS Yes Yes (80) C TCAC A CGAC
Geranylgeranyl-diphosphate synthase 1,GGPS1 Yes No
Farnesyl-diphosphate farnesyltransferase 1, FDFT1 Yes Yes (29) C TCAC A CTAG, A TCAC G CCAG
Squalene epoxidase, SQLE Yes Yes (27) A CCAC G CAAC
Lanosterol synthase (2,3-oxidosqualene-lanosterol cyclase), LSS Yes No
Cytochrome P450, family 51, subfamily A, polypeptide 1, CYP51A1 Yes Yes (81) A TCAC C TCAG
Transmembrane 7 superfamily member 2, TM7SF2 Yes Yes (82) GCCCAGCATGGGd

Lamin B receptor, LBR No NAe

Methylsterol monooxygenase 1, SC4MOL Yes No
NAD(P)-dependent steroid dehydrogenase-like, NSDHL Yes No
Hydroxysteroid 17�-dehydrogenase 7, HSD17B7 Yes Yes (83) C TCAC C CGAC
Emopamil-binding protein (sterol isomerase), EBP Yes Yes (84) TGGCGCCACGd

Sterol C5-desaturase, SC5D Yes No
7-Dehydrocholesterol reductase, DHCR7 Yes Rat (85)
24-Dehydrocholesterol reductase, DHCR24 Yes Yes (26) A TCGG A CCAG, C TCGG C CCAC

a Ref. 22 shows in mice that all genes listed are SREBP targets, except for GGPS1, which was shown in Ref. 86; EBP, which was shown in Ref. 84; and LBR, which is not regu-
lated by SREBP (23).

b This is to the best of our knowledge; the data refer to human promoters.
c This is also known as thiolase 2.
d This does not appear to be a classical SRE and has not been included in the matrix used to derive Fig. 2.
e NA, not applicable.
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the SRE motif we found based on an array of known SREBP-2
target genes (26). This has been demonstrated for SQLE, where
the reported SRE in the human promoter (27) is nonfunctional
in the murine promoter (28).
The SREBP transcription factors are relatively weak activa-

tors of gene expression alone and commonly require the coop-
eration of other cofactors. For example, nuclear factor Y (NF-
Y), which binds toCCAATboxes, frequently binds to sites close
to SREs (e.g. Refs. 26, 29, and 30). In fact, the spacing between
SREs and NF-Y factors is crucial, with the highest efficiency
observed when they are 16–20 bp apart (30). If this spacing is
reduced to 14 bp, no gene activation is observed. Furthermore,
Sp1 may also require specific spatial arrangements to regulate
SREBP genes: a 10-bp separation resulted in activation, but
inserting 4 or 10 bpmore ablated this (31). These findings indi-
cate that the spatial distance, but not the helical phase, are
important for other transcription factors to regulate SREBP
genes along with SRE sites.
Just as Sp1 and NF-Y can activate transcription synergisti-

cally with SREBPs, so too can dual SREs occurring in the same
promoter. Thus, two closely spaced SREs work cooperatively to
activate transcription of FDFT1 (farnesyl-diphosphate farne-
syltransferase 1; encoding squalene synthase) andDHCR24 and
may be a mechanism for energy conservation. Because choles-
terol synthesis is an energetically expensive process, coopera-
tivity would ensure that key genesmust be strongly activated to
commit to cholesterol synthesis (26).
Other Factors—Besides SREBP, numerous other transcrip-

tion factors have been implicated in the transcriptional control
of the various enzymes in cholesterol synthesis. LXR has been
reported to regulate cholesterol biosynthesis by directly silenc-
ing the gene expression of two cholesterogenic enzymes
(FDFT1 andCYP51A1) (32). This finding fits in with the known
propensity of LXR to reduce cholesterol status. However, LXR
has also been reported to up-regulate gene expression of one of
the final enzymes in cholesterol synthesis, DHCR24 (33), but a
subsequent study was unable to confirm this (26). Significantly,
LXR agonists are not noted as affecting cholesterol synthesis
(e.g. Ref. 34). Growth factors involving signaling via the andro-
gen receptor or Akt can also up-regulate cholesterogenic genes,
but this occurs indirectly, through activation of SREBP-2 (35,
36).
MicroRNAs andAlternative Splicing—Thediscovery of ubiq-

uitous microRNAs (miRNAs) has added yet another layer of
complexity to the regulation of gene expression. Perhaps the
best studied in the context of cholesterolmetabolism ismiR-33,
an intronic miRNA encoded in the SREBP genes. miR-33 con-
trols cellular cholesterol export, whereas its SREBP host genes
stimulate cholesterol synthesis (reviewed in Ref. 37). However,
overall, relatively little has been reported on miRNAs in the con-
text of cholesterol synthesis.miR-122, themost abundantmiRNA
in the liver, decreases expression of many cholesterol synthetic
genes, although the effects appear to be indirect (38, 39).
Alternative splicing is a generalized phenomenon, with

nearly allmulti-exonic genes subject to alternative splicing (40).
When transcripts with biological functions are created, the
alternative splicing is considered productive. An alternative
transcript of HMGCR in which exon 13 is skipped can be con-

sidered unproductive in that the protein encoded by this
shorter transcript is inactive. Importantly, this alternative splic-
ing is regulated by sterols, with proportionally less of the unpro-
ductive transcript present when sterol levels are low and more
when sterol levels are higher (41). This effect also extends to
other cholesterogenic genes, including HMGCS1 (3-hydroxy-
3-methylglutaryl-CoA synthase 1, soluble) and MVK (meval-
onate kinase) (41). Because the effect is mediated via SREBP-2
and alternative transcripts occur for all cholesterol synthesis
enzymes beyondHMGCR (42), this effect is likely to involve the
entire cholesterol synthesis pathway. Therefore, alternative
splicing represents another layer of regulation and may even
account for some of the altered cell localization of certain
enzymes observed (see “Localization and Redistribution of
Cholesterogenic Enzymes” below).

Post-translational Regulation

Regulated Turnover—The cholesterol synthesis pathway can
be switched off rapidly (within 1 h), but transcriptional down-
regulation via the SREBP pathway is relatively slow, with
mRNA of target genes decreasing only after several hours.
Thus, there must be mechanisms other than transcriptional
regulation to account for this. Rapid shutdown of cholesterol
synthesis requires post-transcriptional control, such as the
extensively studied ER-associated degradation of HMGCR
(reviewed in Refs. 3 and 4). Turnover of HMGCR is accelerated
by non-sterol and sterol products of the mevalonate pathway
(43), with physiological sterol degradation signals, such as
24,25-dihydrolanosterol, and side chain oxysterols, such as
24,25-EC and 27-hydroxycholesterol (generated from choles-
terol itself) (12, 44). The regulated turnover is proteasomal and
requires the Insig proteins, which also act to suppress SREBP
activation (3, 4). Regulated ER-associated degradation also
occurs for a later step in cholesterol synthesis, catalyzed by SM,
albeit by a distinct mechanism from HMGCR.
Although not widely appreciated, SM has been proposed as a

second rate-limiting enzyme in cholesterol synthesis (45, 46).
We found that cholesterol itself accelerates SMdegradation, an
example of end product inhibition (47). Also, unlike HMGCR,
SM turnover does not require the Insig proteins. The precise
molecular mechanism by which cholesterol accelerates protea-
somal degradation of SM still needs to be defined, but it appears
that cholesterol can bind directly to SM (48), as well as alter
properties of the ER membrane (49). Regulated degradation of
SM is mediated by a membrane-bound N-terminal domain,
representing just 17% of the protein and separate from the cat-
alytic domain. Notably, this regulatory domain is absent in
lower organisms, including yeast, suggesting that this mecha-
nism may signify a refinement of sterol homeostasis as birds
andmammals evolved. A possible advantage of evolving a post-
HMGCR step capable of rapid post-translational regulation in
response to high cholesterol levels is that it would enable syn-
thesis of important isoprenoids to continue while shutting
down cholesterol synthesis (47). It is likely that regulated ubiq-
uitin-dependent proteasomal degradation occurs for other
cholesterogenic enzymes, considering that data from large-
scale proteomic screens indicate multiple ubiquitination sites
on the majority of post-HMGCR enzymes (Table 2).
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Regulation by Post-translational Modifications—As one of
the first known substrates of AMP-activated protein kinase,
HMGCR is well known to be phosphorylated by this kinase (50)
and is also known to be ubiquitinated (51). However, despite
large-scale proteomic studies indicating a vast number of post-
translational modifications on cholesterol synthesis enzymes,
including phosphorylation and ubiquitination (Table 2, com-
prising human studies), only one of these has been investigated
specifically. LBR was found to be phosphorylated by Cdc2
kinase (52), which affected its role in chromatin binding, but no
mention was made regarding its role in cholesterol synthesis.
Therefore, many cholesterol synthesis enzymes have post-

translational modifications. Strikingly, the number of ubiquiti-
nation sites is disproportional to the database, with a phosphor-
ylation:ubiquitination site ratio of 1:0.5 in the database (53) but
a ratio of 1:3 in cholesterol synthesis enzymes. Hence, this is an
area deserving further investigation to begin to understand
what role these modifications play in regulating cholesterol
synthesis.

Other Effects on Enzyme Activity

Direct Effects of Sterols—It is likely that sterol intermediates
or related compounds can directly inhibit enzymes at various
steps in the cholesterol synthesis pathway. For example, the
final step in the Bloch pathway (Fig. 1) catalyzed by DHCR24
can be inhibited by phytosterols (54), side chain oxysterols like
24,25-EC (21), and steroid hormones (notably progesterone)
(55, 56). These effects were observed without affecting protein
levels and so are likely direct effects (21, 56). In support of this,
phytosterols inhibit DHCR24 via competitive inhibition due to
their structural similarity to the substrate desmosterol (54).
Regulation through Cofactors and Auxiliary Proteins—Cho-

lesterol synthesis may be controlled in part through the avail-
ability and regulation of cofactors and auxiliary proteins. For
example, SREBP controls the production of NADPH, the
reducing power required for many steps in cholesterol synthe-
sis (57). Because cholesterol synthesis is a particularly oxygen-
intensive process, deprivation of oxygen (hypoxia) slows
demethylation of lanosterol and its metabolite 24,25-di-
hydrolanosterol, resulting in the accumulation of both sterols
in cells (44). This finding may have special relevance to certain
pathologies, such as solid tumors, which tend to be hypoxic.
There are various lipid carrier proteins that can also poten-

tially regulate cholesterol synthesis. One example is “superna-
tant protein factor,” named by Konrad Bloch (58), which facil-
itates cholesterol synthesis by translocating substrate from one
enzyme site to another or from an inactive to an active pool
(59). Notably, the supernatant protein factor is regulated post-
translationally, requiring phosphorylation to stimulate choles-
terol synthesis (60). There are doubtless more examples where
limiting the availability of cofactors or regulating auxiliary pro-
teins impacts on cholesterol synthesis.

Localization and Redistribution of Cholesterogenic
Enzymes

Almost all of the enzymes required for cholesterol synthesis
reside in the ER. Considering the remarkable overall efficiency
of cholesterol synthesis, it is possible that the enzymes and aux-

iliary proteins exist as an organized system in the ER mem-
branes, a kind of “cholestesome.” In yeast, certain Erg proteins
are known to interact (61), but whether such a cholestesome
exists in the mammalian ER remains to be determined. Erg27p
and Erg7p interact in yeast, but this is not the case for themam-
malian orthologs, HSD17B7 and LS, respectively (61).
Nevertheless, there is a growing list of enzymes that can

translocate to other cell compartments under various condi-
tions. Cellular stress induced nuclear localization of DHCR24,
which was reversed when the stimulus was removed (62). Sev-
eral cholesterogenic enzymes can translocate to lipid droplets,
usually in response to fatty acid (oleate) treatment. These
enzymes include HMGCR (63), NSDHL (64), and SM (65).
Interestingly, accumulation of the substrate of SM, squalene, is
associated with the clustering of lipid droplets (66).
The localization of NSDHL on lipid droplets has functional

significance.Mutations inNSDHL cause the human embryonic
developmental disorder CHILD (congenital hemidysplasia
with ichthyosiform nevus and limb defects) syndrome. Impor-
tantly, a missense mutation of NSDHL causing CHILD syn-
drome resulted in a protein that was no longer localized on lipid
droplets and could not restore the defective growth of a choles-
terol auxotrophic cell line (64). Furthermore, in a breast cancer
cell model of metastasis, NSDHL translocated to the plasma
membrane as its expression increased (67). It was speculated
that this translocation to the plasmamembranemay be a short-
cut for the formation of lipid rafts, thereby promoting signal
transduction and cell metastasis. However, it is difficult to see
how thiswouldworkwithout the remaining cholesterol synthe-
sis machinery also moving to the plasma membrane.
In some cases, the translocation to another organelle may in

fact attenuate cholesterol synthesis. Thus, oleate addition cre-
ated well developed, NSDHL-positive lipid droplets while
simultaneously reducing cellular conversion of lanosterol into
cholesterol (64). Additionally, the yeast equivalent of SM,
Erg1p, was inactive in lipid droplets (68). Furthermore, in a
toxin-induced dopaminergic neuron model of Parkinson dis-
ease, LS redistributed from the ER to mitochondria, and the
product lanosterol was reduced (69), again suggesting that
enzyme translocation reduces flux through the cholesterol syn-
thesis pathway.
Therefore, the redistribution of cholesterol synthesis en-

zymes from the ER to other organelles may provide another
mechanism for regulating the levels and sites of accumulation
of intracellular cholesterol and intermediates. Moreover,
enzymemovements could be coupled to substrate trafficking as
well, considering that certain sterol intermediates (notably
zymosterol) also move around the cell (70, 71).

Conclusions, Questions, and Implications

Cholesterol synthesis occurs in a membranous world, where
the enzymes, substrates, and products involved tend to be
extremely hydrophobic. This can make the study of its regula-
tion challenging, but ultimately rewarding.
There remain many outstanding questions, some of which

have been briefly introduced in this minireview. How are post-
HMGCR enzymes controlled to modulate levels of regulatory
sterols? How important are the various modes of regulation in
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this (e.g. alternative splicing and post-translational modifica-
tions)? Why do certain cholesterogenic enzymes redistribute?
How does control vary in different tissues and at the level of the
whole organism? The answer to this last question will be facil-
itated by the increasing sophistication of sterol analysis (e.g.Ref.
72) and modeling the flux through the pathway in a computa-
tional framework (e.g. Refs. 73–75).
Understanding how cholesterol synthesis is regulated in cells

underpins cholesterol homeostasis of the whole organism and
forms the basis of successful therapies for treating human dis-
ease.We have come a long way from the experience with tripa-
ranol in the early 1960s. Inhibiting DHCR24 and causing des-
mosterol to accumulate, triparanol was the first drug to directly
target the cholesterol biosynthesis pathway, but it was with-
drawn due to adverse reactions (reviewed in Ref. 76). The cau-
tionary tale of triparanol steered researchers’ efforts away from
the distal end of the cholesterol synthesis pathway to statins and
HMGCR, where the precursor was water-soluble and so should
not accumulate. Research into inhibitors of the cholesterol bio-
synthesis pathway has declined, possibly because from both a
marketing and therapeutic perspective, there is not a sufficient
point of difference with the statins. Theremay also be lingering
safety concerns of targeting the distal end of the pathway, with
the specter of triparanol still lurking in the shadows (77). How-
ever, it may be that regulatory elements in the control of cho-
lesterol synthesis might offer better strategies than targeting
the individual protein directly, as is the case for an increasing
number of new targets under investigation (e.g. targeting
PCSK9 (proprotein convertase subtilisin/kexin type 9) to stabi-
lize the LDL receptor (78)).
This minireview provides examples of the many and diverse

ways that cholesterol synthesis is regulated beyond HMGCR.
However, much more remains to be discovered to ascertain
how flux through the entirety of this fascinating and vital path-
way is controlled.
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Plants synthesize a chemically diverse range of hormones that
regulate growth, development, and responses to environmental
stresses. The major classes of plant hormones are specialized
metabolites with exquisitely tailored perception and signaling
systems, but equally important are the enzymes that control the
dose and exposure to the bioactive forms of these molecules.
Here, we review new insights into the role of enzyme families,
including the SABATH methyltransferases, the methyles-
terases, the GH3 acyl acid-amido synthetases, and the hormone
peptidyl hydrolases, in controlling the biosynthesis and modifi-
cations of plant hormones and how these enzymes contribute to
the network of chemical signals responsible for plant growth,
development, and environmental adaptation.

Plants produce an array of signaling molecules with essential
roles in plant growth anddevelopment and control responses to
environmental stresses, such as drought, herbivory, and patho-
gen attack. Many plant growth regulators, or phytohormones,
were originally isolated as specialized metabolites with molec-
ular structures that reflect their metabolic origins (Fig. 1A) (1).
The chemical diversity of these molecules is linked to their bio-
logical functions and in planta effects through various signaling
pathways. Over the past decade, efforts to understand the bio-
synthesis of plant hormones and their associated perception
systems have revealed new biochemical pathways and identi-
fied the receptors and signaling events for the major classes of
these molecules (Table 1) (2–43).
Although plant development, growth, and environmental

responses are all determined by the complex integration of hor-
mone-controlled signaling pathways, changes in cellular con-
centrations and the chemical structure of a hormone directly
affect interaction with cognate receptors to control the dura-
tion of activation and potentiation of specific biological effects.
The biosynthesis, degradation, and chemical modification of
each class of plant hormone contribute to controlling those
biological effects. For example, indole-3-acetic acid (IAA),4 the

major auxin, triggers hormone responses, whereas modified
forms of IAA are used for storage, degradation, or inhibition of
auxin signaling (Fig. 1B) (2–5). This minireview provides an
overview of plant hormone synthesis; describes new insights
into enzymatic modification for controlling plant growth regu-
lators; and highlights how enzymes contribute to the intricate
network required for plant growth, development, and environ-
mental adaptations.

Overview of Plant Hormone Biosynthesis

Primary metabolism provides the building blocks of plant
growth regulators (Table 1). From a chemical perspective, the
molecules that control plant growth are specializedmetabolites
adapted for interaction with protein receptors to regulate a
variety of biological outcomes. Pathways for the biosynthesis of
the plant hormones are tightly regulated and integrated to con-
trol responses to a diverse array of developmental and environ-
mental inputs.
Amino acid metabolism contributes to the synthesis of

ethylene, auxin, and salicylic acid (SA). Production of ethyl-
ene, which stimulates fruit ripening and senescence of veg-
etative tissues, occurs by cyclization of S-adenosyl-L-methio-
nine (AdoMet) into 1-aminocyclopropane-1-carboxylic acid
(ACC) by ACC synthase and subsequent oxidation into ethyl-
ene by ACC oxidase. Regulation of ACC synthase controls eth-
ylene production (10).
Aromatic amino acids are precursors of auxin and SA syn-

thesis. Originally discovered through their effects on plant
growth in light and gravity, auxins, especially the predominant
hormone IAA, control a range of processes, such as mainte-
nance of apical dominance, shoot elongation, and root initia-
tion (5, 44). Initially reported as a plant growth regulator in
1926 (45), the biosynthesis of IAA from tryptophan has a long
history involving multiple proposed pathways (5); however,
new evidence suggests that tryptophan aminotransferase and
the YUCCA flavinmonooxygenase are themajor route to auxin
(46, 47).Maintenance of bioactive IAA levels requires a balance
of synthesis, storage, degradation, transport, and modification
(Fig. 1B) (2–5, 48).
SA plays a critical role in plant responses to biotrophic

pathogens, which lead to increased SA levels at infection sites
(19, 49). SA synthesis requires chorismate. Isotopic feeding
studies suggest that conversion of phenylalanine into cinnamic
acid and its subsequent metabolism to SA are one route (50–
52). In contrast, genetic studies inArabidopsis thaliana suggest
that themain route for SA synthesis is conversion of chorismate
to isochorismate, followed by breakdown to SA and pyruvate
(53). Although bacteria metabolize isochorismate to SA and
pyruvate using isochorismate-pyruvate lyase (54), a plant ho-
molog of this enzyme remains unidentified.
Metabolites from the lipid and isoprenoid pathways support

the synthesis of jasmonates, cytokinins, brassinosteroids, ab-
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scisic acid (ABA), and gibberellins. The biosynthesis of these
plant hormones generates a wide range of chemical diversity,
much of which remains to be explored with respect to their
biological effects.
First identified by their ability to inhibit plant growth, jasmo-

nates affect seed germination, fertility, root growth, and
responses to pathogens (1, 13, 55). Plants synthesize jasmonic
acid (JA) from�-linoleic acid (13, 42, 43). JA synthesis begins in
the plastid with conversion of �-linoleic acid to 12-oxo-phyto-
dienoic acid. Following transport of 12-oxo-phytodienoic acid

to the peroxisome, a reduction reaction and multiple �-oxida-
tion steps generate (�)-7-iso-JA (i.e. free JA). Conjugation of JA
with isoleucine yields the bioactive hormone (�)-7-iso-jas-
monoyl-L-isoleucine (JA-Ile) (13, 56, 57).

In plants, cytokinins promote cell division, and their synthe-
sis occurs either de novo or through recycling of tRNAs con-
taining a uridine at the first anti-codon position (58). In the de
novo pathway, dephosphorylation of isopentenyl-adenosine-
5�-phosphate followed by hydrolysis of the ribose yields trans-
zeatin. Addition of chemical moieties at the adenosine amine

FIGURE 1. Plant hormones and hormone homeostasis. A, chemical structures of the major classes of plant hormones. B, representative chemical modifica-
tions of the auxin IAA. The bioactive (green), inactive (orange), and anti-auxin (red) forms of IAA are shown. These modifications are only some of the possible
chemical changes that occur to this molecule.

TABLE 1
Summary of major plant hormones: biological effects, metabolic precursors, and receptor responses
ET, ethylene; GA, gibberellin; IPP, isopentenyl pyrophosphate; ARR, Arabidopsis response regulator.

Hormone Active form Effects Precursor Receptor

Auxin IAA Cell elongation; apical dominance;
tropisms; branching; lateral roots

Tryptophan AUX/IAA: repressor proteins; TIR1/AFBs: auxin
F-box-binding proteins; auxin facilitates binding
of AUX/IAA with SCFTIR1/AFB, resulting in
degradation of AUX/IAA repressors and altered
transcription of auxin-induced genes

ET Ethylene Flowering/fruit ripening; stress
response; seed germination

Methionine ETR1/ETR2/ERS1/ERS2/EIN4: histidine kinases
(dimers); ET represses repressors of ET response,
leading to activation of EIN3 and EREBP families
of transcription factors

JA JA-Ile Plant defenses against insect
herbivores; root growth inhibition;
necrotrophic pathogen responses

�-Linolenic acid COI1/JAZ co-receptor: COI1 F-box protein;
component of the SCFCOI1 E3 ligase complex;
targets JAZ proteins for degradation and leads to
altered gene expression

Cytokinins trans-Zeatin Cell division; releases lateral buds from
apical dominance; delays senescence;
root growth

Adenine CRE1: similar to histidine kinases; activates histidine
kinase activity, initiating a phosphorelay that
results in phosphorylation of type B ARRs to
induce transcription of type A ARRs

Benzoates SA Systemic acquired resistance to
pathogens; biotrophic pathogen
responses

Chorismate NPR1: transcriptional coactivator; NPR3/ NPR4:
CUL3 E3 ligase adaptor proteins

ABA ABA Stomatal closure; seed maturation,
germination, storage, desiccation
tolerance; root/shoot growth; leaf
senescence

IPP-derived tetraterpene
(phytoene)

PYR/PYL/RCAR: START family of ligand-binding
proteins; CHLH: cheletase; GTG1/2: G-proteins

GAs GA1, GA4 Stem elongation; root growth; seed
germination; flowering; floral
development; fruit growth; stresses

IPP-derived diterpene
(geranylgeranyl
diphosphate)

GID1: globular protein; GA-GID1 binds DELLA
repressors, leading to targeting to the SCF
complex and subsequent degradation by the 26 S
proteasome

Brassinosteroids Brassinolide Cell division/elongation in stems/roots;
photomorphogenesis; reproductive
development; leaf senescence; stress
responses

IPP-derived
sesquiterpene
(farnesyl diphosphate)

BRI1: dual-specificity kinase; dimerizes with BAK1,
initiating phosphorelay prevention of
phosphorylation of BES1/BZR1 to alter gene
expression

Strigolactones Strigol Branching; leaf senescence; root
development; plant-microbe
interactions

Carotenoids D14/DAD2: �/�-hydrolase; putative receptor/
co-receptor; initiates SCF-mediated signaling
via SCFMAX2 complex
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leads to diverse natural and synthetic cytokinins, such as kine-
tin (N6-furfuryladenine) and 6-benzylaminopurine (48).
Biosynthesis of brassinosteroids, ABA, strigolactones, and

gibberellins extends from isoprenoid metabolism. Synthesis of
brassinosteroids shares similar chemistry withmammalian ste-
roid biosynthesis, as assembly of the core scaffold requires
squalene synthase, steroid 5�-reductase, and cytochrome P450
monooxygenases for formation of campesterol (31). Additional
reactions lead to brassinosteroids with various functional
groups (31, 55). Carotenoids are the basis for ABA and strigo-
lactones. ForABAsynthesis, epoxidation andprocessing of zea-
xanthin to trans-violaxanthin occur in the plastid. Subsequent
oxidative cleavage in the cytosol produces xanthoxin, which is
further metabolized to ABA (22). Similarly, strigolactone syn-
thesis involves breakdown of �-carotene; however, the exact
pathway remains unclear (38). Gibberellins are a large group of
diterpenoid carboxylic acids (27). Produced by plants, as well as
fungi and bacteria, their synthesis begins with cyclization of
geranylgeranyl diphosphate into ent-kaurene, followed by a
series of reactions involving cytochrome P450 monooxyge-
nases and 2-oxoglutarate-dependent dioxygenases (27).

Chemical Modifications

Although the biosynthesis of plant hormones builds from
different primary metabolic pathways, these specialized com-
pounds are allmodified by common reactions.Modifications of
plant hormones mark them for degradation, storage, or activa-
tion (Fig. 1B). For example, glycosylated forms of IAA, cyto-
kinins, ABA, JA, and SA are common (19, 48, 55). Glycosylation
usually leads to inactive storage forms of plant hormones that
can be hydrolyzed for activation, but glycosylation of cytokinins
tags these molecules for degradation (55). In addition, meth-
ylation, amino acid conjugation, hydroxylation, sulfonation,
and carboxylation reactions lead to further tailoring of plant
hormones (2, 48, 51, 55, 59).
Substantial progress toward understanding how different

families of enzymes modify plant hormones provides a founda-
tion for unraveling the biological consequences of these chem-
ical changes. Because methylation and amino acid conjugation
of plant hormones are well studied and the proteins involved in
both formation and hydrolysis of thesemodifications have been
structurally and biochemically characterized, the rest of this
minireview is focused on the methyltransferases, acyl acid-
amido synthetases, and the esterases/hydrolases associated
with these modifications.

Plant Hormone Methylation

The methylation and demethylation of plant growth regula-
tors rapidly switch chemical activity (Fig. 2A). Methyl deriva-
tives of many plant growth regulators were isolated even before
the parent compound’s hormone activity was identified. For
example, methyl jasmonate was isolated from Jasminum gran-
diflorum 2 decades before the role of JA in plant growth was
discovered (13, 60). Methylated benzoates are also common
across multiple plant species (61–64). Typically, methylated
volatiles aid in long-distance communication, and the meth-
ylated forms are inactive as hormones and require removal of
the modification for effect. Moreover, not all methylated plant

hormones were discovered as volatiles. In Arabidopsis, overex-
pression of a methyltransferase (IAMT1) that converts IAA to
methyl-IAA (MeIAA) leads to a curvy leaf phenotype, which is
typical of perturbed auxin homeostasis, even though MeIAA
has not been identified in vivo (62). Similarly, in planta overex-
pression of methyltransferases active on gibberellins and JA in
vitro results in phenotypes characteristic of low gibberellin and
JA levels, respectively (63, 64).
In plants, the SABATH methyltransferases catalyze the

AdoMet-dependent addition of methyl groups to a range of
molecules (61, 65). Named after the first members of the family
to be discovered, i.e. SA methyltransferase, benzoic acid meth-
yltransferase, and theobromine synthase, these enzymes are
encoded by large gene families in plants. For example, the
genomes of Arabidopsis and rice (Oryza sativa) encode 24
and 41 SABATH methyltransferases, respectively. Typically,
SABATHproteins function asO-methyltransferases that target
carboxylic acids, but N- and S-methyltransferases have been
reported (66, 67). Nearly all of the characterized SABATH
methyltransferases display a high degree of substrate specific-
ity, which suggests that members of this family evolved for spe-
cialized functions (61). An exception is a dual-specific enzyme
in Arabidopsis that methylates benzoic acid and SA (68).
Crystallographic studies of multiple SABATH methyltrans-

ferases reveal the molecular basis of substrate specificity and
catalysis (65). Following determination of the structure of SA
methyltransferase from Clarkia breweri (Fig. 2B) (65), x-ray
crystal structures of SABATHproteins involved in caffeine bio-

FIGURE 2. Structural overview of the SABATH and MES families. A, chem-
ical reaction of SA methylation and demethylation. AdoCys, S-adenosylhomo-
cysteine. B, overall structure of the SA methyltransferase from C. breweri (Pro-
tein Data Bank code 1M6E) (65) shown as a ribbon diagram. C, close-up view
of the SA methyltransferase active site. D, overall structure of the N. tabacum
MES SABP2 (Protein Data Bank code 1Y7I) (71). E, active site view of N. taba-
cum SABP2 showing the positioning of SA and the catalytic triad.
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synthesis and IAA methylation were determined (66, 69). The
structural fold of the SABATH family is an elongated, parallel,
seven-stranded �-sheet, which is common to all AdoMet-de-
pendent methyltransferases, with an �-helical domain capping
the active site (Fig. 2B). Although the sequences of SABATH
methyltransferases are highly divergent, the residues of the
AdoMet-binding site arewell conserved (65, 66, 69). In a typical
SABATH methyltransferase, such as SA methyltransferase
(Fig. 2, B and C), apolar residues interact with the adenine ring
of AdoMet, and an invariant aspartate forms a bidentate inter-
action with the hydroxyl groups of the ribose group. Additional
protein-ligand contacts with the carboxylate and amine groups
of AdoMet anchor this molecule in the active site for catalysis.
Because SABATH proteins methylate chemically diverse

molecules, the substrate-binding site is highly variable in
sequence and structure. For example, the substrate-binding site
of the C. breweri SA methyltransferase (Fig. 2C) consists of
multiple apolar residues, with hydrogen bonds between the
substrate carboxylic acid and the amine groups of Gln-25 and
Trp-151 orienting it toward the AdoMet methyl group (65). In
comparison, the substrate-binding site of IAAMT1 utilizes
apolar residues for substrate binding (69). Although knowledge
of binding residues has aided in the prediction of SABATH
methyltransferase function (65, 69), many SABATH proteins
with unknown physiological roles remain.
The SABATH methyltransferases catalyze an SN2 reaction

using substrate proximity and desolvation effects to drive the
reaction (65). In the proposed reaction, the enzyme binds
AdoMet and the methyl acceptor substrate to occlude solvent
and orient the AdoMet methyl group toward the acceptor site.
Thus, residues provided by the SABATH active site provide a
three-dimensional scaffold for binding and orientation of the
two substrates.

Plant Hormone Demethylation

Demethylation of plant growth regulators by methyles-
terases (MESs) leads to activation of these molecules for their
specific biological function (Fig. 2A) (70).MES proteins are part
of the �/�-hydrolase enzyme superfamily and share a Ser-His-
Asp triad (71, 72). In plants, the first MES discovered was an
SA-binding protein from tobacco, whichwas proposed to func-
tion in methylsalicylic acid (MeSA) perception and signaling
(73). Later work showed that this protein hydrolyzed MeSA
to SA (71). As with the SABATH family, plants encodemultiple
MES-like genes. For example, Arabidopsis contains 20 MES-
like genes, two of which (A. thaliana (At) MES19 and
AtMES20) are likely pseudogenes (72).
Crystallographic analysis of the tobacco (Nicotiana taba-

cum) MES SABP2 (salicylic acid-binding protein-2) provided
the first structural insight into this protein family (71). The
overall structure contains a core six-stranded parallel �-sheet
surrounded by �-helices with an active site lid domain consis-
ting of a three-stranded antiparallel�-sheet and three�-helices
(Fig. 2D). The active site is at the interface of these twodomains.
The aromatic ring of SA binds to a hydrophobic pocket in the
cap domain, and the main domain contains the catalytic triad
responsible for hydrolysis of the methyl group (Fig. 2E).
Although some of the MES proteins in Arabidopsis contain a

non-canonical catalytic triad in which the serine is replaced
with an aspartate, this substitution does not compromise ester-
ase activity (70, 72).
Biochemical screening of 15ArabidopsisMES proteins iden-

tified enzymes that hydrolyzed MeIAA, MeSA, methyl jasmo-
nate, and the artificial substrate p-nitrophenyl acetate (70).
None of the ArabidopsisMESs were active with methyl gibber-
ellins, and some showed no activity with any compound tested
(70). Subsequent studies showed that AtMES16 demethylates
chlorophyll catabolites and is important for chlorophyll degra-
dation (74). Further work aimed at examining the expression
patterns and quantifying substrate specificities of the plant
MES family promises to develop a better understanding of the
molecular and physiological roles of these proteins.

Plant Hormone-Amino Acid Conjugation

In plants, amino acid conjugates to IAA and JA dramatically
alter the biological roles of these molecules (2–5, 13, 42, 43).
Amino acid conjugation of auxins plays a central role in their
homeostasis (2). For IAA, the free acid is the biologically active
form of the hormone, with amino acid conjugation leading to
inactivation (75). The metabolic fate of conjugated IAA
depends onwhich amino acid is attached (Fig. 1B). Conjugation
of either alanine or leucine to IAA leads to an inactive but read-
ily hydrolyzed storage form (75). Conjugation of IAA with
either aspartate or glutamate leads to hormone degradation
(75). IAA-Trp acts as an anti-auxin to inhibit plant growth
effects but does not compete with IAA for binding to the TIR1
auxin receptor (76). Typically, modification of IAA negates its
plant growth effects. In contrast, amino acid conjugation of JA
leads to formation of the biologically active hormone JA-Ile,
which binds to theCOI1 ubiquitin ligase/JAZprotein co-recep-
tor to elicit its effects (56, 77, 78). Interestingly, JA-Trp also
functions as an anti-auxin and suggests possible cross-talk that
aids in balancing auxin and jasmonate signaling (77).
In plants, the enzymes that catalyze amino acid conjugation

of plant hormones belong to the GH3 (GretchenHagen 3) fam-
ily of acyl acid-amido synthetases (79). The first GH3 gene was
identified in 1985 as an early auxin-responsive gene in Glycine
max (soybean) (79). As with the SABATH and MES families,
multiple genes encode GH3 proteins in each plant. For exam-
ple, A. thaliana and rice encode 19 and 13 GH3 proteins,
respectively (79–81). Genetic and physiological studies of var-
ious GH3 proteins indicate a diverse range of biological func-
tions for these enzymes in jasmonate and auxin hormone sig-
naling and for SA-related pathogen responses.
Staswick et al. (82) first characterized the A. thaliana

GH3.11 (AtGH3.11/JAR1) protein after identifying the jar1
(jasmonate resistant 1) mutant, which showed defective JA sig-
naling, including reduced male fertility and resistance to exog-
enous JA treatment. Sequence analysis of AtGH3.11/JAR1
identified low homology with firefly luciferase and the ANL
family of adenylating enzymes (83). Named after its founding
members (acyl-CoA synthetases, non-ribosomal peptide syn-
thetases, and luciferase), ANL enzymes catalyze a two-step
reaction via an adenylated reaction intermediate (83). TheGH3
acyl acid-amido synthetases use ATP to adenylate an acyl acid
substrate in the first half-reaction. Nucleophilic attack by the
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amine of an amino acid leads to release of AMP and formation
of an amino acid conjugate (84, 85).
Subsequent studies in Arabidopsis and rice identified multi-

ple GH3 proteins with roles in plant growth and development
linked to auxin hormone signaling (86–91). Later biochemical
analysis of these enzymes demonstrated conjugation of IAA to
various amino acids (92). In Arabidopsis, knock-outs of the
IAA-utilizing GH3 proteins show little effect on plant growth
(86–91), which may result from functional redundancy. Over-
expression lines for a few IAA-utilizing GH3 proteins inArabi-
dopsis all result in a dwarf phenotype along with other traits
indicative of altered auxin signaling (86–91). In addition to jas-
monate and auxin signaling, Arabidopsis mutants of the
AtGH3.12/PBS3 gene display increased disease susceptibility to
virulent and avirulent forms of the pathogen Pseudomonas
syringae (93). These mutants suggest that amino acid conju-
gates of SA and related benzoates may function as bioactive
inducers of plant pathogen defense responses (94).
Although genetic studies link GH3 proteins to jasmonate,

auxin, and SA responses, the biochemical understanding of
these proteins was limited to a few examinations of reaction
chemistry and substrate specificity (77, 81, 82). New insights
into how these proteins modify plant hormones came from the
crystal structures of twoArabidopsisGH3proteins (AtGH3.11/
JAR1 and AtGH3.12/PBS3) and a grapevine (Vitis vinifera
(Vv)) GH3 protein (VvGH3.1) (95, 96). As mentioned above,
AtGH3.11/JAR1 catalyzes formation of JA-Ile, the bioactive jas-
monate hormone (77). Although mutants of AtGH3.12/PBS3
display SA-related phenotypes in Arabidopsis, SA is not a sub-
strate of this protein, and the physiologically relevant substrate
is not known (94). The grapevine protein (VvGH3.1) conjugates
IAA with aspartate (96). These structures define the overall
GH3 fold as a large N-terminal domain with a �-barrel and two
�-sheets flanked by �-helices and a smaller C-terminal domain
consisting of a single four-stranded �-sheet flanked by two
�-helices on each side (Fig. 3A). The active site is located at the
interdomain interface, and the C-terminal domain is confor-
mationally flexible, with its movement linked to each half-reac-
tion (95).
The crystal structures reveal how the GH3 enzymes conju-

gate various amino acids to chemically diverse plant hormones.
In each structure, residues of the N-terminal domain form the
acyl acid/hormone-binding site. In AtGH3.11/JAR1, JA-Ile is
bound in an elongated hydrophobic tunnel, with the oxylipin
tail stacking across the surface of a tryptophan (95). The protein
was crystallized with a racemic mixture of JA with the final
structure including (�)-JA-Ile because the refinement statistics
were modestly better with this enantiomer than with (�)-iso-
JA-Ile; however, the quality of the ligand density allows model-
ing of either product. It is possible that the density represents a
mixture of product enantiomers. The only polar interaction is a
water-mediated hydrogen bond between the JA ketone group
and a histidine side chain (95).
In comparison, the hormone-binding site of the IAA-utiliz-

ing VvGH3.1 protein reveals extensive changes that provide a
different hydrophobic site to accommodate the substrate
indole ring and a hydrogen bond between an active site tyrosine
hydroxyl group and the amine of the indole ring (Fig. 3B) (96).

Surprisingly, there are no interactions with the substrate car-
boxylate group, but the VvGH3.1 structure was determined
with adenosine 5�-[2-(1H-indol-3-yl)ethyl]phosphate, a non-
hydrolyzable adenylated IAA analog lacking the IAA carbonyl
moiety, so additional interactions may form with the authentic
substrate (Fig. 3B). Previous analyses of the IAA-utilizing GH3
proteins demonstrate activity with a variety of different auxins,
including phenylacetic acid and naphthaleneacetic acid, which
differ in chemical structure from IAA, but the basis for binding
these molecules remains unclear (85). Although the physiolog-
ical substrate of AtGH3.12/PBS3 is not known, the hormone
site of this enzyme contains a number of polar residues, sug-
gesting distinct substrate specificity comparedwith the JA- and
IAA-conjugating enzymes.
Across the structures, the nucleotide site is identical to resi-

dues conserved in not only GH3 proteins but also the ANL
superfamily (83, 95, 96). Three motifs define this site. The first
motif is a serine-, threonine-, and glycine-rich P-loop that
forms contacts with the �-phosphate; these interactions are
essential for catalysis (95). Residues of the second motif (i.e.
YGSSE) provide additional binding interactions. The tyrosine
contacts the adenosine ring, the second serine hydrogen bonds
with the �-phosphate, and the glutamate coordinates binding
of the Mg2� ion required for ATP binding. The third motif
provides an aspartate for hydrogen bonding to the ribose
hydroxyls of the bound nucleotide. Overall, these features ori-
ent ATP for attachment of the hormone carboxylic acid at the
�-phosphate in the first half-reaction, leading to an adenylated
intermediate (95).

FIGURE 3. Structural overview of the GH3 acyl-amido synthetases and
peptidyl hydrolase ILL. A, overall structure of AtGH3.11/JAR1 (Protein Data
Bank code 4EPL) (95). B, active site view of the VvGH3.1 protein in complex
with the non-hydrolyzable adenylation intermediate analog adenosine 5�-[2-
(1H-indol-3-yl)ethyl]phosphate (Protein Data Bank code 4B2G) (96). C, surface
representations of AtGH3.12/PBS3 showing the rotation of the C-terminal
domain during the pre-adenylation open active site conformation (Protein
Data Bank code 4EWV) (95) and the post-adenylation closed active site con-
formation (code 4EPM) (95). D, surface view of the AtILL2 peptidyl hydrolase
(Protein Data Bank code 1XMB) (99). Residues corresponding to the apolar
pocket proposed as the substrate-binding site are colored green, and the
residues forming the canonical metal-binding site are colored purple.
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Following adenylation of the acyl acid substrate and pyro-
phosphate release, rotation of the C-terminal domain by 180°
yields an active site that covers the reaction intermediate (Fig.
3C) (95). This rotation prevents either the release or hydrolysis
of the reaction intermediate before binding of the amino acid
substrate. Rotation of theC-terminal domain also creates a tun-
nel for the amino acid to enter and orient for nucleophilic
attack on the adenylated intermediate (95, 96). Although no
crystal structure of a GH3 protein with an amino acid bound is
currently available, the placement of the isoleucine group of
JA-Ile in AtGH3.11/JAR1 and a boundmalate in VvGH3.1 sug-
gests a putative amino acid-binding site (95, 96).
Biochemically, the GH3 proteins catalyze the conjugation of

amino acids to acyl acids via an adenylation reaction. Through
this simplemodification, these proteins regulate levels of active
and inactive forms of jasmonates, auxins, and benzoates. The
capacity of GH3 proteins to modify multiple related substrates
may also allow for changes of metabolic pools across a biosyn-
thetic pathway, in addition to modifying the final hormone
product.

Plant Hormone Hydrolases

As with methylated hormones, amino acid-conjugated hor-
mones can be hydrolyzed back to the free hormone and amino
acid. The first hydrolase discovered with this activity was iden-
tified from a mutant screen of Arabidopsis looking for resis-
tance to IAA-Leu treatment (97). The ILR (IAA-Leu-resistant)
protein belongs to the M20 peptidase superfamily, of which
there are six other homologs inArabidopsis (97).Most enzymes
in the M20 peptidase family are Zn2�-dependent, but the ILR
proteins prefer Mn2� (98). The crystal structure of an ILR pro-
tein from Arabidopsis (i.e. AtILL2) shows the bidomain fold
representative of the superfamily (Fig. 3D) (99). The larger
domain contains the active site and consists of eight �-strands
with �-helical bundles on both sides. The smaller satellite
domain adopts an �/�-sandwich topology. In other M20 pep-
tidases, this domain serves as a dimerization interface; however,
AtILL2 functions as a monomer (99). Although AtILL2 was
crystallized in the absence of metal ions, it contains a canonical
histidine-rich metal-binding site (Fig. 3D). Because the crystal
structure of AtILL2 is an apoenzyme form, computational
ligand docking experiments identified a putative IAA-binding
site and suggested that the difference between a leucine and a
tyrosine in the sitemay control access of substrateswith smaller
versus larger amino acid conjugates, respectively (99). Crystal
structures with non-hydrolyzable analogs of the substrates or
reactions products along with biochemical analysis of each
family member are needed to understand the mechanism of
substrate specificity in the plant hormone hydrolases.

Summary

The integration ofmultiple signaling pathways and hormone
responses determines how plants develop and grow; however,
the perception of small molecule signals by receptors is only
one piece of this biological puzzle. The range of responses con-
trolled by plant hormones requires enzyme action in biosyn-
thetic, storage, degradation, and mobilization pathways and
through recognition by cognate receptors (many of which are

also enzymes in plants). These processes control the dose and
duration of exposure to plant growth regulators.
Recent efforts summarized here provide new molecular

insights into how large enzyme families catalyze similar types of
modifications on chemically diverse plant growth regulators to
alter their biological functions. In addition to the growing bio-
chemical and structural understanding of enzymatic regulation
of plant hormones, efforts to elucidate the temporal and
spatial expression patterns of hormone-modifying enzymes
will provide a physiological context for these reactions. The
specialized chemicals that plants use to control their growth are
a rich pallet for coloring plant responses to internal and exter-
nal stimuli.
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Cells have evolved to regulate the asymmetric distribution of
specific mRNA targets to institute spatial and temporal control
over gene expression. Over the last few decades, evidence has
mounted as to the importance of localization elements in the
mRNA sequence and their respective RNA-binding proteins.
Live imaging methodologies have shown mechanistic details of
this phenomenon. In this minireview, we focus on the advanced
biochemical and cell imaging techniques used to tweeze out the
finer aspects of mechanisms of mRNAmovement.

mRNA transport and cytoplasmic compartmentalization of
protein synthesis allow precise control over spatial and tempo-
ral gene expression and are essential for survival and response
to extracellular cues. It has been shown thatmRNA localization
is essential for cell fate determination (1), directed cell move-
ment (2), and tissue functionality (3). About 3 decades ago, it
was discovered that mRNA was asymmetrically distributed in
eggs and embryos (4) and in oocytes (5–7) and that this local-
ization was necessary to convey proper embryonic patterning
during development. Concurrently, it was found that mRNA
could also localize in differentiated somatic cells such as
migrating fibroblasts (8), oligodendrocytes (9), and neurons
(Table 1) (10). It is now understood that the localization of
specific mRNA targets, facilitated by RNA-binding proteins
(RBPs),3 is a highly conserved mechanism to spatially restrict
protein production, amplify local protein concentration, or
even direct integration intomacromolecular complexes, some-
times co-translationally (reviewed in Refs. 11–14). RBPs are
multifunctional regulators, as they are responsible for process-
ing, localizing, and controlling the translation of a host of
mRNA targets. Sometimes, a unique RBP can carry an mRNA
from the nucleus to its final destination in a translationally
repressed state. Local cues altering its association with the

mRNA may ensure compartmentalized translation (15, 16).
Many RBPs that govern mRNA localization are preferentially
expressed during critical developmental stages, where differen-
tiation, survival, or cellmigration is necessary to establish tissue
patterning (3). Modifying the expression of trans-acting RBPs
(i.e. knockdown/out or overexpression) or mutating cis-acting
regulatory elements present in mRNA targets leads to develop-
mental or cognitive deficiencies (17, 18) and a host of disease
states (19). Advances in new imaging technologies have allowed
the visualization and quantitation of mRNA localization in
fixed and living cells, facilitating a more detailed analysis of the
molecular mechanisms involved in the process.
In this minireview, we discuss the current knowledge of

mRNA movement from its birth to its final destination within
the eukaryotic cell and the impact that biochemical approaches
complemented by single molecule imaging techniques have
made on the field.

How Does mRNA Localize?

mRNA localization is directed by cis-acting localization ele-
ments (LEs), also known as zipcodes, typically present in the
3�-UTR of the transcript (Fig. 1, panel IV). These cis-acting
regulatory sequences can range froma fewnucleotides to�1 kb
in length and are recognized by diverse families of RBPs. Some
mRNAs have all the information required for successful local-
ization in a simple element. One of the earliest LE studied was
the chicken zipcode in �-actin mRNA. In these early experi-
ments, reporter plasmids expressing different elements of the
3�-UTRof�-actinmRNAnarrowed the cis-acting elements to a
54-nucleotide zipcode region that mediated localization of the
transcript to the leading edge of chicken fibroblasts (20). More
recently, biochemical and structural characterization of this
�-actin zipcode led to the identification of a bipartite LE within
28 nucleotides that is specifically recognized by ZBP1 (zipcode-
binding protein 1; see “�-Actin mRNA: The Targeted mRNA”)
(21, 22). Another example is the myelin basic protein mRNA,
which requires an 11-nucleotide element (called A2RE) in its
3�-UTR that is recognized by heterogeneous nuclear ribonu-
cleoprotein (hnRNP) A2 to be properly transported in oligo-
dendrocytes (23).
Zipcodes present inmRNAsmay also be recognized by RBPs

on the basis of secondary structures or stem-loops. For exam-
ple, Drosophila bicoid mRNA contains a helical region where
only secondary structure, not primary sequence, is important
for transport (24). The primary sequences of LEs present in
gurken,K10, hairy, and the I factor retrotransposonmRNAs are
all distinct but may have similar three-dimensional structures.
These LEs are recognized by Egalitarian, an RNA adaptor pro-
tein involved in dynein-directed transport, illustrating that
sequence diversity can enable the recruitment of similar local-
ization machinery (25, 26). A comparable phenomenon has
been shown in yeast. TheASH1 (asymmetric synthesis ofHO1)
mRNA contains four different zipcodes (E1, E2A, E2B, and E3)
spread through the transcript that do not show homology in
primary sequence, but each one is able tomediatemRNA local-
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ization to the bud tip using the same RBP, She2p (SWI5-depen-
dent HO expression 2 protein) (27, 28).
A large number of LEs have been identified and character-

ized in different systems. However, a clear pattern in zipcode
primary sequence or structure has not yet emerged, indicat-
ing the heterogeneity of these motifs (extensively reviewed
in Ref. 29).

Role of Nuclear Encoding in mRNA Localization

Processing of the pre-mRNA in the nucleus influences the
cytoplasmic fate of mRNA, illustrating the elegant integra-
tion of spatiotemporal events that can occur within an indi-
vidual cell. Pre-mRNA modifications include the addition of
the cap structure to the 5�-end, the addition of poly(A) to the
3�-end, and the deposition of the exon-exon junction com-
plex proteins with the removal of introns during splicing
(30). Deposition of RBPs onto the transcript during these
events in the nucleus determines its final destination. For
instance, splicing at the first intron of Drosophila oskar
mRNA supports posterior pole cytoplasmic localization of
the transcript with Y14, a component of the exon-exon junc-
tion complex and essential factor of the transport machinery
(31, 32). In yeast, She2p is the RNA adaptor protein involved
in myosin-based transport required for ASH1 mRNA to be
exported to the cytoplasm and transported to the daughter
cell by binding the mRNA and linking it to the cytoskeleton
(33, 34). Once in the cytosol, the messenger ribonucleopro-
tein particle (mRNP) may gain or lose additional factors that
determine whether the mRNA is freely diffusive, actively
transported upon the cytoskeleton by molecular motors
(kinesins, dyneins, and myosins), protected from degrada-
tion, able to translate, or anchored to a compartmentalized
domain (Fig. 1 and supplemental figure and movie)
(reviewed in Refs. 11 and 13). mRNAs are transported in
large and diverse multiprotein complexes. In addition to
RBPs, it has been suggested that noncoding RNAs and
microRNAs might be components of these large complexes
as well (35).

FIGURE 1. The many roads of mRNA movement. Shown is a simulation of
mRNA motility within cells. mRNA tracks represent mRNA movements as a
function of time, coded from purple/blue to red. Panel I, fibroblast Cell. a,
nuclear mRNAs are subjected to corralled diffusion during much of the tortu-
ous path through the nucleus due to chromatin confinement. b, in motile
cells, mRNA is mainly diffusive, although it occasionally travels along the cyto-
skeleton. mRNAs localized to the leading edge have larger diffusion coeffi-
cients on average (c), whereas the movement of perinuclear mRNAs is more
confined (d). Panel II, Drosophila oocyte. e, although oskar mRNA is largely
diffusive, localization of the mRNA in oocyte stage 9 is accomplished through
a slight bias in active transport of mRNA on microtubules toward the poste-
rior pole (P; arrow) (74). A, anterior; D, dorsal; V, ventral. Panel III, neuron. f,
neuronal mRNAs depend largely on microtubule-based transport for localiza-
tion into dendrites. g, Arc mRNAs are seen to be docked beneath dendritic
spines, indicating putative domains that maintain mRNAs in specific loca-
tions. Panel IV, schematic representation of an mRNA. The cap structure in the
5�-end, the poly(A) tail in the 3�-end, the 5�-UTR, the ORF, the 3�-UTR contain-
ing an LE, and the RBPs associated are depicted.

TABLE 1
Some mRNAs, RBPs, and types of mRNA movement discussed in text
CamKIIa, Ca2�/calmodulin-dependent protein kinase II; EJC, exon-exon junction complex.
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Ripping, Clipping, and Chipping Away at mRNP
Composition

Defining the RBPs that associate with specific mRNAs can
yield critical information about how mRNA trafficking and
localization are regulated in different cellular compartments.
Biochemical methodologies to study mRNA interaction with
specific RBPs usually rely on standard immunoprecipitation
and/or affinity purification techniques, followed by the identi-
fication and characterization of the molecules that are part of
the complexes. For example, RNAaffinity purificationmethods
led to the identification of ZBP1, the founding member of the
VICKZ (Vg1 RBP/Vera, IMP-1,2,3, CRD-BP, KOC, ZBP1) fam-
ily of RBPs (36), in the localization of �-actin mRNA in fibro-
blasts (37). RNA affinity chromatography also led to the iden-
tification of the novel protein 40LoVe, a member of the hnRNP
D family of proteins, in the vegetal localization ofVg1mRNA in
Xenopus oocytes. 40LoVe was found to bind specifically to two
different late LEs of the Vg1mRNA and to be a necessary com-
ponent of the Vg1 LE RNP (38). hnRNP I and Vg1 RBP/Vera
had previously been described as factors associating with Vg1
mRNA in the nucleus and being exported into the cytoplasm
with the transcript (39). In addition, in vivo and in vitro studies
showed that transport ofVg1mRNA to the vegetal cortex of the
oocyte implicates different microtubule plus-end-directed
motors (40, 41). Kinesin-1 associates with Vg1 LE RNA; block-
ing its function by using specific antibodies prevents RNA
localization, suggesting a direct role for kinesin-1 in vegetal
localization of the mRNA. Kinesin-1 also interacts with kine-
sin-2, and both motor proteins seem to facilitate Vg1 mRNA
movement to its final destination, providing new mechanistic
insight into this motor-driven RNA transport process in frog
oocytes (41).
Cross-linking and immunoprecipitation (CLIP) (42) is an

effective and powerful technique for identifying LEs and has the
advantage of isolating RNA-protein complexes under physio-
logical conditions. CLIP coupled with high-throughput se-
quencing has recently identified an LE in the 3�-UTR ofGIRK2
(G-protein-activated inwardly rectifying potassium (K) chan-
nel 2) mRNA that mediates Nova-dependent localization of its
transcript in primary neurons (43). This finding suggests an
attractive hypothesis in which the loading of the splicing factor
Nova onto intronic sequences in the nucleus could be coupled
to the mechanism of localization directed by the 3�-UTR of the
same mRNA.
Characterization of zipcode sequences that are required for

localizing mRNA involves visualizing the subcellular distribu-
tion of reporter RNAs carrying putative zipcode fragments.
Fusing an essential LE to a reporter RNA should result in a
localization pattern within the cell similar to that observed for
the endogenous mRNA. Conversely, deletion of regions or
pointmutations that disrupt localization can be used to see how
certain sequences affect mRNA localization. When the RBP is
known, putative LEs can be easily characterized on the basis of
their binding ability in vitro using EMSA (21, 44). Information
regarding the binding specificity and affinity is valuable; how-
ever, spatial (and temporal) evidence of RNA-protein associa-

tion within cells is imperative and better determined through
imaging methods.

Seeing Is Believing

Originally, intracellular localization of mRNAs was only
observed using in situ hybridization techniques in fixed sam-
ples (8, 45). In situ detection remains the standard tool for
examining the distribution ofmRNAs in fixed cells, tissues, and
larger samples likeDrosophila or zebrafish embryos. Lécuyer et
al. (46) characterized the distribution patterns of �3000 tran-
scripts during early developmental stages of Drosophila
embryogenesis by using high-resolution fluorescence in situ
hybridization procedures. Surprisingly, 70%of themRNAs ana-
lyzed showed different subcellular localization rather than uni-
form distribution, suggesting that mRNA localization mecha-
nisms are involved in the control of the majority of mRNAs.
Althoughmost of the analysismethods to studymRNA local-

ization in fixed cells have been qualitative (8, 47), recent
advances have resulted in more objective and quantitative
measurements for mRNA distribution (48, 49). Additionally,
due to improvements in sensitivity and resolution of mRNA
detection using live microscopy, it is now feasible to visualize
single molecules of mRNA to quantify their movements in real
time (50–53). Direct observation and quantitation of ensemble
mRNA distributions enable further exploration of mRNA
dynamics and movement mechanisms.
Prior to the widespread use of high-resolution single mRNA

live imaging, mRNA localization was proposed to operate
through the following mechanisms: (a) directional transport
along cytoskeletal elements, (b) random diffusion and local
trapping of mRNAs, (c) vectorial export from the nucleus and
trapping, or (d) local protection from degradation (13). Thus
far, live imaging techniques (reviewed extensively in Ref. 54) in
a variety of cell lineages have provided examples of all of these
behaviors. Not surprisingly, the method utilized by a cell to
produce an asymmetric distribution ofmRNA is finely tuned to
be appropriate for the particular morphology and time con-
straints that the cell must overcome. For instance, during yeast
cell division, ASH1 mRNA is preferentially localized into the
bud tip of the daughter cell, ensuring asymmetry of HO gene
expression,which is essential formating type switching (55, 56).
Pioneering theMS2 system to visualizemRNA for the first time
in live cells, Bertrand et al. (57) demonstrated thatASH1mRNA
localization was due to movements consistent with myosin-
directed motility. Since then, the MS2 technique has been
expanded to mammalian cells and even whole organisms (50,
58–60).
RNA Movement within the Nucleus—Shav-Tal et al. (61)

imaged single reporter mRNAs in the nucleus, and they found
that movements of mRNA were governed by the laws of diffu-
sion and not active transport (Fig. 1, panel I, a, and supplemen-
tal figure). Furthermore, they did not observe mRNAs docking
in particular nuclear domains, indicating that mRNP assembly
likely occurs co-transcriptionally. Additional studies showed
that although mRNA length does not affect overall mRNA dif-
fusion kinetics in the nucleus (�0.005–0.02 �m2/s), larger
transcripts take longer to reach the cytoplasm due to increased
frequency of corralled diffusion (62), a consequence of an
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increased tortuous path through the chromatin (63). Mor et al.
(62) also calculated that, on average, mRNA takes �20 min to
travel from the transcription site to the nuclear pore for export
(Fig. 1, panel I, a, and supplemental figure), and interestingly,
inclusion of introns expedited export rates but not nucleoplas-
mic diffusion rates (64). Single molecule tracking analysis of
mRNA through labeled nuclear pores utilizing live cell imaging
determined that nuclearmRNA export takes less than one-fifth
of 1 s (51), an order of magnitude slower than the transport of
proteins (65). Remarkably, in 10% of the export events, mRNAs
remained docked at the nuclear pores for longer periods of time
(approximately seconds), indicating a rate-limiting step, possi-
bly related to quality control (51, 66).
RNA Movement within the Cytoplasm—Similar to the

nucleus, movement of mRNAs in the cytoplasm of cells is also
largely governed by diffusion, although it can be up to two times
faster due to a less restrictive environment (Fig. 1, panel I, and
supplemental figure and movie) (62). Fusco et al. (58) were the
first to observe that more than half of lacZ reportermRNAs are
freely diffusing with a diffusion coefficient of 0.45 � 10�9

cm2/s. The remainder of the mRNAs are either static or cor-
ralled, corresponding to�20% associatedwith the cytoskeleton
and the remaining confined by microtubule-based domains.
Five percent of themRNAsmove alongmicrotubules in a direc-
tional manner at rates of 1–1.5 �m/s for lengths of up to 3 �m
(Fig. 1, panel I, b, and supplemental figure and movie) (58).
Interestingly, addition of the�-actinmRNAzipcode element to
the reporter mRNA increased the frequency of active transport
to 20% as well as the length of transport, implying that cis-
acting elements may influence localization. A comparable
mechanism is exploited during Drosophila oogenesis, where
localization of oskar mRNA to the posterior pole must be
accomplished at the appropriate developmental stage to allow
germ line differentiation (reviewed in Ref. 67). Fixed cell imag-
ing revealed that intact microtubules (68), kinesin (69), and
several trans-acting factors such as Staufen and hnRNP A/B
(70–73) are necessary for oskar mRNA localization, implicat-
ing active transport as the localizationmechanism. Contrary to
expectations of concertedmovement to the pole, live cell imag-
ing of oskarmRNArevealed that themajority ofmRNAdiffuses
randomly, with only 13% being actively transported (Fig. 1,
panel II, e) (74). Examination of actively transported mRNAs
revealed a 7% bias in transport in the direction of the posterior
pole due to a subtle bias in microtubule orientation. Likewise,
nanos mRNA localizes to the posterior pole of Drosophila
embryos during a critical developmental window, albeit via an
alternative mechanism. nanos localization relies on diffusion
and actin-dependent entrapment of mRNA at the pole, receiv-
ing help from the forces of cytoplasmic streaming toward the
pole (75). bicoidmRNA localization to the anterior Drosophila
oocyte in the later stages of oogenesis depends on yet another
mechanism. Dynein continuously transports bicoid mRNA
toward the anterior part of the oocyte, as docking there is insuf-
ficient to maintain localization (76). It is logical to speculate
that the most energetically efficient and thus preferred method
of mRNA localization is diffusion and docking. In the absence
of these options, or alternatively, if the timing of mRNA local-
ization is a limiting factor, cells such as neurons may rely pri-

marily on active transport to maintain an asymmetric mRNA
distribution.
RNA Movement in Neurons—Neurons are highly polarized

cells that rely primarily on active transport mechanisms for
localizing mRNAs into dendrites (Fig. 1, panel III) (77, 78). The
field of mRNA kinetics in neuronal dendrites remains largely
observational, as investigations under way are still characteriz-
ing the movements as a precursor to understanding how they
are achieved. One of the earlier visualizations of mRNA in neu-
ronal dendrites revealed that a reporter mRNA (GFP-MS2-
Ca2�/calmodulin-dependent protein kinase II 3�-UTR) exhib-
ited kinesin- and microtubule-dependent oscillatory motion
(79). Additional imaging studies of fluorescent RBPs have also
found that mRNP granules exhibit oscillatory behavior in den-
drites at speeds up to 2 �m/s (Fig. 1, panel III, f) (50, 80). Anal-
ysis of single Arc (activity-regulated cytoskeleton-associated)
mRNAs in dendrites revealed that approximately half of the
mRNA population was motile (81). This motile population
exhibited both small bidirectional jumps and longer tracks at
constant speed. The population of lengthier translocations
occurred in both directions, with anterograde movements
being longer than the retrograde ones.
Live cell imaging of mRNAmovement in neuronal dendrites

has been quantitative for studying the contribution of RBPs to
localization.Currently, evidence indicates that RBPs in neurons
alter the efficacy of active transport and may be an attractive
target for regulation ofmRNAmovement.Mutation of theDro-
sophila FMR1 gene (fragile X mental retardation 1) was found
to decrease the net distance of labeled mRNAs, implicating
fragile X mental retardation protein (FMRP) as a “processivity
factor” that increases mRNA interaction with motors (82).
However, the total distance traveled was unaltered because the
decrease in directional mRNA movement was compensated
with an increase in oscillatory behavior in FMRP mutant neu-
rons. Furthermore, the presence of wild-type FMRP in the neu-
ron allowed increased mRNA shuttling from the soma into the
dendrites as well as an increased mobile fraction of dendritic
mRNA. ForChicmRNA, FMRP knockdown resulted in a rever-
sal in the directional bias of movement from 58% anterograde
(WT) to 74% retrograde (Drosophila FMR1mutants). A subse-
quent study of FMRP-regulated mRNA localization in neurons
confirmed that FMRP increases the fraction of motile particles
as well as the displacement of dendritic Ca2�/calmodulin-de-
pendent protein kinase IImRNA (83). An additional dimension
of the regulation of mRNA localization in neurons is the synap-
tic activity-induced alteration of mRNA transport, which is
proposed to play a role in synaptic plasticity. Rook et al. (79)
found that depolarization induces an increase in anterograde
mRNA motility into the dendrites. Dictenberg et al. (83) stud-
ied the increase in dendritic FMRP upon stimulation of
metabotropic glutamate receptors and found that following
stimulation, FMRP increases its association with its delegated
motor, the kinesin KIF5, bringing it into the dendrites. Consist-
ent with this, knock-out of FMRP reduces the steady-state
localization of FMRP targets and does not exhibitmetabotropic
glutamate receptor stimulation-induced mRNA localization,
suggesting the role of RBPs in activity-controlled transport of
mRNAs essential for synaptogenesis.
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The hypothesis that local translation is necessary for syn-
apse-specific modifications suggests that mRNA should be
present at the right time in a specific location to immediately
contribute to the local protein pool. An example of this behav-
ior isArcmRNA, which is retained in domains directly beneath
spines in a UTR-dependent manner (Fig. 1, panel III, g) (84).
This raises intriguing questions as to how specific mRNAs are
targeted and retained at the appropriate places within the cell.
Dynes and Steward (81) observed that actively transported
mRNAs may travel vectorially to a destination at the dendritic
spine (Fig. 1, panel III). This strongly suggests that transported
mRNAs may be responding to local cues to stall or be retained
in certain domains.

�-Actin mRNA: The Targeted mRNA

�-Actin mRNA can be transported and targeted to subcellu-
lar compartments to undergo local translation (15, 53). Over
the last 30 years, �-actin mRNA localization has provided a
model system for understanding the mechanisms and purpose
of mRNA localization within eukaryotic cells. Biochemical,
structural analysis, and imaging approaches have provided an
elegant understanding of how the zipcode and zipcode-binding
proteins act together to ensure the fate of the transcript once it
is synthesized in the nucleus.

�-Actin mRNA requires the presence of a zipcode in its
3�-UTR to be targeted to the leading edge in fibroblasts (20) and
in dendritic filopodia and axonal growth cones (85, 86). ZBP1
has been identified by affinity purification methods (37) as the
key factor that binds the �-actin mRNA zipcode in the nucleus
and is involved in localization as well as translational repression
of its mRNA target in the cytoplasm (15, 87–89). ZBP2, the
mouse homolog of the human hnRNPproteinKSRP (K-homol-
ogy splicing regulator protein), also binds to the �-actin
3�-UTR in the nucleus and facilitates nuclear ZBP1 association
with the transcript and further cytoplasmic localization in
fibroblasts (87, 88, 90). Structural studies have recently shown
that ZBP1 KH34 (third and fourth hnRNP K-homology
domains) specifically binds the bipartite �-actin 3�-UTR ele-
ment, with KH4 and KH3 recognizing 5�-CGGAC-3� and
5�-(C/A)CA(C/U)-3� sequences, respectively (21, 22). Aboli-
tion of the function of the zipcode by mutation of the element
itself, treatment with specific antisense oligonucleotides, or
knockdown/out of ZBP1 protein leads to the mislocalization of
�-actin mRNA and subsequent alterations of cell morphology,
motility, and adhesion as well as failures in synaptic growth and
deficiencies in dendritic spine number, maturation, and
arborization (2, 20, 22, 53, 85, 86, 91–94).
Live imaging of �-actin mRNA in different regions of COS

cells revealed that restricted mRNA is able to diffuse freely in
the leading edge of the cell (Fig. 1, panel I, c, and supplemental
figure), but in the perinuclear region, mRNA diffusion is
restricted (Fig. 1, panel I, d, and supplemental figure). Disrup-
tion of the actin cytoskeleton by cytochalasin D delocalizes the
mRNA from the leading edge and increases its mobility in the
perinuclear region, indicating that the cytoskeletal actin envi-
ronment strongly contributes to the location of �-actin mRNA
within fibroblast cells (48, 95). Once at the leading edge,�-actin
mRNA dwells around adhesions in fibroblasts to provide a

novel protein source for adhesion maturation, which in turn
regulates directedmotility (53). In neurons, growth factor stim-
ulation induces�-actinmRNAandZBP1protein transport into
growth cones (86). Local translation of �-actin mRNA requires
phosphorylation on ZBP1 Tyr-396 by Src kinase, a known
active component of leading edge adhesions. Similarly, this reg-
ulatory mechanism was shown to be necessary for neuron
growth cone turning toward a chemotactic cue (15, 94, 96–98).
Although work until now has focused largely on the �-actin

mRNA-ZBP1 complex, it is worthwhile to mention that this
interaction is not exclusive. �-Actin mRNAmay be bound and
regulated by many other proteins, and in turn, ZBP1 can bind
and regulate at least 116 other mRNAs (22, 99, 100). Post-tran-
scriptional regulation requires the proper interaction of multi-
ple RBPs along with themRNA. The present challenge involves
solving the intricate network of associations of RBPs with
motors and multiple mRNA targets. This will allow a better
understanding of the molecular mechanisms that govern
mRNA movement and localization in live cells.

Conclusions

In recent decades, it has become evident that localization of
mRNAs within cells is a widespread and evolutionarily con-
served strategy for asymmetric distribution and concentration
of mRNP complexes at specific sites. A vast number of mRNAs
show subcellular distribution. RNAmovement and localization
are cell-specific. Local environmental conditions, cytoskeletal
constraints, and specific docking sites are important for diffu-
sion-based localization. In situations where active transport is
necessary, regulation is exerted on cytoskeletal orientation and
the association of RBPs with motors. In all of the aforemen-
tioned examples, mRNAmovement is probabilistic, with biases
introduced by zipcodes andRBPs.Currently, efforts are focused
on understanding similarities and differences between diverse
mRNA subtypes that localize in the same manner and the
molecular mechanisms that govern their targeting to specific
subcompartments within the cell as well as the biological sig-
nificance associated with the localization event. The field of
mRNA imaging was previously hindered by technological lim-
itations; however, it is now at a turning point, where we are able
to visualize with accurate precision the methods of mRNA
localization. The dynamics and stoichiometry of mRNP com-
positions need to be revealed. Combining high-throughput bio-
chemical, bioinformatic, and imaging methodologies with
functional analyseswill provide answers to the questions of how
a specific mRNA moves and localizes within cells and its phe-
notypic function.
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Cell division in Escherichia coli begins by assembling three
proteins, FtsZ, FtsA, and ZipA, to form a proto-ring at midcell.
These proteins nucleate an assembly of at least 35 components,
the divisome. The structuring of FtsZ to form a ring and the
processes that effect constriction have been explained by alter-
native but not mutually exclusive mechanisms. We discuss how
FtsA and ZipA provide anchoring of the cytoplasmic FtsZ to the
membrane and how a temporal sequence of alternative protein
interactions may operate in the maturation and stability of the
proto-ring. How the force needed for constriction is generated
and how the proto-ring proteins relate to peptidoglycan synthe-
sis remain as the main challenges for future research.

Overview of Septation

Cell division is the last event in the bacterial cell cycle. It takes
place by producing a rigid transversal septum after the growth
processes fully duplicate the contents of the cell. Septation is
always preceded by segregation of the duplicated nucleoids,
ensuring that each of the daughter cells contains a fully repli-
cated chromosome. Specializedmolecules control the position-
ing of the division machinery at midcell, preventing any harm-
ful fragmentation that septum progression could cause on
unsegregated nucleoids.
The division machinery, the divisome, establishes a complex

interacting network together withDNA, lipids, and peptidogly-
can components. It comprises a variable number of proteins,
depending on the bacterial species. These proteins have redun-
dant multiple functions and connections serving as safeguards
to complete division and to guarantee the efficiency and versa-
tility of the process. Altogether, an efficient division process
allows the proliferation of bacteria under a variety of condi-
tions, and it is one of the reasons for their success in the envi-
ronment. Free-living bacteria, such as Escherichia coli, have
more elaborated divisomes, whereas those that need to grow as
intracellular parasites, as such Mycoplasma genitalium, have
streamlined ones (1, 2).
The structure of the E. coli divisome as revealed by immuno-

fluorescence images of dividing cells is called the division ring

(3). For its assembly, three essential proteins, FtsZ, FtsA, and
ZipA, are first gathered at midcell, forming a proto-ring
attached to the inner membrane (Fig. 1) (4). In the proto-ring
structure, the cytoplasmic GTPase FtsZ is anchored to the
membrane by its interaction with ZipA and FtsA. ZipA is a
bitopic protein containing a transmembrane domain (5). FtsA
is a protein of the actin family that associates with the mem-
brane by a short amphipathic helix (6, 7). The assembly of the
FtsZ ring is dependent on a continuous energy supply. The FtsZ
ring requires either ZipA or FtsA (8). Although it can be formed
in the presence of either of them, division is affected unless both
are present (9). Amaturation period takes place after the proto-
ring is assembled and before the rest of the divisome proteins
become incorporated (10). During maturation, the proto-ring
assembly is not stable (11). Once the full divisome is assembled,
the motor force, likely exerted by the polymerization of FtsZ,
results in membrane constriction, followed by the production
of a septum.

Localization of the Division Site

Two negative regulatory systems, nucleoid occlusion and the
Min system, have been described to determine the position of
the division site at midcell. Their combined action inhibits
polymerization of FtsZ, blocking the assembly of the proto-ring
at places other than the cell center. Nucleoid occlusion blocks
septation across the nucleoid, therefore excluding a potentially
harmful guillotine effect on the chromosome. In E. coli, it is
accomplished by SlmA, a DNA-associated division inhibitor
directly involved in preventing FtsZ polymerization in the
vicinity of the nucleoid (12). A dimer of SlmA binds simultane-
ously to two molecules of FtsZ and to specific DNA sequences
distributed all over the chromosome except at the Ter region.
Prior to division, Ter localizes at midcell, coinciding with the
site in which the FtsZ ring is assembled, and it is the last chro-
mosomal region to segregate (13, 14).
The E. coli Min system comprises three proteins, MinC,

MinD, and MinE. Together, they inhibit the polymerization of
FtsZ at the poles and therefore prevent the production of non-
viable anucleatedminicells. Althoughwith a low activity,MinC
is sufficient to inhibit the assembly of FtsZ polymers (15). It has
been proposed that the C-terminal domain of MinC interacts
directly with FtsZ filaments, preventing FtsZ-FtsZ lateral inter-
actions and disrupting the interactions with FtsA and ZipA,
which are essential for Z ring formation (15–17). MinD is an
ATPase that activates and anchors MinC to the membrane.
MinE regulates the localization of the MinCD complex by
restricting it to the cell poles, thus allowing the FtsZ ring assem-
bly only atmidcell (for review, see Ref. 18).However, even in the
absence of MinE, FtsZ rings located at the poles are more sen-
sitive to MinCD-induced disassembly than those present at
non-polar positions (19). In addition, the functionality of the
Min system may be further enhanced at the poles, probably
becauseMinCD senses membrane curvature (20, 21). The abil-
ity of the MinCDE system to modify the placement of proteins
is not limited to septation, as it can also influence the localiza-
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tion into polar foci of proteins unrelated to cell division, such as
the tryptophanase TnaA or the chaperonin GroES (22).

The Proto-ring: The Scaffold of the Divisome

FtsZ polymers need two more proto-ring components, the
FtsA and ZipA proteins, both associated with the inner mem-
brane, to localize in a ring in close proximity to it. Although
nonessential for the division progress, the Zap (FtsZ-associated
protein) proteins may be considered as accessory components
of the proto-ring because they affect the assembly and dynam-
ics of FtsZ.
Assembly, Organization, and Stabilization of FtsZ Polymers

in the Proto-ring—The best described and phylogenetically
most conserved component of the proto-ring is the cytoplasmic
GTPase FtsZ, a structural homolog of eukaryotic tubulin (23–
25). Highly dynamic protofilaments of FtsZ are reorganized in
the vicinity of the cell membrane at the division site. Their
continuous rearrangement during the cell division process is
postulated to be themain force drivingmembrane constriction,
a process that starts when the divisome is fully assembled
(reviewed in Refs. 26 and 27).
Available techniques still do not allow an exact visualization

of the detailed arrangement of FtsZ polymers in the proto-ring.
Two models, ribbon and scattered, have been proposed to
describe the arrangement of FtsZ polymers in the ring. The
ribbon model proposes that FtsZ would form sufficiently long
filaments to coat the internal surface of the inner membrane
and assemble side-by-side as a single band. A compact ring
would then be maintained by lateral contacts between fila-
ments. The proof to support this model is that in vitro condi-
tions favoring the elongation of and the lateral associations
between protofilaments lead to the assembly of FtsZ into fila-
ments longer than 500 nm (28). Such filaments have been
observed when FtsZ is adsorbed onto mica surfaces, when cal-
cium is present, or at low pH (�6.0) (29–31). Long FtsZ fila-
ments are also formed under more physiological conditions in

the presence of accessory proteins or crowding agents that
mimic the in vivo conditions (32–34). In solution, long FtsZ
protofilaments have also been found assembled as ribbons on
the outer surface of artificial membrane tubules (35).
The scattered model proposes that short protofilaments of

FtsZ are arranged in a disperse and divergent manner. It is sup-
ported by images obtained in vivo using high-resolution
microscopy. In Bacillus subtilis and E. coli, the half-time turn-
over of FtsZmolecules within the division ring when estimated
by fluorescence recovery after photobleaching is 9 s, supporting
that short protofilaments (45–90 monomers, �200 nm long)
are formed during the recovery time (36). Using wide-field sin-
gle molecule fluorescence imaging, the depolymerization of
FtsZ from Caulobacter crescentus was determined to occur on
the nanosecond timescale (37). FtsZ ring images have been
obtained from C. crescentus by electron cryotomography and
by two- and three-dimensional super-resolution imaging and
from E. coli using photoactivated localization microscopy. In
both cases, they are compatible with a scattered arrangement of
short filaments that accumulate within a limited space, forming
a loose ring assembly (37–39).
The assembly and stabilization of FtsZ polymers in the

proto-ring are regulated by the Zap proteins (ZapA, ZapB,
ZapC, andZapD),which exhibit functionally redundant roles in
binding and bundling polymeric FtsZ (32, 40–46). These pro-
teins act at midcell, promoting the transition of FtsZ polymers
from a helical band into a compact ring by cooperatively stim-
ulating the lateral association of protofilaments (47, 48). The
Zap proteins bind to a conservedmotif of 10–16 residues found
within the C-terminal end of FtsZ (49–52). Themotif mediates
the binding to FtsA, ZipA, MinC, and ClpX. MinC is a negative
regulator of FtsZ polymerization, and ClpX is the recognition
moiety of the ClpXP protease. In consequence, a role as a cen-
tral hub to integrate signals thatmodulate divisome assembly in
E. coli has been assigned to this C-terminal end of FtsZ (53). In

FIGURE 1. Speculative model showing the proposed stages in the assembly of the E. coli proto-ring. The model focuses on interpretations derived from
currently discussed evidence. The initial stage of proto-ring assembly (a) shows FtsZ attached by its C-terminal end to the membrane-associated FtsA protein.
The C-terminal ends of FtsZ oligomers (red circles) formed with GTP (purple triangles) contact the ATP-containing FtsA oligomers (green triangles within the blue
ovals) bound to the membrane via its amphipathic helix. ZipA is shown in its compact conformation. Rearrangement of the proto-ring components (b) shows
the disruption of the FtsA oligomer. This may involve a competition between ZipA and FtsA for the C terminus of FtsZ, in which ZipA may adopt its extended
conformation. At this stage, the FtsI-independent preseptal peptidoglycan synthesis (highlighted in red) proceeds by an unknown mechanism requiring FtsZ
and ZipA (or FtsA*). The interaction of the ZipA-FtsZ complex simultaneously increases the membrane fluidity (highlighted in red). After the disruption of the
FtsA oligomer, its 1C domain is released from the FtsA self-interaction and is free to recruit the late proteins (c): FtsN (green oval) and FtsI (purple circle). Cell
constriction and its associated synthesis of septal peptidoglycan (d) may be initiated by the pulling of the membrane. The force, transmitted by ZipA and FtsA,
may result from FtsZ polymer dynamics. A transient membrane constriction may become stabilized by septal peptidoglycan (highlighted in purple) newly
synthesized by FtsI.
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B. subtilis, in which Zap proteins are not present, a positively
charged variable region found downstream of this conserved
sequence mediates electrostatic interactions between FtsZ
protofilaments. The equivalent region of the E. coli FtsZ pro-
tein is not charged, requiring the Zap proteins to stabilize FtsZ
lateral interactions (54).
FtsA and ZipA: The Anchors of FtsZ Polymers to the

Membrane—FtsA is anATP-binding protein andbelongs to the
actin/Hsp70 superfamily (55). The self-interaction of FtsA is
essential for the E. coli division process (56, 57). The ATPase
activity of FtsA has not been firmly established, perhaps
because its hydrolytic activity is low and an unidentified cofac-
tor is required in vivo for its full activation. The ATP-binding
activity is nevertheless associated with polymerization. FtsA
polymers are formed in vitro either in solution or when
attached to lipids and in vivo when overproduced (58–60).
When ATP is available, the Streptococcus pneumoniae FtsA
protein interacts in a head-to-tailmanner, growing bidirection-
ally to form protofilaments until no monomers are available
(59). Given the negligible ATPase activity, FtsA polymers
remain as helical protofilaments, showing a tendency to form
bundles. When attached to a lipid monolayer, FtsA protofila-
ments fromThermotogamaritima (60) and E. coli (61) undergo
a conformational change, forming straight tubular structures.
A short C-terminal amphipathic helix in FtsA is responsible for
its attachment to themembrane (6), and it also diminishes self-
interaction (56).
Gene constructs engineered in E. coli to produce FtsA-FtsA

in tandem result in FtsZ polymers being retained at the cell
poles after septation, suggesting that the dimerization or oligo-
merization of FtsA modifies the stability of FtsZ polymers and
promotes Z ring integrity (62). FtsZ is proposed to be involved
in FtsA dimerization given that FtsA crystallizes as a dimer
when the FtsZ C-terminal peptide is bound to FtsA but as a
monomer when the FtsZ peptide is absent (55, 60). These data
suggest a cooperative interaction of three components, i.e.FtsZ,
FtsA, and the cytoplasmic membrane, to assemble in a stable
proto-ring composed of FtsZ and FtsA polymers arranged in
the correct orientation at the inner membrane (Fig. 1a).
FtsA is also a key connector between the proto-ring compo-

nents and some downstream proteins, such as FtsN. The 1C
subdomain of FtsA is necessary and sufficient to interact with
the cytoplasmic domain of FtsN (57, 63, 64), and it is also
involved in the interaction between two FtsAmolecules (57, 59,
60). It follows that both FtsA functions, self-interaction and
recruitment of the late divisome proteins, may be mutually
exclusive (65). The oligomerization state of FtsAmay then have
a role in recruiting the late-assembling divisome proteins.
An additional essential component of theGammaproteobac-

teria proto-ring is ZipA, a transmembrane protein found in the
E. coli cytoplasmic membrane as a monomer or homodimer.
The monomer provides an attachment of FtsZ, its only known
protein partner, to themembrane. The homodimeric formmay
activate the production or stability of FtsZ polymers during the
assembly of the division ring (66). ZipAmay provide a stronger
physical link of FtsZ to the membrane compared with FtsA, as
both interactions between ZipA and the membrane and
between ZipA and FtsZ are stronger than the equivalent inter-

actions provided by FtsA. The already mentioned phylogeneti-
cally conserved C-terminal peptide of FtsZ fits into a pocket
located in the globular domain of ZipA and establishes a hydro-
phobic interaction (67), whereas the same FtsZ peptide, adopt-
ing a different conformation, interacts with the surface of the
2B domain of FtsA through a weaker electrostatic force (60).
The association of FtsA with the membrane would also be
weaker, as it is established through a short C-terminal
amphipathic helix (6), whereas ZipA is physically anchored
through a N-terminal transmembrane domain (5). The essen-
tial role of ZipA in septation can be replaced by FtsA*, a gain-
of-function mutant (68, 69). However, division driven by FtsA*
is not completely normal, suggesting that ZipA is relevant to
some extent in the process. ZipA can protect FtsZ from degra-
dation by ClpP, an activity that FtsA* cannot perform; and
therefore, it may play some role in division in addition to the
anchoring of FtsZ to the membrane (53).

Proto-ring Maturation

The proto-ring components remain assembled at midcell
during part of the cell cycle (15–35% depending on the growth
rate) before the recruitment of the rest of the divisome compo-
nents (10). This is a surprisingly long time particularly when
considering that, at fast growth rates, the initial assembly of the
proto-ring that will work in the division of one cell occurs in its
mother (70).
During this period, the proto-ring may be engaged in redi-

recting peptidoglycan synthesis to initiate transversal growth,
leading to the production of the septum. This period may also
involve rearrangements of the stoichiometry and/or of the
interactions of the proto-ring elements between themselves or
with the membrane (10). After the addition of GTP, the poly-
merization of FtsZ bound to a ZipA protein attached to a lipid
bilayer (Fig. 1b) is not immediate and requires an incubation
interval to occur (29). Polymerization under these conditions is
accompanied by a change in the fluidity of the membrane (71,
72). In addition, FtsZ and ZipA, but not FtsA, are required for
preseptal peptidoglycan synthesis, which is independent of FtsI
(also called PBP3), an enzyme involved in the synthesis of the
septum (68). Among the rest of the proteins involved in pepti-
doglycan synthesis and maturation, none has been shown to be
essential for preseptal peptidoglycan synthesis. However, the
role of ZipA in preseptal peptidoglycan synthesis in cells con-
taining FtsA* is dispensable (68, 69). FtsZ may then be the key
actor, through its indirect association with the membrane, in
effecting preseptal peptidoglycan synthesis, although a molec-
ular mechanism to describe this activity remains to be discov-
ered (Fig. 1b).
The second event that occurs during maturation of the

proto-ring is a rearrangement of the interactions of its compo-
nents to allow the incorporation of the late divisome proteins.
Two interactions between the proto-ring elements and the late
proteins have been described: 1) FtsZ with FtsE and 2) the 1C
subdomain of FtsA with the cytoplasmic domain of FtsN (57,
63, 64). As both FtsZ and FtsA are likely to be present as oligo-
mers, a mechanism to allow their alternative interaction with
their late-assembling divisome protein partners has to be
invoked.On the basis of a detailed analysis of FtsAmutants that
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bypass the need of ZipA, Lutkenhaus and co-workers (65) have
proposed a model in which the anchoring of FtsZ to the mem-
brane is initially established through FtsA oligomers. Prelimi-
nary evidence suggests that, upon an increase in the density of
its association with lipid bilayers, ZipA undergoes a transition
from a compact to an extended conformation in which its glob-
ular domain can explore a wider volume in its environment
(Fig. 1a) (73). ZipAmay then compete for the C-terminal tail of
FtsZ found inside the FtsA-FtsZ hetero-oligomers at midcell.
This would produce a discontinuity in the FtsA oligomers at the
sites where a ZipA molecule is inserted and at the same time
would gradually replace the anchoring of FtsZ to themembrane
provided by FtsA (Fig. 1b). This would then liberate the 1C
domain of FtsA from self-interaction, allowing it to engage in
recruiting FtsN into the mature divisome (Fig. 1c) (65). The
absence of FtsN, the last protein that can be visualized forming
a ring at theE. colidivisome, results in the disassembly of proto-
rings, with ZipA rings being the most sensitive (11). Moreover,
after FtsN deprivation, new proto-rings do not assemble until
the levels of FtsN are restored, indicating that the presence of
FtsN is required for proto-ring assembly (11). Interestingly, a
phylogenetic correspondence between the presence of both
genes zipA and ftsN has been observed in Gammaproteobacte-
ria andhas been interpreted as an indication of their concurrent
role in septation (74).

Proto-ring Stabilization and Divisome Completion

Prior to the initiation of constriction, the remainder of the
divisome proteins are recruited, and the proto-ring becomes
stabilized into the divisome (Fig. 1d). Besides FtsN (11), a role in
maintaining the integrity of the divisome has been suggested
formost of the late-assembling proteins, as the number of rings
(and even of proto-rings) diminishes in the absence of any of
them (75).
Several essential division functions have been ascribed to

either individual divisome proteins or their subcomplexes. FtsK
is needed to resolve possible chromosome cointegrates result-
ing from replication (76, 77). FtsEX, an ATP-binding cassette
transporter-like complex, acts as a regulator of cell wall hydro-
lysis at the division site. Upon its interaction with FtsZ, FtsE
undergoes conformational changes mediated by ATP hydroly-
sis to modify the transmembrane FtsX component. The modi-
fication favors the recruitment of the amidase activator EnvC
by FtsX in the periplasm (78, 79). The small bitopic membrane
proteins FtsQ, FtsB, and FtsL form an independent subcomplex
able to establish abundant interactions with other divisome
proteins (80–82). In the absence of additional evidence, it is
possible that they may have either a regulatory or a structural
role. FtsW belongs to the SEDS (shape, elongation, division,
and sporulation) family of transporters involved in the translo-
cation of lipid-linked peptidoglycan precursors across the cyto-
plasmic membrane (83). Together with FtsI, its linked class B
penicillin-binding protein, FtsW forms a subcomplex specific
for septal peptidoglycan synthesis (Fig. 1, c and d) (84). FtsI has
a topology similar to FtsN: they contain a transmembrane
region, followed by a long linker spanning the periplasm and a
C-terminal globular domain contacting the peptidoglycan
layer. FtsI and FtsN interact with nonessential divisome pro-

teins that participate in other late septation processes, i.e. with
PBP1B (85) or MtgA (86) for peptidoglycan synthesis, with the
Tol-Pal complex for the invagination of the cell wall during
constriction (87, 88), and with the AmiB andAmiC amidases to
effect the hydrolysis of peptidoglycan needed to split the wall of
the two daughter cells (89).

Membrane Constriction and Septum Progression

Once the divisome is completely assembled, all of the layers
of the cell envelope are connected, and the constriction process
(involving all of them) begins. As no contractile elements have
been found outside the cell membrane, the constriction force
seems to be exerted from the cytoplasm by pulling the envelope
inward (Fig. 1d). The available evidence suggests that the main
motor exerting the force required for constriction is FtsZ itself.
Two mechanisms have been proposed to describe how FtsZ

may exert a pulling force. They involve either bending or con-
densation of FtsZ polymers and are not mutually exclusive. In
the bending model, the motor force is exclusively exerted by
FtsZ in a cycle of polymerization, membrane attachment,
conformational change, depolymerization, and nucleotide
exchange, all driven by GTP hydrolysis (38). Osawa et al. (90)
found that a membrane-targeted FtsZ chimera, when self-in-
ternalized in flattened tubular liposomes, can assemble into
constricted areas that relax as GTP is hydrolyzed. This obser-
vation suggests that the bending detected in the FtsZ-rich
regions of the liposomes is not stable and that additional com-
ponents of the septum, such as peptidoglycan, are necessary to
produce a stable structure as constriction progresses. In this
model, the hydrolysis of GTP would be involved in modifying
the curvature of FtsZ polymers (91, 92).
In the condensation model, the constriction force would be

generated by the lateral attraction between different FtsZ fila-
ments that would interact to form a compact structure (93).
Results from in silico modeling suggest that the FtsZ ring may
undergo a transition from a low- to a high-density state by con-
densation of protofilaments and not by recruiting more FtsZ
monomers. In thismodel, GTPhydrolysis would accommodate
a gradualmorphological change from a loose helix to a compact
FtsZ ring by facilitating monomer turnover during condensa-
tion (94, 95). Increasing the number of lateral contacts between
protofilaments would compress them, causing a shift from a
loose spiral extending along the cell length to a compact ring
located atmidcell. The FtsZ ringwould further condense across
the cell diameter to form a thicker annular structure, with its
diameter decreasing as constriction progresses. Zap proteins,
such as ZapA or ZapB, have been suggested to assist in this
mechanism (96). At the end of constriction, the condensed nar-
row ring quickly disassembles, and the septum closes (39). It is
not known if, upon their disassembly, the components of the
divisome are degraded or if they can be partially recycled.

Additional Questions

Our knowledge of many aspects of cell division, as summa-
rized in this minireview, provides a detailed account of the
components of the divisome, including a description ofmany of
their interactions and their spatial and temporal assembly
within the cell. However, only a partial picture of their func-
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tions is available. In particular, a description of the detailed
molecular mechanisms involved in septation and, moreover,
the connection between the biochemical properties of each
divisome component and its role in bacterial proliferation has
to be completed. A relevant question is how the divisome
affects themembrane andmodifies the direction of wall growth
at the inception of septation. How the divisome components
are disposed after the closure of the septum is another question
that will also need additional research. Techniques such as
high-resolution microscopy (97) and in vitro reconstruction
procedures (98) are now available to investigate these ques-
tions. The answerswill clarify both how the process of septation
is initiated and how it finishes. Finally, under ideal growth con-
ditions, E. coli will assemble a divisome to constrict the enve-
lope and, after 20 min, will divide and start again.
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The secretory proprotein convertase (PC) family comprises
nine members: PC1/3, PC2, furin, PC4, PC5/6, PACE4, PC7,
SKI-1/S1P, and PCSK9. The first seven PCs cleave their sub-
strates at single or paired basic residues, and SKI-1/S1P cleaves
its substrates at non-basic residues in the Golgi. PCSK9 cleaves
itself once, and the secreted inactive protease escorts specific
receptors for lysosomal degradation. It regulates the levels of
circulating LDL cholesterol and is considered amajor therapeu-
tic target in phase III clinical trials. In vivo, PCs exhibit unique
and often essential functions during development and/or in
adulthood, but certain convertases also exhibit complementary,
redundant, or opposite functions.

A large number of secretory proteins are produced as precur-
sors that are cleaved at specific sites to generate mature bioac-
tive products (1, 2) or, in some cases, inactive ones (Fig. 1).Most
of these cleavages occur after basic amino acids (aa)2 at the
general motif (R/K)-2nX-R2 (where n � 0–3 aa) (3). They are
achieved by one ormore of the seven basic aa-specificmembers
of the proprotein convertase (PC) family, which share identities
with bacterial subtilases and yeast kexin (genesPCSK1–PCSK7)
(3). PC1/3 and PC2 are the prototypical PCs of the regulated
secretory pathway of endocrine and neuronal cells and are
stored in dense core secretory granules (SGs). Often coex-
pressed in the same tissues and in the same cells (4), they are
dedicated to the proteolytic activation of polypeptide hor-
mones and neuropeptides precursors (3, 5). Four of the basic
aa-specific PCs (furin, PC5/6, PACE4, and PC7) are widely or

ubiquitously expressed and are responsible for most of the
processing events occurring in the constitutive secretory path-
way: the trans-Golgi network (TGN), cell surface, or endo-
somes. This leads to the activation/inactivation of receptors,
ligands, enzymes, viral glycoproteins, or growth factors (6).
Although these PCs exhibit a certain degree of functional
redundancy when overexpressed in cell lines, their inactivation
inmice or humans results in specific phenotypes revealing that,
in vivo, each PC primarily fulfills unique processing events
and/or functions.
Silencing of the genes coding for PC1/3 (7) and PC2 (8) in

mice revealed dominant unique neuroendocrine functions for
each protease. Furin knock-out (KO) in mice results in numer-
ous embryonic malformations, including the absence of axial
rotation and heart looping, leading to death around embryonic
day 11 (9). PC5/6 KO leads to death at birth with an altered
anteroposterior pattern, including extra vertebrae, lack of a
tail, kidney agenesis, hemorrhages, collapsed alveoli, and
retarded ossification (10). PACE4 KO results in an altered
left-right patterning, including cyclopism and craniofacial
and cardiac malformations in some embryos (11). Finally,
silencing the expression of PC7 (12) in mice results in an-
xiolytic and novelty-seeking phenotypes (13), and in human
genome-wide association studies as well as cellular studies,
PC7 was shown to regulate iron metabolism via shedding of
transferrin receptor-1 (14).
SKI-1/S1P (15, 16) is implicated in cholesterol and fatty acid

synthesis via activation of the precursors of membrane-bound
transcription factors such as sterol regulatory element-binding
proteins SREBP1 and SREBP2 (16) and endoplasmic reticulum
(ER) stress via cleavage of ATF6 (17). Processing by SKI-1/S1P
is often followed by a second luminal cleavage by the protease
S2P, resulting in the release of an N-terminal cytosolic domain
that acts as a transcription factor upon its translocation into the
nucleus (16).
PCSK9, the last member of the PC family (18), uniquely acts

as a binding protein to some of the LDL receptor (LDLR) family
members (3). The absence of its expression in mice (19, 20) or
humans (21) leads to severe hypocholesterolemia, whereas
human gain-of-function (GOF) mutations (22, 23) or overex-
pression in mice (20) results in hypercholesterolemia.
Studies aimed at defining the physiological functions of the

PCs in vivo heavily relied on the simple or complex phenotypes
of mice in which one or more PC gene had been knocked out
throughout the body or in a tissue-specific manner and on
those derived from transgenic mice overexpressing these PCs
(Fig. 2). Because a number of excellent reviews summarized the
discovery, general properties, and physiological roles of the PCs
(1, 3, 6, 24–26), in this minireview, we will focus on their novel
functions and the clinical relevance of their targeting. We will
also present our thoughts on the observation that, although
often acting in concert, the PCs process specific substrates in
ways that result in unique, complementary, redundant, or
opposing physiological consequences (Fig. 1B).
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Functional Overlap and Complementary and Opposing
Roles of PC1/3 and PC2

In the ER, the newly biosynthesized proPC1/3 rapidly con-
verts itself to PC1/3 by cleavage after its prosegment, forming
an inactive PC1/3-prosegment complex. In the TGN, the
prosegment undergoes a second cleavage and comes off the
complex, thereby activating the enzyme. Later, PC1/3 is acti-
vated even further in SGs by C-terminal truncations. Even
though proPC2 does not need the assistance of the helper pro-
tein 7B2 to navigate out of the ER, the presence of this chaper-
one-like protein ensures its proper folding and activation into
PC2 in SGs. This protein and its inhibitory C-terminal peptide
(iCT) form a double lock on PC2, keeping it inactive until it
reaches the SGs. Thus, PC1/3 can efficiently process substrates
in the TGN and SGs, thereby acting before PC2, which is active
only in SGs (27). The activities of these enzymes are temporarily
inhibited by SG-resident polypeptides: the PC1/3 helper pro-

tein proSAAS (28) and the PC2 chaperone-like protein 7B2 iCT
(29).
PC1/3 and PC2 generally cleave their substrates after paired

basic residues and occasionally after single basic residues. They
often act on the same substrates, sometimes partially substitut-
ing for one another, but more frequently complementing each
other. For example, in human pancreatic �-cells, PC1/3 most
efficiently cleaves proinsulin after Arg31-Arg32 at the B-C pep-
tide junction, and PC2 cleaves after Lys64-Arg65 at theC-A pep-
tide junction (30, 31). Thus, it takes both enzymes to efficiently
convert proinsulin to insulin and the C peptide (Fig. 3A).
Although the absence of either PC1/3 or PC2 does not abrogate
insulin production, it reduces it and causes accumulation of
processing intermediates (32, 33).
The subcellular co-localization and relative abundance of

PC1/3 and PC2 also shape the processing end products of a
particular substrate. Thus, although both enzymes are present
in the two lobes of the rodent pituitary, PC1/3 ismore abundant
in the anterior lobe (AL), and PC2 is more abundant in the
neuro-intermediate lobe (NIL) (4). Pro-opiomelanocortin is
expressed in both pituitary lobes: in the AL, it is converted by
PC1/3 mostly to ACTH and �-lipotropic hormone, and in the
NIL, it is converted by PC2mostly to�-melanocyte-stimulating

FIGURE 1. Substrates of the PCs. A, these include precursors of hormones,
growth factors, receptors, transcription factors, and surface glycoproteins.
Cleavage at one or more PC sites usually results in the release of one or more
bioactive moieties for soluble or membrane-bound precursors. Some of them
are first cleaved by SKI-1/S1P and then processed a second time by S2P to
release a cytosolic transcription factor that is then translocated into the
nucleus. B, processing of polypeptide precursors by PCs results in the activa-
tion or inactivation of their substrates predominantly in a redundant or com-
plementary fashion between PCs. However, unique activation or inactivation
PC cleavages have also been reported, some of which are essential during
embryonic development.

FIGURE 2. Identification of PC substrates from the simple or complex phe-
notypes observed following modulation of their expression. The KO of a
PC gene may result in an obvious phenotype (e.g. lack of a tail, as for PC5/6 KO)
that would phenocopy the absence of a cognate substrate, as for PC5/6 and
GDF11 (10). However, of the nine PCs, the loss of expression of four of them
(furin, PACE4, PC5/6, and SKI-1/S1P) reveals phenotypes that are more com-
plex and that lead to early death. The identification of in vivo substrates may
require tissue-specific KO, double or triple KOs, and even transgenesis in
some tissues.

FIGURE 3. Cooperation and distinctiveness of PC1/3 and PC2 in the pro-
cessing of three representative substrates. A, proinsulin processing in pan-
creatic �-cells implicates the two enzymes within the same cell, cleaving suc-
cessively at two distinct preferred sites. B, pro-opiomelanocortin in two
different lobes of the pituitary is cleaved to distinct end products according to
the relative abundance of the enzymes in each lobe: ACTH and �-lipotropic
hormone (�-LPH) in the AL and �-MSH, �-MSH, and �-endorphin (�-END) in
the NIL. C, proglucagon is converted to glucagon (GLUC) in PC2-rich pancre-
atic �-cells and to GLP-1 and GLP-2 in PC1/3-rich intestinal L-cells. Note that
after cleavage by PC1/3 and PC2, the C-terminally exposed basic residues
must be trimmed off by carboxypeptidase E to generate fully active peptides.
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hormone (�-MSH) and�-endorphin (Fig. 3B) (34). Similarly, in
intestinal L-cells rich in PC1/3, proglucagon is converted to
glucagon-like peptides (GLPs) (35), whereas in PC2-rich pan-
creatic �-cells, it is converted to glucagon (Fig. 3C) (36).
Physiological phenotyping of PC1/3- and PC2-null mice

revealed the implications of both enzymes in growth and
metabolism. PC1/3-null mice exhibit partial prenatal and peri-
natal lethality, microsomia at birth, and gastrointestinal distur-
bances (7). Heterozygotes display accelerated weight gain, glu-
cose intolerance, and susceptibility to diet-induced obesity (7,
37). PC2-null mice exhibit microsomia at birth, catch-up
growth after birth, lipodysgenesis, glucose tolerance, and diet-
induced obesity resistance as adults (8, 38). It therefore appears
that the two enzymes are the ying and yang of body mass and
energy homeostasis, with PC1/3 playing a restraining role and
PC2 playing a promoting one. More insight into their opposing
roles in various tissues and cells could be gained by qualitative,
quantitative, and functional characterization and validation of
the peptides generated in the absence of either one, as recently
reported in the brains of mice lacking expression of PC1/3 or
PC2 (39, 40).
It is likely that various “modifier” gene products influence the

observed phenotypes of PC1/3 or PC2 deficiency in mice. The
lack of penetrance of the perinatal lethality of PC1/3-null mice
of mixed genetic background (7) probably reflects variable
inheritance of modifier loci. Similarly, pathological hypercorti-
costerolemia and lethality in PC2-deficient mice depend on the
genetic background (41).
SAAS and 7B2 iCT could be counted among such modifier

gene products. Overproduction of SAAS in transgenic mice by
inhibiting PC1/3 also causes obesity and diabetes (42). 7B2 gene
(Sgne1) inactivation in mice is associated not only with com-
plete PC2 deficiency but also with a mouse strain-dependent
(C57BL/6 versus 129/Sv background) lethal Cushing-like syn-
drome (41, 43). However, in FVB/N congenic mice, 7B2 defi-
ciency causes a unidirectional circling behavior (see supple-
mental video), reminiscent of the hyt/hyt thyroid-stimulating
hormone-deficient mouse (44). A PC2-independent neuronal
role of 7B2 has been suggested by its more extended distribu-
tion in the central nervous system (45) and by its recently
reported anti-protein aggregation properties, implying that it
could protect neurons against aggregation-associated neurode-
generative pathologies such as Alzheimer disease (46).
In humans, severe genetic lesions at the PCSK1 locus have

implicated PC1/3 activity in body mass regulation and gastro-
intestinal dysfunction. Early in life, carriers often exhibit a
remarkable obesity and malabsorption. These symptoms are
sometimes accompanied by diabetes insipidus, hypothyroid-
ism, and hypogonadism (47). No similar lesions that signifi-
cantly reduce PC2 expression or activity have been reported.
Interestingly, in invertebrate species such as Caenorhabditis

elegans and Drosophila melanogaster, only PC2 and 7B2 are
expressed, but not PC1/3. A review of exome databases for
known SNPs suggests that PCSK1 is more variable than PCSK2.
One can speculate that PCSK2 is more critical for survival, as it
contributes to the basic buildup of body mass and adipose
tissue. On the other hand, PCSK1might be an adaptive gene
capable of modulating this buildup through phenotypic loss-

of-function (LOF) variations positively selected for by envi-
ronmental pressures.

Unique and Complementary Functions of Furin, PACE4,
PC5/6, and/or SKI-1/S1P

Although the completion of the zymogen activation of furin
occurs in the TGN,where it begins to cleave some of its cognate
substrates, it can also do so at the cell surface or in recycling
endosomes (48). In contrast, PC5/6 and PACE4 are activated
predominantly at the cell surface, where they bind heparin sul-
fate proteoglycans and process their substrates at this location
and/or within the extracellular matrix (6). Therefore, the sub-
strates of furin are wider and much more varied than those of
PC5/6 and PACE4. Some of the unique furin substrates include
TGF�-like precursors such as BMP10 during embryonic devel-
opment (49) and the iron-regulating protein hepcidin in adults
(14). However, redundant functions of furin with those of other
PCs have also been observed, as exemplified in the liver (50),
and with PACE4 in the early embryonic processing of the
TGF�-related Nodal precursor (51).
GDF11 (growth differentiating factor 11) was shown to be a

unique PC5/6 substrate that is activated during development
(10). The only validated unique substrates physiologically acti-
vated by PACE4 are the matrix metalloproteases ADAMTS-4
and ADAMTS-5; cleavage occurs in the extracellular milieu of
cartilage and results in aggrecan degradation (52). The binding
of both PC5/6 and PACE4 to heparin sulfate proteoglycans (6)
likely accounts for their spatial segregation from furin, which
cycles between the TGN and the cell surface (48), and favors
their cleavage of specific substrates during embryogenesis (51)
and in the adult. In fact, such spatial segregation of PCs and/or
other cellular factors may be in part responsible for the dif-
ferences observed in vitro and in vivo, whereby some sub-
strates are cleaved by more than one PC in vitro, whereas a
single PC is responsible for such processing in vivo. How-
ever, this may be tissue-specific, as in the case of prohepcidin
in the liver (14), or could vary during development in specific
cellular environments.
Recently, it was shown that a single substrate can be cleaved

by some of the constitutive PCs and/or SKI-1/S1P at similar or
different sites, resulting in redundant or complementary func-
tions. For example, the human lipoprotein lipase inhibitor
ANGPTL4 (angiopoietin-like 4) is redundantly processed and
activated by furin, PC5/6, PACE4, and PC7 at the same site:
RRKR1642LPE (53).

Complementarities between PC activities of different speci-
ficities are exemplified by the combined processing of specific
substrates by furin and SKI-1/S1P under physiological or path-
ological conditions. In the developing embryo, the combined
action of furin and SKI-1/S1P reduces axonal growth by the
generation of multiple forms of the repulsive guidance mole-
cule RGMa, which are essential for inhibition of neogenin-me-
diated neuronal outgrowth (54). RGMa is a tethered mem-
brane-bound molecule, and proteolytic processing amplifies
RGMa diversity by creating soluble versions with long-range
effects as well (54). A pathological situation involves the
enhancement of viral infection by the combined SKI-1/S1P-
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and furin-mediated activation of the surface glycoprotein of the
Crimean-Congo hemorrhagic fever virus (55, 56).

Opposite Activation/Inactivation of Substrates through
Processing by Furin, PC5/6, PACE4, and/or PC7

Cleavage of precursor substrates by PCs commonly gener-
ates one or more bioactive moieties. Such an activation process
is not generalized because, in some cases, it may result in inac-
tivation of the substrate (Fig. 1). One of the earliest examples is
the inactivation of ACTH in the intermediate lobe of the pitu-
itary, resulting in the generation of an acetylated-amidated
N-terminal peptide known as �-MSH. However, this is strictly
not an inactivation per se because a new active melanotropic
peptide is generated. Examples of bona fide inactivation of pro-
teins include the processing inactivation of endothelial and
lipoprotein lipases by furin (57); activation of the surface gly-
coprotein gp160 of HIV by furin (58) but inactivation of the
HIV accessory protein Vpr by PACE4 and PC5/6 (59); inac-
tivation of PCSK9 by furin (60); and finally, activation of the
adhesion molecule N-cadherin by furin (61) but its inactiva-
tion by PC5/6 (62).
N-cadherin (NCAD), a member of the cell adhesion super-

family, is expressed as a non-adhesive proprotein (proNCAD).
Before reaching the plasma membrane, proNCAD undergoes
proteolytic processing of its prosegment at RQKR2DW161 by
furin (61). Homophilic adhesion of NCAD requires the evolu-
tionarily conserved Trp161 (63). However, downstream of
Trp161 resides another PC site, RIRSDR2DK189, which is best
cleaved by PC5/6 (62). The presence of two adjacent sites on
NCAD implies that its adhesive function is regulated by oppos-
ing furin and PC5/6 activities. Indeed, in malignant gliomas, in
which NCAD is the major cell-cell adhesion component, the
equilibrium of cellular adhesion versus cellular dissemination is
dependent on the expression of furin and PC5/6 (62). More
specifically, invasive glioma cells abolish homophilic NCAD
interactions either by down-regulating furin, which results in
non-adhesive proNCAD expression at the cell surface (61), or
by overexpressing PC5/6, which cleaves and inactivates NCAD
(62). Thus, it would be interesting to test this model in vivo by
inhibiting PC5/6 function in invasive cancer cells.
The convertase PC7 is unique in its ability to shed transferrin

receptor-1 and hence regulate iron metabolism (14). However,
some redundancy with furin has been observed for the process-
ing of the HIV gp160 into gp41 and gp120, as well as in the
generation of bioactive proBDNF.3 This convertase seems to
play an important role in mood modifications in part via the
regulation of central dopaminergic circuits (13). So far, no
opposite function to the other convertases has been reported.

The Convertase SKI-1/S1P: A Unique Protease Acting in
the cis/medial-Golgi

The convertase SKI-1/S1P is a type 1 membrane-bound pro-
teasewith a cytosolic tail rich in acidic residues (15). Subcellular
localization studies revealed that SKI-1/S1P can be found in the
active state in the cis/medial-Golgi and in endosomes/lyso-
somes, but not at the cell surface (64). In situ hybridization data

revealed a widespread if not ubiquitous distribution of SKI-1/
S1P mRNA (15). In the central nervous system, SKI-1/S1P
mRNA labeling is confined mostly to neurons.
SKI-1/S1P uniquely processes precursors exhibiting the con-

sensus motif (R/K)X(V/L/I)Z2, where Z is any amino acid
except Val, Pro, Cys, Glu, or Asp, and the spacer X is often a
basic residue (65). SKI-1/S1P cleaves transmembrane tran-
scription factors, including the cholesterol and fatty acid regu-
lators SREBP1 and SREBP2, the ER stress response factor
ATF6, and the cAMP response element-binding protein-like
transcription factors Luman and CREB4 (65). It also processes
soluble precursors such as those of proBDNF (15) and soma-
tostatin (65), activates envelope glycoproteins of highly infec-
tious hemorrhagic fever viruses (55, 66), and regulates lyso-
somal targeting of proteins by activating the addition of
phosphate moieties onto mannose residues (67).
Targeted disruption of the SKI-1/S1P-encoding gene (Mbtsp1)

prevents normal epiblast formation and subsequent implanta-
tion of the embryo into the uterus (68). Interestingly, both
hypopigmentation and maternal-zygotic embryonic lethality
before embryonic day 8 were reported in mice harboring a
homozygous hypomorphic Y496C mutation (69). This muta-
tion affects SREBP2 processing (RSVL2SF)more than SREBP1
processing (RNVL2GT), suggesting that the latter may be a
better substrate of SKI-1/S1P. The reason behind this is
unknown, although it may be due to the possible Ser O-glyco-
sylation of the SREBP2 cleavage site at the P3 and/or P1� posi-
tion, which would impair processing (70).
Tissue-specific KO of the SKI-1/S1P gene in the liver or car-

tilage in mice confirmed its regulation of cholesterol and fatty
acid synthesis (68) and its essential role in endochondral bone
formation (71). Finally, the non-peptidyl PF-429242 inhibitor
of SKI-1/S1P was shown to be very effective in inhibiting Lassa
virus infection (72) and hepatitis C replication (73).
Mucolipidosis II is a severe lysosomal storage disorder

caused by defects in the �- and �-subunits of the hexameric
GlcNAc-1-phosphotransferase complex essential for the for-
mation of the mannose 6-phosphate targeting signal on lyso-
somal enzymes. The observation that SKI-1/S1P activates the
�/�-subunit precursor of the GlcNAc-1-phosphotransferase
by cleavage at theRQLK2 site (67) is physiologically pertinent
in the biogenesis of lysosomes. In fact, loss of SKI-1/S1P
expression (or by extension, its inhibition) may result in lys-
osomal dysfunction because instead of sorting proteins to
lysosomes via the mannose 6-phosphate receptor, those
lacking mannose 6-phosphate will then be secreted into the
extracellular matrix (67).

PCSK9: A Key Player in Cholesterol Homeostasis and a
Major Target in the Treatment of Hypercholesterolemia

In 2003, the discovery of the ninth member of the PC family,
PCSK9 (18), an enzyme encoded by a third gene involved in
autosomal dominant hypercholesterolemia (22), revealed an
unsuspected regulation of the LDLR, with major implications
for cardiovascular disease. PCSK9 binds to the LDLR and
directs it to lysosomes for degradation (74, 75). This was one of
the most exciting developments in cardiovascular research in
the last decade (3). This fundamental knowledge went from3 N. G. Seidah, unpublished data.
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bedside to bench and back in �9 years. Indeed, a number of
pharmaceutical companies are now racing to develop PCSK9
inhibitors that may in the future substitute or complement the
use of statins (3, 76).
Because of the high expression of PCSK9 in the liver and

intestine and its chromosomal localization (1p32) (18), coincid-
ing with a locus linked to hypercholesterolemia, a relationship
between mutations in PCSK9 and hypercholesterolemia was
established in French families by Abifadel et al. (22). GOF
mutations in PCSK9 were shown to deplete the LDLR (22, 74),
with ensuing increased LDL-cholesterol (LDLc) levels in
plasma. Conversely, PCSK9 LOF mutations result in hypocho-
lesterolemia (77). Low concentrations of active PCSK9 are also
associated with lower incidence of atherosclerosis (78).
Cell Biology of PCSK9—Similar to other PCs, PCSK9 is syn-

thesized as an �74-kDa precursor (proPCSK9) that undergoes
an autocatalytic cleavage at the VFAQ1522 site, allowing it to
exit the ER. (i) However, the inhibitory prosegment remains
tightly bound to PCSK9 (18, 79). (ii) The ER exit of the enzy-
matically inactive PCSK9-prosegment complex requires its
binding to an undefined membrane-bound hinge protein. The
cytosolic tail of this putative hinge protein is proposed to inter-
act with the Sec23A/Sec24A complex, leading to its packaging
into COPII (coat protein complex II) vesicles, which are then
routed to the cis-Golgi and extracellular secretion (80). (iii) The
catalytic domain of PCSK9 binds to the EGF-A domain of the
LDLR, and the resulting PCSK9-LDLRcomplex is then directed
to lysosomes for degradation by still poorly defined intracellu-
lar and extracellular pathways (3, 81). (iv) PCSK9 exhibits a
C-terminal Cys- and His-rich domain (CHRD) essential for
PCSK9-triggered LDLR degradation (3). Internalization of the
PCSK9-LDLR complex in early endosomes (82) does not
require theC-terminal CHRDof PCSK9 (83) or its acidicN-ter-
minal 31–59 segment (84), which was shown to bind apoB in
LDL (85), and the cytosolic tail of the LDLR is not essential (86).
(v) However, targeting of the PCSK9-LDLR complex to lyso-
somes for degradation does require the integrity of the CHRD
(83, 87). This led to the hunt for the protein responsible for
targeting of the complex to lysosomes. A recent report sug-
gested that such a protein inHepG2 cells could beAPLP2 (amy-
loid precursor-like protein 2) (88). However, a careful analysis
of APLP2KOmicewould be required to validate this intriguing
observation.
In human and mouse plasma, both full-length PCSK9 (aa

152–692) and a truncated form, PCSK9-��218 (aa 219–692),
can be detected. The latter, which has little activity on the
LDLR, is likely generated by hepatocyte-derived furin by cleav-
age at Arg2182 (60, 89). That cleavage of PCSK9 by purified
furin in vitro does not completely inactivate its function (90)
may be due to the artificially remaining C-terminal Arg218 in
the segment comprising aa 153–218, which is usually removed
by cellular carboxypeptidases in vivo, resulting in the separation
of this fragment as well as the prosegment from the rest of the
molecule and inactivation of the remaining PCSK9 (89).
Animal Models for Studying PCSK9 Functions—PCSK9 KO

(Pcsk9�/�) mice exhibit higher levels of LDLR protein in the
liver and 42% less circulating total cholesterol, with an �80%
drop in LDLc (19, 20). In contrast, transgenicmice overexpress-

ing PCSK9 exhibit 5–15-fold higher levels of LDLc (20). Total
KO and liver-specific KOmice exhibit 42 and 27% less circulat-
ing total cholesterol, respectively, indicating that hepatic
PCSK9 is responsible for approximately two-thirds of the phe-
notype. Analysis of liver KO livers demonstrated that PCSK9
expression is restricted to hepatocytes, fromwhere most circu-
lating PCSK9 originates (20, 91). The plasma lipid profile of
double KO mice (Pcsk9�/� Ldlr�/�) lacking both PCSK9 and
the LDLR is identical to that of Ldlr�/� mice, confirming that
PCSK9 activity on the LDLR mediates most of its role in cho-
lesterol homeostasis (20, 91). Thus, although SKI-1/S1P
increases the levels of the LDLR via activation of SREBP2,
PCSK9 enhances the degradation of the LDLR as well as the
closely related VLDL receptor (VLDLR), ApoER2 (92), and
LRP-1 (93). Indeed, VLDLR proteins accumulate in the adipose
tissue of PCSK9KOmice, resulting inmarked adipocyte hyper-
plasia (91). PCSK9 is thus pivotal in fatmetabolism: itmaintains
high circulating LDLc levels via hepatic LDLR degradation, but
it also limits visceral adipogenesis likely via adipose VLDLR
regulation.
Here, we present some information regarding the possible

consequences of the loss of PCSK9 expression. 1) Partial hepa-
tectomy of Pcsk9�/� mice revealed the development of lesions
and a delay in hepatocyte proliferation (20). Interestingly, when
fed a high cholesterol diet 1 week prior to partial hepatectomy,
KO mice no longer exhibited necrotic lesions. 2) Compared
with control mice, PCSK9-null male mice are hyperglycemic
and glucose-intolerant, suggesting that, following stimulation
by high glucose levels, PCSK9 may be necessary for the normal
function of pancreatic islets (94). 3) The absence of PCSK9 can
be protective against melanoma invasion in mouse liver (95),
opening the door to novel applications of PCSK9 inhibitors/
silencers in cancer/metastasis. 4) Intriguingly, lack of PCSK9 is
not associated with lipid accumulation in the liver or increased
hepatobiliary cholesterol excretion (96), but it significantly
reduces liver and plasma sphingolipids in both humans and
mice (97). In that context, it was recently demonstrated that
�30% of the circulating LDLc is rather excreted from blood
through the gut via a trans-intestinal cholesterol excretion
pathway. Pcsk9�/� mice exhibit increased trans-intestinal cho-
lesterol excretion in part due to the PCSK9-regulated LDLR
and another receptor (98).
Human Mutations and Clinical Trials Using Monoclonal

Antibodies to PCSK9—Human PCSK9 is a highly polymorphic
gene,with�150 codingmutations compiled (LOVDDatabase),
many of which result in either LOF or GOF. In 2011, Chrétien
and co-workers (99) identified, in a FrenchCanadian family, the
unique LOF Q152H point mutation situated at the autocata-
lytic zymogen-processing site of PCSK9. This mutation is asso-
ciated with marked hypocholesterolemia and an �70–80%
reduction in the level of circulating PCSK9 (99). The resulting
proPCSK9 acts as a dominant-negative in the ER, preventing
the zymogen processing of the non-mutated protein derived
from the wild-type allele (99, 100). Mimicking this genetic
defect with a specific small molecule inhibitor may lead to an
orally bioavailable drug.
Two women lacking functional PCSK9 have extremely low

levels of LDLc (�0.4 mM), indicating that PCSK9 inhibition
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may be safe (3). Thus, anti-PCSK9 monoclonal antibodies that
interfere with PCSK9-LDLR complex formation are efficient in
reducing LDLc levels. So far, the clinical data are very encour-
aging, with phase II trials showing a drop of �60% in LDLc for
at least 2 weeks after a single subcutaneous injection of a
humanized anti-PCSK9 monoclonal antibody in the presence
or absence of the cholesterol-lowering “statin” therapy. Phase
III clinical trials have now started with �20,000 individuals
being tested, and anticipated results should be forthcoming in
2016/2018 (reviewed in Ref. 76). Other approaches including
the use of recombinant adnectins, antisense RNAi, or small
molecule inhibitors are also undergoing early preclinical testing
or are already in phase I clinical trials (3, 76).

Conclusions

The original hypothesis of the existence of secretory precur-
sors that, upon specific cleavage(s), release bioactive peptides
or proteins has been amply tested and confirmed in many pre-
cursor proteins from various species (1, 2). The long process of
hunting for the cognate proteases responsible for such process-
ing led to the identification of nine PCs with multiple physio-
logical functions that, in some cases, are associatedwith pathol-
ogy (3). Some PCs are essential for normal development, tissue
homeostasis, and metabolic cascades, whereas are others have
more limited physiological functions. In humans, PCSK1 LOF
and PCSK9 GOF mutations can lead to pathology. In contrast,
LOF variants of PCSK9 are protective against hypercholesterol-
emia. The accumulated knowledge over the last 23 years leads
us to think that inhibiting some of these convertases may be
beneficial, in some cases, to the patient. The most advanced
target is by far PCSK9 because data from human genetics and
mouse models encouraged the development of efficacious
methods to reduce its activity on the LDLR through the use of
injectable monoclonal antibodies. This brings about a powerful
new strategy to reduce hypercholesterolemia, especially in
patients that do not tolerate statins, are resistant to their action,
or do not achieve low levels of LDLc by the available treatments.
In the future, modulation of some of the other PCs for specific
conditions may also find its way into the clinic.
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Development of high-throughput sequencing-basedmethods
has enabled us to examine nuclear architecture at unprece-
dented resolution, allowing further examination of the function
of long-range chromosomal interactions.Here, we reviewmeth-
ods used to investigate novel long-range chromosomal interac-
tions and genome-wide organization of chromatin. We further
discuss transcriptional activation and silencing in relation to
organization and positioning of gene loci and regulation of
chromatin organization through protein complexes and non-
coding RNAs.

The nucleus is a three-dimensional structure that is often
simplified to a one-dimensional linear structure, which over-
looks the importance of nuclear organization in biological func-
tions. Earlymicroscopy studies on nuclear architecture focused
on general organizing principles such as chromosome position-
ing, which led to the hypothesis that each chromosome remains
within its own territory during interphase (1, 2). However, it is
now recognized that chromosome territories frequently inter-
mingle and coincide with genome function and stability (3, 4).
The advent of chromosome conformation capture (3C)2-based
methods has transformed our understanding of long-range
chromosomal interactions, revealing through sequencing anal-
ysis a highly complex landscape consisting of specific localiza-
tion patterns that correlate with transcriptional activation,
repression, translocation, and other biological events. Together
with traditional imaging-based methods (5), these newer tech-
nologies are starting to uncover more general principles of
chromosomal organization among a variety of cell types (6–8).
In this minireview, we will first examine recent technologies

used to define long-range interactions.Wewill then discuss the

functional implications of these long-range interactions and
the different factors involved in organizing long-range interac-
tions in the nucleus. Our focus will be mainly on chromatin
conformation.Many other excellent reviews focusing on global
nuclear organization relating to chromosome positioning (9)
and nuclear bodies (10) are available for interested readers.

Studying Long-range Chromosomal Interactions with
FISH- and 3C-based Methods

Nuclear organization was initially explored using imaging
analysis such as FISH-based methods (11). Multicolor FISH
provided direct evidence for chromosome territories (5). FISH
was also used to correlate transcriptional activity with position
of genes within a chromosome territory in several studies.
Actively transcribed genes at the HoxB locus were more likely
seen looped out of its chromosome territory (12). Positioning of
genes at the periphery of a chromosome territory reflected a
repressed transcriptional state (13). Genes located far from one
other can often aggregate and colocalize when activated (14).
Interestingly, FISH studies have also characterized in trans
long-range interactions as rare events, occurring in 5–15% of
cells (15–20). However, FISH requires fixation of cells, leading
to two interpretations for these data (21). It may be that long-
range interactions are so transient that, at any given time, we
can observe only a small percentage of these interactions or that
long-range interactions are stable but present in only a subset of
cells. The latter observation is supported when transactivation,
measured based on accumulation of cytoplasmic mRNA in
interchromosomal interactions, occurs only in a small percent-
age of cells (22). Although requiring further study, both confirm
that interactions are heterogeneous within cells.
Recently, new approaches have been developed basedmostly

on 3C technology, introduced by Dekker et al. (23) to quantify
interactions between distant DNA regions (Fig. 1). In the orig-
inal protocol, cells are fixed with formaldehyde, and chromatin
is digested with either “six cutter” restriction enzymes such as
HindIII, BamHI, and EcoRI or “four cutter” enzymes such as
DpnII, MboI, and Csp6I. Then, to ensure that only DNA frag-
mentswithin the sameDNA-protein complexwill ligate to each
other, the fragments are diluted to favor in cis ligation. Ligation
products are identified by PCR using primers targeting
sequences flanking the restriction enzyme cutting sites. Usu-
ally, various primer combinations targeting every restriction
site in a specific region are used to construct amatrix of ligation
efficiency, revealing interaction frequencies within that region.
The traditional 3C approach captures “one-to-one” interac-
tions, where the gene of interest is probed for probable inter-
acting partner loci; however, in many cases, there is no prior
indication of where these potential interacting sites are.
Building on the 3C procedure, chromosome conformation

capture-on-chip (4C) defines a bait region to discover novel
interacting regions (15, 16). A variety of 4C strategies have been
developed, but generally, the fixation and digestion steps are
similar to 3C analysis, where circular DNA loops are also
formed by ligation (Fig. 1). Inverse PCR primers designed to

1 To whom correspondence should be addressed. E-mail: wangelu@usc.edu.
2 The abbreviations used are: 3C, chromosome conformation capture; 4C,

chromosome conformation capture-on-chip; 5C, chromosome conforma-
tion capture carbon copy; ChIA-PET, chromatin interaction analysis with
paired-end tag sequencing; CTCF, CCCTC-binding factor; RNAPII, RNA
polymerase II; LAD, lamin-interacting domain; DSB, double-strand break;
EKLF, erythroid Krüppel-like factor; LCR, locus control region; ES, embry-
onic stem; lncRNA, long noncoding RNA; XCI, X chromosome inactivation;
Xi, to-be inactivated X chromosome.
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amplify all unknown sequences are ligated to the bait region.
The amplification product is then subjected to microarray or
next-generation sequencing. In addition to using enzymediges-
tion, sonication can also be adapted to 4C to avoid systematic
bias of enzyme cutting (24, 25).
To look at all contact frequencies between any two points

within a single large genomic region, chromosome conforma-
tion capture carbon copy (5C) was designed to generate a
matrix of interaction frequencies (7, 26) using oligonucleotide
pairs matched to every ligation site between interacting 3C
fragments. After amplification, readout of the junctions using
microarray or next-generation sequencing can generate a
three-dimensional organization map of a large genomic region
at high resolution. 5C is powerful because it can theoretically
measure the interaction efficiency between any two digestion
sites; however, a very large number of oligonucleotides are
needed to evaluate the conformation of a whole chromosome
or an entire genome, so the cost of synthesizing such a large
amount of primers prevents this technology from being applied
to genome-wide studies.
A similar but more powerful method, HiC can generate an

“all-to-all” genome-wide interaction frequency matrix (6, 7).
The fixation and digestion steps are similar to those in the basic
3C protocol, but after digestion, the restriction ends are filled
in with biotin-labeled nucleotides, which after blunt end
ligation can be pulled down for high-throughput sequencing.
This removes the need to design specific oligonucleotide

pairs (7) and increases the resolution to �1 Mb based on 10
million pair-end reads (7). However, increasing HiC resolu-
tion is difficult because a 10-fold increase in resolution
requires a 100-fold increase in sequence depth (27). Because
HiC is only able to resolve on the Mb level, correlation with
specific genes or epigenetic marks still remains unrealistic.
Only in organisms with smaller genomes such as yeast can a
kb level resolution be reached (28). Nevertheless, HiC
remains a powerful tool for revealing chromosome territo-
ries and genome compartmentalization.
To specifically screen “point-to-point” interactions, another

strategy called ChIA-PET was developed combining ChIP with
3C to discover loops bound by particular proteins (29). In the
initial study, Fullwood et al. reported thousands of intrachro-
mosomal contacts between estrogen receptor �-binding sites.
Recently, this technique was extended to delineate looping
activity between CCCTC-binding factor (CTCF) and RNA
polymerase II (30, 31). ChIA-PET is different from most other
3C-based protocols (Fig. 1). First, sonication is used instead of
enzyme digestion, which rules out the digestion inefficiency at
different restriction enzyme cutting sites. Second, an immuno-
precipitation step is added after ligation. The interactions
detected by ChIA-PET can be validated by traditional 3C and
4C (29), suggesting that ChIA-PET is robust and reproducible.
These 3C-based techniques are powerful but limited because

3C-based methods can capture only the average chromatin
contact frequency in all cells. Whether these contact frequen-

FIGURE 1. Schematic representation of 3C-based methods. There are many methods derived from the original 3C design. Here, we present a few popular
methods. In brief, cells are cross-linked, and chromatin is digested by restriction enzymes or sonicated. The structures of protein complexes containing DNA are
preserved. These complexes are then diluted to a very low concentration, and ligation reactions are performed. Different amplification strategies are used to
measure the relative cross-linking efficiency between loci. 3C is used to detect one specific interaction. 4C detects all possible interacting regions of one given
locus. 5C and HiC provide “many-to-many” interacting efficiencies in a large genomic region or the whole genome. ChIP-PET includes immunoprecipitation to
specifically examine the long-range interactions associated with a specific protein.
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cies are significant will require validation in individual cells
through FISH, which remains the only way to detect organiza-
tion at the single cell level so far.

Long-range Interactions and Transcription

The classic explanation of transcription imagines a one-di-
mensional process in which RNA polymerase slides through a
region to be transcribed (Fig. 2, A and B), but transcriptional
mechanisms in vivo are likely very different. Early immunola-
beling experiments of nascent RNA transcripts identified
uneven distribution of transcripts in nuclei. These discrete foci
were found to be sensitive to transcriptional inhibition (32).
Even at saturation, the number of foci observed in such labeling
studies ranged from hundreds to several thousand per nucleus
(14, 33, 34), but there were far fewer foci than active transcrip-
tion units observed (33, 35). Thus, regions in which several
transcription units shared the same foci came to be called “tran-
scription factories” (36).
Immunogold and immunofluorescent detection of RNA

polymerase II (RNAPII) coupled with nascent RNA revealed
that many RNAPII foci and nascent RNA foci overlap (37).
However, not all RNAPII sites are positive for nascent RNA
labeling, indicating that not all RNAPII-enriched foci are
equally active. RNAPII phosphorylated at Ser-2 and Ser-5 label
active transcription factories, whereas RNAPII foci phosphor-

ylated only at Ser-5 are transcription poised sites (13, 34).
Recent studies showed that when transcription initiation is
inhibited by heat shock, RNAPII remains at the transcription
foci 30min after active genes havemoved away (38), suggesting
that transcription factories are not self-assembled RNAPII pro-
teins brought together by transcription but are relatively stable
subnuclear compartments.
A key feature of the transcription factory model is that dis-

parate transcription units can share the same factory at a given
frequency, a concept initially referred to as “aggregation neigh-
boring active genes” (39). Subsequent studies revealed that
colocalization of “neighboring genes” up to 40 Mb away can
share the same factories at higher-than-expected frequencies,
as confirmed by both RNA FISH/RNAPII Ser-5 colocalization
and 3C assays (14). Colocalization of active loci is not limited to
genes on the same chromosome but can be expanded to the
whole genome, although trans colocalization occurs with
reduced frequency (40). Studies comparing transcription of
�-globin (Hba) and �-globin (Hbb) “super genes,” constitu-
tively expressed genes in all erythroid cells from nascent RNA
FISH analysis (14), with other active genes suggested that
although super genes constantly occupy transcription factories,
other active genes transiently move into these factories only
when transcription is needed. Supporting this “burst” model,

FIGURE 2. Transcriptional architecture: from a one-dimensional linear model to a three-dimensional transcription factory model. A, the simplest model
of transcription organization considers chromatin structure as one-dimensional and posits that the transcriptional machinery acts mainly on promoters or
enhancers immediately upstream of a transcription start site. TF, transcription factor. B, the looping model usually describes interaction between a promoter
and a distant upstream enhancer. The cohesin complex is considered essential to maintain the looping structure. C, a transcription factory consists of
immobilized and enriched RNAPII foci. DNA loci in cis and in trans are recruited to the factory by specific transcription factors as well as by CTCF and the cohesin
complex. Different chromosomes are represented as Chr A and Chr B.
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kinetic analysis of immediate-early genes such as Fos and Myc
indicated that induction as short as 5 min is sufficient for Fos
relocation from outside of transcription factories into the con-
stitutively transcribed Igh locus (41). Although the concept of
transcription factories has become popular in recent years,
debate continues on whether transcription is the direct and
rapidly acting force that drives loci to transcription factories.
One study showed that inhibition of transcription elongation
for 5 h does not perturb colocalization (42). The interpretation
may be that although correlated with transcription, colocaliza-
tion is independent of transcriptional bursts. Other examples
argue that colocalization of active genes may be mediated
through nuclear speckles enriched in splicing factor SC35 (43).
However, this may be an experimental artifact because active
RNAPII redistributes with nuclear speckles in protocols utiliz-
ing chromatin fixation (44).
If active alleles “gather” to share basic transcriptional

machinery, one would expect that active alleles in the same foci
would behave similarly, but evidence appears to the contrary
(40). Specialized transcription factories seem to be the organiz-
ers of coregulated genes (45). As shown by an immuno-RNA
FISH tracking experiment, a minichromosome containing
active genes introduced into cells localized with endogenous
genes within a subset of transcription factories depending on
the promoters of the active genes, suggesting that coregulated
genes share the same factory (46). Schoenfelder et al. (40) pro-
vided more direct evidence of in vivo clustering of active genes;
when a human HBB allele was introduced into a mouse
genome, the integrated HBB preferentially localized with the
endogenous mouse Hbb locus compared with the mouse Hba
locus. When an enhanced 4C assay was applied to screen loci
occupied by active RNAPII and interacting with Hbb or Hba,
hundreds of overlapping loci were observed that contained
both in cis and in trans transcription partners. These colocal-
ization events were regulated by Klf1, which, together with
RNAPII, formed these specialized transcription factories. Sim-
ilarly, NF�B factories transcribing microRNAs were observed
during TNF� induction (47).
In summary, a functionally organized nucleus consists of

specialized transcription factories containing active RNAPII,
specific transcription factors, and various genes active or poised
for transcription. Organization of the nucleus’ intra- and inter-
chromosomal interactions ensures compartmentalization of
nonrandom transcription. These conformationsmay be tissue-
specific and dynamically regulated in particular biological
events.

Nuclear Lamins and Silenced Chromosome Regions

Nuclear lamins are type V intermediate filament proteins
that are located between the inner nuclear membrane and
peripheral heterochromatin (48). They are involved in various
functions, including regulation of nuclear envelope shape (49),
formation of themitotic spindle (50), DNA replication (51), and
transcription (52). More recently, lamins were shown to asso-
ciate with transcriptionally inactive chromatin in humans and
Drosophila (53, 54). These large lamin-interacting domains
(LADs) span�1Mb and aremostly heterochromatic. The loca-
tion of these LADs depends partly on their interaction with

lamins, although definitive evidence is still lacking. For exam-
ple, in lamin B null (LMNB�/�) mouse embryonic fibroblasts,
despite having lower gene density, chromosome 18 is posi-
tioned away from the nuclear periphery (55, 56). Apart from
LADs, centromeres and telomeres also interact with lamins.
Centromeres are usually anchored near the nuclear periphery
by B-type lamins (57, 58). Similarly, the distribution and stabil-
ity of telomeres are influenced by lamins as well (59).
Although the nuclear lamina associates with largely

repressed regions, whether it causes transcriptional silencing
remains an unanswered question. Transcriptional activity at
the nuclear lamina has been shown to be similar to that within
internal regions of the nucleus (52). Moreover, when chromo-
some regions relocate to the nuclear periphery through tether-
ing to the inner nuclear membrane, only a fraction of the genes
show reduced expression (60). Additionally, genes can relocate
to other organizing structures such as pericentromeric hetero-
chromatin loci and be silenced (61, 62). Further investigation
will clarify what role nuclear lamins play in transcriptional
silencing.

Potential Role of Long-range Interactions in
Chromosomal Translocation

Long-range interactions may be involved in creating chro-
mosomal translocations. As a hallmark of cancer, specific chro-
mosome regions frequently become translocated (63) through
DNA single- or double-strand breaks (DSBs) (64, 65). In many
cases, this results in fusion proteins that confer selective advan-
tage to cells harboring the translocations, contributing to cell
transformation. Particular chromosomal translocations seem
to recur due to the nonrandom compartmentalization of the
genome. Interestingly, translocations are often associated with
active transcription (66), which may correlate certain translo-
cation patterns with transcription factory colocalization (67).
As mentioned previously, althoughMyc and Igh are located on
different chromosomes, they share the same transcription fac-
tory,with 25%ofMyc alleles colocalizingwith the Igh locus after
Fos induction. This preferential colocalization may lead to
more frequent chromosomal translocation as seen in Burkitt
lymphoma (41). Recently, two studies assessing genome-wide
translocation compared translocation sites using 4C- or HiC-
based sequencing (68, 69). To experimentallymanipulate trans-
location frequency, both studies applied a knock-in or inte-
grated I-SceI locus, which can be cutwhen restriction enzyme is
introduced into the cells to cause artificial DSBs. Using high-
throughput genome-wide translocation sequencing or translo-
cation-capture sequencing, numerous translocations were
identified after introducing DSBs at various loci. When com-
paring translocation frequencywith spatial proximity, the stud-
ies reached complementary conclusions. Zhang et al. (69) uti-
lized HiC to investigate translocation frequencies of various
integrated I-SceI loci and found that both in cis and in trans
translocation correlated with spatial proximity. Using 4C on a
more defined system, Hakim et al. (68) found that whereas
Aid�/� (Aid encodes an enzyme that createDNAbreaks) trans-
location correlatedwith nuclear contact frequency, Aid-depen-
dent translocations, which corresponded to recurrent translo-
cations, did not correlate with nuclear contacts. Instead, it was
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DNA damage itself detected through AID activity in specific
chromatin regions that correlated with recurrent transloca-
tions (68). Therefore, both studies concluded that although
most certain types of translocation are associated with contact
frequency, some are not.

Regulatory Mechanisms in Nuclear Organization

As discussed, the nucleus is highly organized and exhibits
nonrandom conformations. Many powerful tools such as
3C-based methods and FISH have helped model nuclear orga-
nization in detail; however, there is still no efficient way to sys-
tematically identify the proteins that organize these interac-
tions. Nonetheless, we discuss selected examples of protein and
RNA factors that have been shown to influence chromatin con-
formation and may contribute to the organization of nuclear
architecture.

Control of the �-Globin Locus by Transcription Factors
EKLF, GATA-1, and FOG-1

The �-globin locus is one of the most extensively studied
examples of long-range interaction. The locus control region

(LCR), located 25 kb from the closest gene, regulates a set of
genes encoding variants of the �-chain of hemoglobin as far as
80 kb away. As determined by 3C analysis, LCR loops out genes
to interact with the �-globin loci in fetal cells and switches to
regulating the �-globin loci in adult cells (70). LCR contains
binding sites for transcription factors EKLF (Klf1) and
GATA-1, both essential regulators of �-globin expression (71).
EKLF knock-out mice show severely reduced �-globin expres-
sion and loss of long-range interactions between LCR and
�-globin (72). Induction of GATA-1 fused with the estrogen
receptor in a GATA-1�/� background promotes long-range
interactions and GATA-1 occupancy of LCR/�-globin loci.
Interaction of its cofactor FOG-1withGATA-1 is also essential
tomediate looping (73).More recently, enhanced 4C analysis of
genome-wide long-range interactions involving �-globin loci
showed that many of these loci colocalize with EKLF staining
and contain EKLF-regulated genes (Fig. 3A) (40). These results
validate the role of EKLF in organizing specialized transcrip-
tion, including �-globin and its in cis and in trans interacting
partners GATA-1 and FOG-1.

FIGURE 3. Regulatory mechanisms governing nuclear architecture in various systems. A, �-globin loci in erythroid cells are enriched in Klf1-specialized
transcription factories. Other Klf1-coregulated gene loci are dynamically colocalized with the �-globin locus and cotranscribed in specialized transcription
factories. B, four categories of CTCF-mediated looping functions. Green arrows indicate genes with active epigenetic marks. Red brackets represent genes with
repressive histone modification. Black boxes represent active enhancer elements. C, XIST-mediated XCI. The XIST lncRNA is expressed on Xi and spreads to cover
the full chromosome (upper panel). The PRC2 complex is recruited by XIST and also loaded onto Xi. Xi is compacted and forms unique higher order chromosome
structure (lower panel), with inactivated genes located inside, and active genes (“escapees” represented by red boxes) located on the outer surface.
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CTCF Regulates Genome Organization in Pluripotent
Stem Cells

Pluripotent stem cells are distinct from somatic cells in tran-
scriptional and epigenetic status. Recent studies using 3C and
4C methods have shown that pluripotency factors Nanog and
Klf4 have distinct interaction networks that maintain stem cell
identity (74–76). Additionally, Dixon et al. (6) systematically
explored genome-wide organization by HiC and provided sig-
nificant insights into genome structure in human and mouse
pluripotent stem cells. Using an optimized HiC method and
computational algorithms, a high-resolution interaction map
generated in stem cells and differentiated progenitors estab-
lished the concept of the “topological domain,” defined as a
region bound by narrow segments where chromatin interac-
tions end. By determining long-range interacting partners at
each specific domain and demarcating transition regions, this
work provided a simple but elegant way of modeling genome
organization.
HiC mapping of embryonic stem (ES) cells identified CTCF

to be strongly enriched at topological boundary regions. As the
only insulator characterized in vertebrates, CTCF is unique in
its ability to block enhancers and demarcate euchromatin/het-
erochromatin boundaries (77). However, genome-wide occu-
pancy profiling indicated that CTCF binds many more sites
than anticipated, suggesting roles other than as an insulator (78,
79). On the local level, CTCF binding reportedly participates in
long-range interactions such as colocalization of gene loci Igf2/
H19 andWsb1/Nf1, organization of the �-globin loci, and pair-
ing of X chromosomes during X inactivation (19, 80, 81). Direct
evidence that CTCF regulates long-range interactions on a
genome-wide level was not available until Handoko et al. (30)
characterized CTCF-mediated functional chromatin interac-
tomes. The authors applied ChIA-PET through pulldown of
CTCF in biological and technical replicates and deep
sequenced for in cis and in trans long-range interactions (30).
Altogether, 3306 CTCF-binding sites with 1480 intrachromo-
somal interactions and 336 interchromosomal interactions
were identified and validated by 4C and FISH assays. These
interactions were CTCF-dependent, demonstrated by CTCF
knockdown cells analyzed by 3C and FISH. Most importantly,
the authors defined four categories of loopingwith correspond-
ing biological function based on assessment of epigeneticmarks
inside and outside the loop (Fig. 3B). The first category featured
active epigenetic marks inside the loop and repressive marks
outside, whereas the second described the opposite. The third
category consisted of enhancer promoter loops, and the fourth
considered loops acting as barriers between active and repres-
sive regions. Defining these types of looping showedCTCFwith
multiple roles regulating higher order chromatin structure and
linked chromatin loops with local transcription.
We are beginning to understand how CTCF functions in

organizing chromatin structure, but several questions remain.
First, CTCF has �68,000 binding sites in mouse ES cells, but
only 3000 of them are identified to participate in looping (30).
These 3000 sites cannot be distinguished from other CTCF
sites, suggesting that cofactorsmay be involved. Another expla-
nation may be that binding interactions are transient or occur

only in a subpopulation of cells, thus requiring deeper sequenc-
ing depth to capture those interactions. Furthermore, although
CTCF is ubiquitously expressed, no comprehensive studies
have looked at whether transient depletion of CTCF has a sig-
nificant influence on transcription, thus leaving the full biolog-
ical impact of looping elusive for now.

Long Noncoding RNAs in X Chromosome Inactivation

Perhaps the best example of long noncoding RNAs
(lncRNAs) mediating higher order chromatin structure is in X
chromosome inactivation (XCI). XIST was the first lncRNA
identified to be essential for XCI, which was later followed by
the discovery of other lncRNA players such as RepA, Tsix, and
Jpx (82).
XCI proceeds stepwise through development. Before differ-

entiation of ES cells, the lncRNA Tsix is expressed biallelically
and prevents binding of the RepA-PRC2 protein complex to the
Xist promoter (83).When differentiation initiates, Tsix expres-
sion becomes limited to only one randomly selected allele (83).
This leads to RepA-PRC2 complex loading onto the Xist locus
on the to-be inactivated X chromosome (Xi) and activates Xist
expression. Xist transcripts recruit PRC2 as transcription pro-
ceeds (84), while at the same time, transcription factor YY1
binds to the “nucleation center” of Xi but not to the activated X
chromosome (85). Finally, the PRC2-XIST complex is loaded
onto the YY1 protein and begins the spread of heterochromatic
regions from the nucleation center to neighboring regions,
eventually “coating” PRC2 and XIST over the surface of the
entire Xi (Fig. 3C) (86). Although XIST clearly functions in
almost every step of XCI, XIST depletion after XCI has little
effect on chromosome conformation (87).
The central role of lncRNAs in XCI may not be unique but

rather an example of their universal role as mediators of higher
order chromatin structure because lncRNAs appear to be
inherently suitable to mediate these types of interactions.
lncRNAs can tether to transcription units to serve as allele-
specific tags, as their binding sites aremore selective than those
of DNA-binding proteins (88), or serve as adaptors and interact
with multiple proteins (89, 90). For example, a recent study
showed HOTTIP lncRNA as an essential mediator of the
WDR5-MLL complex in regulating long-range interactions
and gene expression at the HoxA cluster (90). lncRNAs are
more likely to be retained in the nucleus,making them essential
regulators of nuclear architecture (91). Further characteriza-
tion of lncRNA function through knock-out studies is needed
to conclude which specific lncRNAs are involved in nuclear
organization because some knock-out studies have shown that
some lncRNAs are dispensable for nuclear organization
(92–94).

How Dynamic Are the Long-range Interactions? Insights
from Mobility Studies

To date, most chromatin interaction studies use fixed cells,
which can only reflect interaction efficiency at a population
average. FISH experiments face limitations as well, where well
defined long-range interactions are seen only in a small popu-
lation of cells (92–94). To fully understand chromatin dynam-
ics, chromatin motility studies provide us with a glimpse. One
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study in yeast revealed that chromatin undergoes Brownian dif-
fusion within a confined nuclear subregion (95), which accords
with the concept of chromosome territories (96). In mamma-
lian cells, it is estimated that the radius of rapid motion is �40
nm and requires ATP in an active mode of Brownian diffusion,
not a passive one (97). Long-range motion, occurring usually at
the micrometer level, is also much rarer than short-range
motion (98) as concluded by 4C and HiC studies showing that
most interactions occur within domains at the Mb level. Thus,
these interchromosomal interactions and their overall biologi-
cal significance still remain to be determined.

Conclusion

The significance of higher order chromatin structure and
long-range chromosomal interactions has opened up new fields
of research in molecular biology. A combination of FISH- and
3C-based technology has helped probe nuclear architecture at
unprecedented resolution, and instead of imagining chromatin
as a randomly compacted structure, we can now treat chroma-
tin as a dynamic structure that loops within and between com-
partments in the nucleus.Many distal elements control special-
ized cellular functions such as transcription, gene silencing, and
translocation through long-range interactions. Although the
details of how features of nuclear architecture regulate these
functions are still largely unknown, studies on insulators, tran-
scription factors, the polycomb complex, and noncoding RNAs
provide some preliminary insight into the regulation of biolog-
ical function by these chromatin structure components.

REFERENCES
1. Cremer, T., and Cremer, C. (2006) Rise, fall and resurrection of chromo-

some territories: a historical perspective. Part II. Fall and resurrection of
chromosome territories during the 1950s to 1980s. Part III. Chromosome
territories and the functional nuclear architecture: experiments andmod-
els from the 1990s to the present. Eur. J. Histochem. 50, 223–272

2. Hübner,M. R., and Spector, D. L. (2010) Chromatin dynamics.Annu. Rev.
Biophys. 39, 471–489

3. Branco, M. R., and Pombo, A. (2006) Intermingling of chromosome terri-
tories in interphase suggests role in translocations and transcription-de-
pendent associations. PLoS Biol. 4, e138

4. Bian, Q., and Belmont, A. S. (2012) Revisiting higher-order and large-scale
chromatin organization. Curr. Opin. Cell Biol. 24, 359–366

5. Cremer, T., and Cremer, M. (2010) Chromosome territories. Cold Spring
Harb. Perspect. Biol. 2, a003889

6. Dixon, J. R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., Hu, M., Liu, J. S.,
and Ren, B. (2012) Topological domains in mammalian genomes identi-
fied by analysis of chromatin interactions. Nature 485, 376–380

7. Lieberman-Aiden, E., van Berkum, N. L., Williams, L., Imakaev, M.,
Ragoczy, T., Telling, A., Amit, I., Lajoie, B. R., Sabo, P. J., Dorschner,M.O.,
Sandstrom, R., Bernstein, B., Bender, M. A., Groudine, M., Gnirke, A.,
Stamatoyannopoulos, J., Mirny, L. A., Lander, E. S., and Dekker, J. (2009)
Comprehensive mapping of long-range interactions reveals folding prin-
ciples of the human genome. Science 326, 289–293

8. Nora, E. P., Lajoie, B. R., Schulz, E. G., Giorgetti, L., Okamoto, I., Servant,
N., Piolot, T., van Berkum,N. L.,Meisig, J., Sedat, J., Gribnau, J., Barillot, E.,
Blüthgen, N., Dekker, J., and Heard, E. (2012) Spatial partitioning of the
regulatory landscape of the X-inactivation centre. Nature 485, 381–385

9. Ferrai, C., de Castro, I. J., Lavitas, L., Chotalia, M., and Pombo, A. (2010)
Gene positioning. Cold Spring Harb. Perspect. Biol. 2, a000588

10. Spector, D. L., and Lamond, A. I. (2011) Nuclear speckles. Cold Spring
Harb. Perspect. Biol. 3, a000646

11. Cremer, C., Cremer, T., and Gray, J. W. (1982) Induction of chromosome
damage by ultraviolet light and caffeine: correlation of cytogenetic evalu-

ation and flow karyotype. Cytometry 2, 287–290
12. Chambeyron, S., and Bickmore, W. A. (2004) Chromatin decondensation

and nuclear reorganization of theHoxB locus upon induction of transcrip-
tion. Genes Dev. 18, 1119–1130

13. Ferrai, C., Xie, S. Q., Luraghi, P., Munari, D., Ramirez, F., Branco, M. R.,
Pombo, A., and Crippa, M. P. (2010) Poised transcription factories prime
silent uPA gene prior to activation. PLoS Biol. 8, e1000270

14. Osborne, C. S., Chakalova, L., Brown, K. E., Carter, D., Horton, A., Deb-
rand, E., Goyenechea, B., Mitchell, J. A., Lopes, S., Reik, W., and Fraser, P.
(2004)Active genes dynamically colocalize to shared sites of ongoing tran-
scription. Nat. Genet. 36, 1065–1071

15. Simonis, M., Klous, P., Splinter, E., Moshkin, Y., Willemsen, R., deWit, E.,
van Steensel, B., and de Laat,W. (2006) Nuclear organization of active and
inactive chromatin domains uncovered by chromosome conformation
capture-on-chip (4C). Nat. Genet. 38, 1348–1354

16. Zhao, Z., Tavoosidana, G., Sjölinder, M., Göndör, A., Mariano, P., Wang,
S., Kanduri, C., Lezcano, M., Sandhu, K. S., Singh, U., Pant, V., Tiwari, V.,
Kurukuti, S., and Ohlsson, R. (2006) Circular chromosome conformation
capture (4C) uncovers extensive networks of epigenetically regulated in-
tra- and interchromosomal interactions. Nat. Genet. 38, 1341–1347

17. Spilianakis, C. G., Lalioti, M. D., Town, T., Lee, G. R., and Flavell, R. A.
(2005) Interchromosomal associations between alternatively expressed
loci. Nature 435, 637–645

18. Lomvardas, S., Barnea, G., Pisapia, D. J., Mendelsohn, M., Kirkland, J., and
Axel, R. (2006) Interchromosomal interactions and olfactory receptor
choice. Cell 126, 403–413

19. Ling, J. Q., Li, T., Hu, J. F., Vu, T. H., Chen, H. L., Qiu, X.W., Cherry, A.M.,
and Hoffman, A. R. (2006) CTCFmediates interchromosomal colocaliza-
tion between Igf2/H19 and Wsb1/Nf1. Science 312, 269–272

20. Sandhu, K. S., Shi, C., Sjölinder, M., Zhao, Z., Göndör, A., Liu, L., Tiwari,
V. K., Guibert, S., Emilsson, L., Imreh, M. P., and Ohlsson, R. (2009) Non-
allelic transvection of multiple imprinted loci is organized by the H19
imprinting control region during germline development. Genes Dev. 23,
2598–2603

21. Williams, A., Spilianakis, C. G., and Flavell, R. A. (2010) Interchromo-
somal association and gene regulation in trans. Trends Genet. 26,
188–197

22. Noordermeer, D., de Wit, E., Klous, P., van de Werken, H., Simonis, M.,
Lopez-Jones, M., Eussen, B., de Klein, A., Singer, R. H., and de Laat, W.
(2011) Variegated gene expression caused by cell-specific long-range
DNA interactions. Nat. Cell Biol. 13, 944–951

23. Dekker, J., Rippe, K., Dekker, M., and Kleckner, N. (2002) Capturing chro-
mosome conformation. Science 295, 1306–1311

24. Gao, F., Wei, Z., Lu, W., and Wang, K. (2013) Comparative analysis of
4C-Seq data generated from enzyme-based and sonication-based meth-
ods. BMC Genomics 14, 345

25. Gao, F.,Wei, Z., An,W.,Wang, K., and Lu,W. (2013) The interactomes of
POU5F1 and SOX2 enhancers in human embryonic stem cells. Sci. Rep. 3,
1588

26. Dostie, J., Richmond, T. A., Arnaout, R. A., Selzer, R. R., Lee,W. L., Honan,
T. A., Rubio, E. D., Krumm, A., Lamb, J., Nusbaum, C., Green, R. D., and
Dekker, J. (2006) Chromosome conformation capture carbon copy (5C): a
massively parallel solution for mapping interactions between genomic
elements. Genome Res. 16, 1299–1309

27. de Wit, E., and de Laat, W. (2012) A decade of 3C technologies: insights
into nuclear organization. Genes Dev. 26, 11–24

28. Duan, Z., Andronescu, M., Schutz, K., McIlwain, S., Kim, Y. J., Lee, C.,
Shendure, J., Fields, S., Blau, C. A., and Noble, W. S. (2010) A three-
dimensional model of the yeast genome. Nature 465, 363–367

29. Fullwood, M. J., Liu, M. H., Pan, Y. F., Liu, J., Xu, H., Mohamed, Y. B.,
Orlov, Y. L., Velkov, S., Ho, A., Mei, P. H., Chew, E. G., Huang, P. Y.,
Welboren,W. J., Han, Y., Ooi, H. S., Ariyaratne, P. N., Vega, V. B., Luo, Y.,
Tan, P. Y., Choy, P. Y.,Wansa, K. D., Zhao, B., Lim, K. S., Leow, S. C., Yow,
J. S., Joseph, R., Li, H., Desai, K. V., Thomsen, J. S., Lee, Y. K., Karuturi,
R. K., Herve, T., Bourque, G., Stunnenberg, H. G., Ruan, X., Cacheux-
Rataboul, V., Sung, W. K., Liu, E. T., Wei, C. L., Cheung, E., and Ruan, Y.
(2009) An oestrogen-receptor-�-bound human chromatin interactome.
Nature 462, 58–64

MINIREVIEW: Long-range Chromosomal Interactions

AUGUST 2, 2013 • VOLUME 288 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 22375



30. Handoko, L., Xu, H., Li, G., Ngan, C. Y., Chew, E., Schnapp,M., Lee, C.W.,
Ye, C., Ping, J. L., Mulawadi, F., Wong, E., Sheng, J., Zhang, Y., Poh, T.,
Chan, C. S., Kunarso, G., Shahab, A., Bourque, G., Cacheux-Rataboul, V.,
Sung, W. K., Ruan, Y., and Wei, C. L. (2011) CTCF-mediated functional
chromatin interactome in pluripotent cells. Nat. Genet. 43, 630–638

31. Li, G., Ruan, X., Auerbach, R. K., Sandhu, K. S., Zheng, M., Wang, P., Poh,
H. M., Goh, Y., Lim, J., Zhang, J., Sim, H. S., Peh, S. Q., Mulawadi, F. H.,
Ong, C. T., Orlov, Y. L., Hong, S., Zhang, Z., Landt, S., Raha, D., Eu-
skirchen, G., Wei, C. L., Ge, W., Wang, H., Davis, C., Fisher-Aylor, K. I.,
Mortazavi, A., Gerstein, M., Gingeras, T., Wold, B., Sun, Y., Fullwood,
M. J., Cheung, E., Liu, E., Sung, W. K., Snyder, M., and Ruan, Y. (2012)
Extensive promoter-centered chromatin interactions provide a topologi-
cal basis for transcription regulation. Cell 148, 84–98

32. Wansink, D. G., Schul,W., van der Kraan, I., van Steensel, B., van Driel, R.,
and de Jong, L. (1993) Fluorescent labeling of nascent RNA reveals tran-
scription by RNA polymerase II in domains scattered throughout the nu-
cleus. J. Cell Biol. 122, 283–293

33. Jackson, D. A., Hassan, A. B., Errington, R. J., and Cook, P. R. (1993)
Visualization of focal sites of transcription within human nuclei. EMBO J.
12, 1059–1065

34. Pombo, A., Jackson, D. A., Hollinshead, M., Wang, Z., Roeder, R. G., and
Cook, P. R. (1999) Regional specialization in humannuclei: visualization of
discrete sites of transcription by RNA polymerase III. EMBO J. 18,
2241–2253

35. Jackson, D. A., Iborra, F. J., Manders, E. M., and Cook, P. R. (1998) Num-
bers and organization of RNA polymerases, nascent transcripts, and tran-
scription units in HeLa nuclei.Mol. Biol. Cell 9, 1523–1536

36. Iborra, F. J., Pombo, A.,McManus, J., Jackson, D. A., andCook, P. R. (1996)
The topology of transcription by immobilized polymerases. Exp. Cell Res.
229, 167–173

37. Iborra, F. J., Pombo, A., Jackson, D. A., and Cook, P. R. (1996) Active RNA
polymerases are localized within discrete transcription “factories” in hu-
man nuclei. J. Cell Sci. 109, 1427–1436

38. Mitchell, J. A., and Fraser, P. (2008) Transcription factories are nuclear
subcompartments that remain in the absence of transcription.Genes Dev.
22, 20–25

39. Cook, P. R. (2002) Predicting three-dimensional genome structure from
transcriptional activity. Nat. Genet. 32, 347–352

40. Schoenfelder, S., Sexton, T., Chakalova, L., Cope, N. F., Horton, A., An-
drews, S., Kurukuti, S., Mitchell, J. A., Umlauf, D., Dimitrova, D. S., Eskiw,
C. H., Luo, Y., Wei, C. L., Ruan, Y., Bieker, J. J., and Fraser, P. (2010)
Preferential associations between co-regulated genes reveal a transcrip-
tional interactome in erythroid cells. Nat. Genet. 42, 53–61

41. Osborne, C. S., Chakalova, L., Mitchell, J. A., Horton, A., Wood, A. L.,
Bolland, D. J., Corcoran, A. E., and Fraser, P. (2007) Myc dynamically and
preferentially relocates to a transcription factory occupied by Igh. PLoS
Biol. 5, e192

42. Palstra, R. J., Simonis,M., Klous, P., Brasset, E., Eijkelkamp, B., and de Laat,
W. (2008) Maintenance of long-range DNA interactions after inhibition
of ongoing RNA polymerase II transcription. PLoS ONE 3, e1661

43. Brown, J. M., Green, J., das Neves, R. P., Wallace, H. A., Smith, A. J.,
Hughes, J., Gray, N., Taylor, S.,Wood,W. G., Higgs, D. R., Iborra, F. J., and
Buckle, V. J. (2008) Association between active genes occurs at nuclear
speckles and is modulated by chromatin environment. J. Cell Biol. 182,
1083–1097

44. Guillot, P. V., Xie, S. Q., Hollinshead, M., and Pombo, A. (2004) Fixation-
induced redistribution of hyperphosphorylated RNA polymerase II in the
nucleus of human cells. Exp. Cell Res. 295, 460–468

45. Chakalova, L., and Fraser, P. (2010) Organization of transcription. Cold
Spring Harb. Perspect. Biol. 2, a000729

46. Xu, M., and Cook, P. R. (2008) Similar active genes cluster in specialized
transcription factories. J. Cell Biol. 181, 615–623

47. Papantonis, A., Kohro, T., Baboo, S., Larkin, J. D., Deng, B., Short, P.,
Tsutsumi, S., Taylor, S., Kanki, Y., Kobayashi, M., Li, G., Poh, H.M., Ruan,
X., Aburatani, H., Ruan, Y., Kodama, T., Wada, Y., and Cook, P. R. (2012)
TNF� signals through specialized factories where responsive coding and
miRNA genes are transcribed. EMBO J. 31, 4404–4414

48. Dechat, T., Adam, S. A., Taimen, P., Shimi, T., and Goldman, R. D. (2010)

Nuclear lamins. Cold Spring Harb. Perspect. Biol. 2, a000547
49. Goldman, R. D., Grin, B., Mendez, M. G., and Kuczmarski, E. R. (2008)

Intermediate filaments: versatile building blocks of cell structure. Curr.
Opin. Cell Biol. 20, 28–34

50. Tsai, M. Y., Wang, S., Heidinger, J. M., Shumaker, D. K., Adam, S. A.,
Goldman, R. D., andZheng, Y. (2006) Amitotic lamin Bmatrix induced by
RanGTP required for spindle assembly. Science 311, 1887–1893

51. Shumaker, D. K., Solimando, L., Sengupta, K., Shimi, T., Adam, S. A.,
Grunwald, A., Strelkov, S. V., Aebi, U., Cardoso,M.C., andGoldman, R.D.
(2008) The highly conserved nuclear lamin Ig-fold binds to PCNA: its role
in DNA replication. J. Cell Biol. 181, 269–280

52. Kumaran, R. I., and Spector, D. L. (2008) A genetic locus targeted to the
nuclear periphery in living cells maintains its transcriptional competence.
J. Cell Biol. 180, 51–65

53. Pickersgill, H., Kalverda, B., deWit, E., Talhout,W., Fornerod,M., and van
Steensel, B. (2006) Characterization of the Drosophila melanogaster ge-
nome at the nuclear lamina. Nat. Genet. 38, 1005–1014

54. Guelen, L., Pagie, L., Brasset, E., Meuleman, W., Faza, M. B., Talhout, W.,
Eussen, B. H., de Klein, A., Wessels, L., de Laat, W., and van Steensel, B.
(2008) Domain organization of human chromosomes revealed by map-
ping of nuclear lamina interactions. Nature 453, 948–951

55. Malhas, A., Lee, C. F., Sanders, R., Saunders, N. J., and Vaux, D. J. (2007)
Defects in lamin B1 expression or processing affect interphase chromo-
some position and gene expression. J. Cell Biol. 176, 593–603

56. Meaburn, K. J., Cabuy, E., Bonne, G., Levy, N., Morris, G. E., Novelli, G.,
Kill, I. R., and Bridger, J.M. (2007) Primary laminopathy fibroblasts display
altered genome organization and apoptosis. Aging Cell 6, 139–153

57. Shimi, T., Pfleghaar, K., Kojima, S., Pack, C. G., Solovei, I., Goldman, A. E.,
Adam, S. A., Shumaker, D. K., Kinjo, M., Cremer, T., and Goldman, R. D.
(2008) The A- and B-type nuclear lamin networks: microdomains in-
volved in chromatin organization and transcription. Genes Dev. 22,
3409–3421

58. Solovei, I., Schermelleh, L., Düring, K., Engelhardt, A., Stein, S., Cremer,
C., andCremer, T. (2004)Differences in centromere positioning of cycling
and postmitotic human cell types. Chromosoma 112, 410–423

59. Gonzalez-Suarez, I., Redwood,A. B., andGonzalo, S. (2009) Loss ofA-type
lamins and genomic instability. Cell Cycle 8, 3860–3865

60. Finlan, L. E., Sproul, D., Thomson, I., Boyle, S., Kerr, E., Perry, P., Ylstra, B.,
Chubb, J. R., and Bickmore, W. A. (2008) Recruitment to the nuclear
periphery can alter expression of genes in human cells. PLoS Genet. 4,
e1000039

61. Brown, K. E., Baxter, J., Graf, D., Merkenschlager, M., and Fisher, A. G.
(1999) Dynamic repositioning of genes in the nucleus of lymphocytes
preparing for cell division.Mol. Cell 3, 207–217

62. Hewitt, S. L., Yin, B., Ji, Y., Chaumeil, J., Marszalek, K., Tenthorey, J.,
Salvagiotto, G., Steinel, N., Ramsey, L. B., Ghysdael, J., Farrar,M. A., Sleck-
man, B. P., Schatz, D. G., Busslinger, M., Bassing, C. H., and Skok, J. A.
(2009) RAG-1 and ATM coordinate monoallelic recombination and nu-
clear positioning of immunoglobulin loci. Nat. Immunol. 10, 655–664

63. Zhang, Y., Gostissa, M., Hildebrand, D. G., Becker, M. S., Boboila, C.,
Chiarle, R., Lewis, S., and Alt, F.W. (2010) The role of mechanistic factors
in promoting chromosomal translocations found in lymphoid and other
cancers. Adv. Immunol. 106, 93–133

64. Nussenzweig, A., and Nussenzweig, M. C. (2010) Origin of chromosomal
translocations in lymphoid cancer. Cell 141, 27–38

65. Tsai, A. G., Lu, H., Raghavan, S. C., Muschen, M., Hsieh, C. L., and Lieber,
M. R. (2008) Human chromosomal translocations at CpG sites and a the-
oretical basis for their lineage and stage specificity. Cell 135, 1130–1142

66. Klein, I. A., Resch, W., Jankovic, M., Oliveira, T., Yamane, A., Nakahashi,
H., Di Virgilio,M., Bothmer, A., Nussenzweig, A., Robbiani, D. F., Casellas,
R., and Nussenzweig, M. C. (2011) Translocation-capture sequencing re-
veals the extent and nature of chromosomal rearrangements in B lympho-
cytes. Cell 147, 95–106

67. Radford, I. R. (2002) Transcription-based model for the induction of in-
terchromosomal exchange events by ionizing irradiation in mammalian
cell lines that undergo necrosis. Int. J. Radiat. Biol. 78, 1081–1093

68. Hakim, O., Resch,W., Yamane, A., Klein, I., Kieffer-Kwon, K. R., Jankovic,
M., Oliveira, T., Bothmer, A., Voss, T. C., Ansarah-Sobrinho, C., Mathe,

MINIREVIEW: Long-range Chromosomal Interactions

22376 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 31 • AUGUST 2, 2013



E., Liang, G., Cobell, J., Nakahashi, H., Robbiani, D. F., Nussenzweig, A.,
Hager, G. L., Nussenzweig, M. C., and Casellas, R. (2012) DNA damage
defines sites of recurrent chromosomal translocations in B lymphocytes.
Nature 484, 69–74

69. Zhang, Y., McCord, R. P., Ho, Y. J., Lajoie, B. R., Hildebrand, D. G., Simon,
A. C., Becker, M. S., Alt, F. W., and Dekker, J. (2012) Spatial organization
of the mouse genome and its role in recurrent chromosomal transloca-
tions. Cell 148, 908–921

70. Palstra, R. J., Tolhuis, B., Splinter, E., Nijmeijer, R., Grosveld, F., and de
Laat, W. (2003) The �-globin nuclear compartment in development and
erythroid differentiation. Nat. Genet. 35, 190–194

71. Stamatoyannopoulos, J. A., Goodwin, A., Joyce, T., and Lowrey, C. H.
(1995) NF-E2 and GATA bindingmotifs are required for the formation of
DNase I hypersensitive site 4 of the human �-globin locus control region.
EMBO J. 14, 106–116

72. Drissen, R., Palstra, R. J., Gillemans, N., Splinter, E., Grosveld, F., Philipsen,
S., and de Laat, W. (2004) The active spatial organization of the �-globin
locus requires the transcription factor EKLF. Genes Dev. 18, 2485–2490

73. Vakoc, C. R., Letting, D. L., Gheldof, N., Sawado, T., Bender, M. A., Grou-
dine,M.,Weiss,M. J., Dekker, J., and Blobel, G. A. (2005) Proximity among
distant regulatory elements at the �-globin locus requires GATA-1 and
FOG-1.Mol. Cell 17, 453–462

74. Apostolou, E., Ferrari, F., Walsh, R. M., Bar-Nur, O., Stadtfeld, M.,
Cheloufi, S., Stuart, H. T., Polo, J. M., Ohsumi, T. K., Borowsky, M. L.,
Kharchenko, P. V., Park, P. J., and Hochedlinger, K. (2013) Genome-wide
chromatin interactions of theNanog locus in pluripotency, differentiation,
and reprogramming. Cell Stem Cell 12, 699–712

75. Wei, Z., Gao, F., Kim, S., Yang, H., Lyu, J., An,W., Wang, K., and Lu,W.
(2013) Klf4 organizes long-range chromosomal interactions with the
Oct4 locus in reprogramming and pluripotency. Cell Stem Cell
10.1016/j.stem.2013.05.010

76. Zhang, H., Jiao, W., Sun, L., Fan, J., Chen, M., Wang, H., Xu, X., Shen, A.,
Li, T., Niu, B., Ge, S., Li, W., Cui, J., Wang, G., Sun, J., Fan, X., Hu, X.,
Mrsny, Randall J., Hoffman, Andrew R., andHu, J.-F. (2013) Intrachromo-
somal looping is required for activation of endogenous pluripotency genes
during reprogramming. Cell Stem Cell 10.1016/j.stem.2013.05.012

77. Phillips, J. E., and Corces, V. G. (2009) CTCF: master weaver of the ge-
nome. Cell 137, 1194–1211

78. Chen, X., Xu, H., Yuan, P., Fang, F., Huss,M., Vega, V. B.,Wong, E., Orlov,
Y. L., Zhang, W., Jiang, J., Loh, Y. H., Yeo, H. C., Yeo, Z. X., Narang, V.,
Govindarajan, K. R., Leong, B., Shahab, A., Ruan, Y., Bourque, G., Sung,
W. K., Clarke, N. D., Wei, C. L., and Ng, H. H. (2008) Integration of
external signaling pathways with the core transcriptional network in em-
bryonic stem cells. Cell 133, 1106–1117

79. Herold, M., Bartkuhn, M., and Renkawitz, R. (2012) CTCF: insights into
insulator function during development. Development 139, 1045–1057

80. Donohoe, M. E., Silva, S. S., Pinter, S. F., Xu, N., and Lee, J. T. (2009) The
pluripotency factor Oct4 interacts with Ctcf and also controls X-chromo-
some pairing and counting. Nature 460, 128–132

81. Splinter, E., Heath, H., Kooren, J., Palstra, R. J., Klous, P., Grosveld, F.,
Galjart, N., and de Laat, W. (2006) CTCF mediates long-range chromatin
looping and local histone modification in the �-globin locus. Genes Dev.
20, 2349–2354

82. Lee, J. T. (2010) TheX asmodel for RNA’s niche in epigenomic regulation.
Cold Spring Harb. Perspect. Biol. 2, a003749

83. Lee, J. T., Davidow, L. S., andWarshawsky, D. (1999)Tsix, a gene antisense
to Xist at the X-inactivation centre. Nat. Genet. 21, 400–404

84. Wutz, A., Rasmussen, T. P., and Jaenisch, R. (2002) Chromosomal silenc-
ing and localization are mediated by different domains of Xist RNA. Nat.
Genet. 30, 167–174

85. Jeon, Y., and Lee, J. T. (2011) YY1 tethers Xist RNA to the inactive X
nucleation center. Cell 146, 119–133

86. Lee, J. T. (2011) Gracefully ageing at 50, X-chromosome inactivation be-
comes a paradigm for RNA and chromatin control. Nat. Rev. Mol. Cell
Biol. 12, 815–826

87. Splinter, E., deWit, E., Nora, E. P., Klous, P., van deWerken, H. J., Zhu, Y.,
Kaaij, L. J., van Ijcken, W., Gribnau, J., Heard, E., and de Laat, W. (2011)
The inactive X chromosome adopts a unique three-dimensional confor-
mation that is dependent on Xist RNA. Genes Dev. 25, 1371–1383

88. Mancini-Dinardo, D., Steele, S. J., Levorse, J. M., Ingram, R. S., and Tilgh-
man, S. M. (2006) Elongation of the Kcnq1ot1 transcript is required for
genomic imprinting of neighboring genes. Genes Dev. 20, 1268–1282

89. Rinn, J. L., Kertesz,M.,Wang, J. K., Squazzo, S. L., Xu, X., Brugmann, S. A.,
Goodnough, L. H., Helms, J. A., Farnham, P. J., Segal, E., and Chang, H. Y.
(2007) Functional demarcation of active and silent chromatin domains in
human HOX loci by noncoding RNAs. Cell 129, 1311–1323

90. Wang, K. C., Yang, Y. W., Liu, B., Sanyal, A., Corces-Zimmerman, R.,
Chen, Y., Lajoie, B. R., Protacio, A., Flynn, R. A., Gupta, R. A., Wysocka, J.,
Lei, M., Dekker, J., Helms, J. A., and Chang, H. Y. (2011) A long noncoding
RNA maintains active chromatin to coordinate homeotic gene expres-
sion. Nature 472, 120–124

91. Djebali, S., Davis, C. A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi,
A., Tanzer, A., Lagarde, J., Lin,W., Schlesinger, F., Xue, C.,Marinov, G. K.,
Khatun, J., Williams, B. A., Zaleski, C., Rozowsky, J., Röder, M., Kokocin-
ski, F., Abdelhamid, R. F., Alioto, T., Antoshechkin, I., Baer, M. T., Bar,
N. S., Batut, P., Bell, K., Bell, I., Chakrabortty, S., Chen, X., Chrast, J.,
Curado, J., Derrien, T., Drenkow, J., Dumais, E., Dumais, J., Duttagupta, R.,
Falconnet, E., Fastuca, M., Fejes-Toth, K., Ferreira, P., Foissac, S., Full-
wood,M. J., Gao,H., Gonzalez, D., Gordon,A., Gunawardena,H.,Howald,
C., Jha, S., Johnson, R., Kapranov, P., King, B., Kingswood, C., Luo, O. J.,
Park, E., Persaud, K., Preall, J. B., Ribeca, P., Risk, B., Robyr, D., Sammeth,
M., Schaffer, L., See, L. H., Shahab, A., Skancke, J., Suzuki, A. M., Taka-
hashi, H., Tilgner, H., Trout, D., Walters, N., Wang, H., Wrobel, J., Yu, Y.,
Ruan,X.,Hayashizaki, Y., Harrow, J., Gerstein,M.,Hubbard, T., Reymond,
A., Antonarakis, S. E., Hannon, G., Giddings, M. C., Ruan, Y., Wold, B.,
Carninci, P., Guigo, R., and Gingeras, T. R. (2012) Landscape of transcrip-
tion in human cells. Nature 489, 101–108

92. Nakagawa, S., Naganuma, T., Shioi, G., andHirose, T. (2011) Paraspeckles
are subpopulation-specific nuclear bodies that are not essential in mice.
J. Cell Biol. 193, 31–39

93. Nakagawa, S., Ip, J. Y., Shioi, G., Tripathi, V., Zong, X., Hirose, T., and
Prasanth, K. V. (2012) Malat1 is not an essential component of nuclear
speckles in mice. RNA 18, 1487–1499

94. Zhang, B., Arun, G., Mao, Y. S., Lazar, Z., Hung, G., Bhattacharjee, G.,
Xiao, X., Booth, C. J., Wu, J., Zhang, C., and Spector, D. L. (2012) The
lncRNA Malat1 is dispensable for mouse development but its transcrip-
tion plays a cis-regulatory role in the adult. Cell Rep. 2, 111–123

95. Marshall, W. F., Straight, A., Marko, J. F., Swedlow, J., Dernburg, A., Bel-
mont, A., Murray, A. W., Agard, D. A., and Sedat, J. W. (1997) Interphase
chromosomes undergo constrained diffusional motion in living cells.
Curr. Biol. 7, 930–939

96. Cremer, T., Cremer, M., Dietzel, S., Müller, S., Solovei, I., and Fakan, S.
(2006) Chromosome territories–a functional nuclear landscape. Curr.
Opin. Cell Biol. 18, 307–316

97. Levi, V., Ruan, Q., Plutz, M., Belmont, A. S., and Gratton, E. (2005) Chro-
matin dynamics in interphase cells revealed by tracking in a two-photon
excitation microscope. Biophys. J. 89, 4275–4285

98. Soutoglou, E., andMisteli, T. (2007)Mobility and immobility of chromatin
in transcription and genome stability. Curr. Opin. Genet. Dev. 17,
435–442

MINIREVIEW: Long-range Chromosomal Interactions

AUGUST 2, 2013 • VOLUME 288 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 22377



How Metabolism Generates
Signals during Innate Immunity
and Inflammation*
Published, JBC Papers in Press, June 24, 2013, DOI 10.1074/jbc.R113.486464

Anne F. McGettrick1 and Luke A. J. O’Neill
From the School of Biochemistry and Immunology, Trinity Biomedical
Sciences Institute, Trinity College Dublin, Dublin 2, Ireland

The interplay between immunity, inflammation, and meta-
bolic changes is a growing field of research. Toll-like receptors
and NOD-like receptors are families of innate immune recep-
tors, and their role in the human immune response is well doc-
umented. Excitingnewevidence is emergingwith regard to their
role in the regulation of metabolism and the activation of
inflammatory pathways during the progression of metabolic
disorders such as type 2 diabetes and atherosclerosis. The pro-
inflammatory cytokine IL-1� appears to play a central role in
these disorders. There is also evidence that metabolites such as
NAD� (acting via deacetylases such as SIRT1 and SIRT2) and
succinate (which regulates hypoxia-inducible factor 1�) are sig-
nals that regulate innate immunity. In addition, the extracellu-
lar overproduction of metabolites such as uric acid and choles-
terol crystals acts as a signal sensed by NLRP3, leading to the
production of IL-1�. These observations cast new light on the
role of metabolism during host defense and inflammation.

The innate immune system acts as the first line of defense
against invading pathogens. Several families of receptors called
pattern recognition receptors (PRRs)2 recognize highly con-
served pathogen-associated molecular patterns as well as host-
derived danger signals called damage-associatedmolecular pat-
terns. These PRRs include the Toll-like receptors (TLRs) and
Nod-like receptors. Activation of these PRRs initiates down-
stream signaling pathways that culminate in phenotypic
changes in cell types such asmacrophages. Profound changes in
gene expression occur, leading to the production of a wide
range of host defense and inflammatory factors, most notably
cytokines such as IL-1�, TNF, and IL-6. One of the best
described TLRs is TLR4, which recognizes the Gram-negative
bacterial product LPS and initiates two signaling pathways: the
MyD88-dependent pathway, which leads to NF-�B activation
and regulates many inflammatory genes, and theMyD88-inde-
pendent pathway, which leads to IRF3 activation and regulates
the expression of genes, including those encoding type 1 inter-
ferons (1). A subset of Nod-like receptors, including NLRP3,
activate multiprotein complexes called inflammasomes, which

lead to the activation of caspase-1 and the cleavage of pro-IL-1�
and pro-IL-18 to their active form (2). These immune receptors
are associated with host defense against pathogens and in the
progression of inflammatory diseases such as rheumatoid
arthritis and Crohn syndrome (3, 4).More recent evidence sug-
gests a role for these receptors in the progression of metabolic
disorders such as type 2 diabetes (T2D) and atherosclerosis (5).
Recent studies provide evidence that TLR4 and NLRP3 induce
metabolic changes in cells, with the levels of key metabolites
such as NAD� and succinate being altered (6, 7). Here, we dis-
cuss the possibility that these alterations act as signals required
for cellular activation, providing an important causalmolecular
link between metabolism and innate immunity. That metabo-
lism and innate immunity might be linked is perhaps not sur-
prising, as both involve exogenous “stressors” being sensed,
leading to maintenance of homeostasis. Recent studies have
revealed intriguing molecular associations between the two
processes, which could give rise to substantial new insights into
the pathogenesis of inflammatory diseases.

The Warburg Effect in Activated Macrophages

The production of proinflammatory cytokines and other
host defense proteins requires substantial energy consumption,
so it is unsurprising that cells activated via TLRs or NLRP3
undergo ametabolic shift. As long ago as 1986, Newsholme and
co-workers (8) demonstrated that activated macrophages have
increased hexokinase activity along with increased glucose-6-
phosphate dehydrogenase and 6-phosphogluconate dehydro-
genase activities, suggesting an increase in glycolysis and the
pentose phosphate pathway in these cells. Glycolysis is also
increased during phagocytosis (8). Otto Warburg first
described aerobic glycolysis in 1927 (9). Before Warburg’s
observation, glycolysis was described largely as an anaerobic
phenomenon that occurred when oxygen levels were low, lim-
iting the metabolism of pyruvate by the acid (TCA) cycle in the
mitochondria during oxidative phosphorylation. Warburg
demonstrated, however, that in tumors under normoxia, lac-
tate production from glycolysis dominates, a phenomenon that
became known as the “Warburg effect” (9).Warburgwent on to
conclude, however, in 1958 that this “cancer metabolism” did
not occur in leukocytes, his opinion being that the observation
of aerobic glycolysis in these cells was an artifact of preparation
(10). This proved to be an incorrect conclusion because we now
know that a switch in metabolism from oxidative phosphory-
lation to glycolysis occurs following activation of macrophages
and dendritic cells (DCs) by LPS (6, 11), in a similar manner to
theWarburg effect observed in tumor cells (9). A metabolomic
screen and microarray analysis in macrophages activated by
LPS have confirmed this switch from oxidative phosphoryla-
tion to glycolysis. Increases in the levels of intermediates in
glycolysis and the pentose phosphate pathway occur and clearly
correlate with changes in gene expression of the relevant
enzymes. Importantly, this switch in the metabolic state
directly impacts on the inflammatory state of the cell. Inhibi-
tion of glycolysis by 2-deoxyglucose (2-DG) decreases the pro-
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duction of IL-1� in response to LPS stimulation but has no
effect on TNF� or IL-6 expression, although precisely how
2-DG inhibition of glycolysis achieves this effect is not wholly
known (6). A key question is what does this shift in glycolysis
mean for macrophage activation? It is likely that the increase in
glycolysis allows for a rapid increase in ATP production since,
although less productive in terms of ATP synthesis than the
TCA cycle, glycolysis can be strongly induced (12). This
increase in ATP is required for metabolic processes such as
biosynthesis but is also needed to maintain the mitochondrial
membrane potential, which falls in LPS-activated cells (13).
This allows the macrophages (or DCs) to remain alive and per-
sist during the host defense response. The increase in the pen-
tose phosphate pathway will allow for the production of inter-
mediates for biosynthesis, such as purines and pyrimidines.
However, the shift in metabolism has a more specific conse-
quence, which concerns alterations in TCA cycle intermediates
such as succinate and citrate. This also relates to “Warburg
metabolism” as it is currently understood.
Interestingly, anti-inflammatory M2 macrophages have

decreased glycolysis and utilize oxidative metabolism instead.
In adaptive immunity, T lymphocytes also exhibit different
metabolic profiles depending on their inflammatory states.
Proinflammatory TH17 cells are highly glycolytic, whereas anti-
inflammatory T cells such as regulatory T (Treg) cells are char-
acterized by oxidative metabolism. This suggests that a move-
ment toward high glycolysis is indicative of inflammatory cells,
whereas a shift toward oxidative phosphorylation is a hallmark
of anti-inflammatory cells. Inhibition of glycolysis by 2-DG
results in a switch from TH17 cells to Treg cells, suggesting that
the plasticity of T cells may be controlled by metabolic cues
(14). In addition, one reason for Warburg metabolism in Th1
cells is to sequester GAPDH from certain mRNAs, notably the
mRNA encoding IFN� (15). This releases the IFN� mRNA
from inhibition byGAPDHandprovides a compelling rationale
for the increase in glycolysis in Th1 cells. Finally, thememory T
cell population has oxidative phosphorylation as its major met-
abolic process but shifts to glycolysis on becoming effector T
cells (16). This once again suggests a close link between
immune and metabolic signals. The metabolic status of T cells
is comprehensively reviewed in Ref. 17.

Succinate as an Inflammatory Signal

Warburg had originally reported that mitochondrial metab-
olism was severely attenuated in tumors (9). More recently,
however, this has been reassessed, and it is now evident that
complex changes occur in TCA cycle intermediates in tumors,
including alterations in succinate and citrate, with citrate in
particular being withdrawn from the TCA cycle for lipid bio-
synthesis (18). Similarly in LPS-activated macrophages,
although there is an overall decrease in TCA cycle activity,
there is a marked increase in the TCA cycle intermediate suc-
cinate (6). This increase in succinate leads to the inhibition of
prolyl hydroxylases (PHDs). Succinate impedes PHDactivity by
product inhibition. It prevents the decarboxylation of �-keto-
glutarate (�-KG) to succinate, an essential co-reaction in the
hydroxylation of targets by PHDs. PHDs can no longer hydrox-
ylate hypoxia-inducible factor 1� (HIF1�), resulting in its sta-

bilization. HIF1� has been shown to bind directly to the IL-1�
promoter and is required for sustained IL-1� production. 2-DG
somehow depresses the increase in succinate, explaining the
selective inhibition of IL-1� induction by 2-DG. TNF�, which
lacks an HIF1�-binding site in its promoter, is unaffected (6).
The increase in succinate is from glutamine metabolism
through anaplerosis via �-KG and also via the so-called “GABA
shunt,” which converts glutamine to succinate via GABA (6).
The importance of these metabolic changes following LPS
stimulation was also examined in vivo. The administration of
2-DG prior to LPS treatment decreases the serum levels of
IL-1� in mice (6). Importantly, succinate therefore acts as a
signal in LPS-activated macrophages, leading to HIF1� activa-
tion under normoxia as shown in Fig. 1. LPS also leads to an
increase in succinylation, a post-translational modification in
which a succinyl group is added to a lysine residue of a protein.
Increased succinylation of several proteins was observed,
including malate dehydrogenase, GAPDH, glutamate carrier 1,
L-lactate dehydrogenase A chain, and transaldolase (6). The
consequence of succinylation of these proteins is not yet under-
stood, but it is likely to cause a conformational change that will
affect protein function.

Role of NAD�, Sirtuins, and AMP-dependent Protein
Kinase in Inflammation and NLRP3 Regulation

Another metabolic factor, NAD�, is proving to be of great
interest as a regulator of inflammation via the sirtuin deacety-
lases, which depend onNAD� for activity, giving us a link to the
NLRP3 inflammasome, a key regulator of the proinflammatory
cytokine IL-1� and also the nutrient sensor AMP-dependent
protein kinase (AMPK), which appears to be able to limit

FIGURE 1. Succinate is a signal generated in response to activation of
TLR4 by LPS, leading to HIF1� activation. Activation of TLR4 by LPS leads to
a profound change in metabolism, including increased glycolysis and the
pentose phosphate pathway (not shown). In addition, LPS alters the TCA cycle
such that there is an increase in succinate. This occurs via the alteration in
glutamine metabolism via both anaplerosis to �-KG and the GABA shunt.
Succinate then inhibits PHDs, increasing HIF1� and promoting the expres-
sion of IL-1� and other genes. The increase in succinate may also promote
protein succinylation, the consequences of which are not yet known.
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inflammation. A good example of this is the disease gout, which
is caused by elevated levels of uric acid in the blood, resulting
normally from a purine-rich diet. The uric acid crystallizes to
form monosodium urate crystals, which deposit in the joints.
Several studies have proposed a role for NLRP3 in the recogni-
tion of monosodium urate, resulting in the activation of IL-1�
(19). A recent study has revealed an intriguing link between
alteredmetabolism andNLRP3 activation in gout. Activation of
macrophages with agents such as uric acid will cause a decrease
in NAD� via mitochondrial damage, limiting the activity of the
NAD�-dependent deacetylase SIRT2 (7). A substrate for SIRT2
is acetylated tubulin, and the authors demonstrated that the
decrease in SIRT2 activity, occurring because of the decrease in
NAD�, allows acetylated tubulin to persist, promoting its
polymerization. TheNLRP3 inflammasome associates with the
tubulin cytoskeleton and localizes to the mitochondria, where
reactive oxygen species (ROS) lead to NLRP3 activation. These
data provide one explanation forwhy colchicinemight be effec-
tive in gout, as it destabilizes the tubulin cytoskeleton. In addi-
tion, however, these findings reveal the drop in NAD� (and
increase in NADH) to be another metabolic signal leading to
inflammation, in this case,NLRP3 activation, as shown in Fig. 2.

Because uric acid is an NLRP3 activator, the drop in NAD�

could occur downstream of NLRP3, setting up a positive feed-
back loop. It should be pointed out, however, that Joosten et al.
(20) saw no difference in NLRP3-deficient mice in response to
uric acid crystals, suggesting a role for an alternative inflam-
masome in the activation of IL-1�, which could still involve
tubulin. What is clear is that IL-1� inhibitors (e.g. the IL-1
receptor antagonist or the anti-IL-1� antibody canakinumab)
have proven very effective in treating gout, and a major trial is
under way testing IL-1� inhibition as an intervention to
decrease the risk of heart attack from atherosclerosis (21–23).
NLRP3 activation by extracellular metabolites has also been

implicated in several other diseases such as atherosclerosis.
Macrophages infiltrate atherosclerotic plaques and form foam
cells, generating multiple inflammatory mediators thought to
be pathogenic, notably IL-1� (24). The NLRP3 inflammasome
is activated in these macrophages during the development of
atherosclerotic plaques by LDLs that accumulate in the artery
walls and lead to the production of cholesterol crystals (24, 25).
The activation of TLRs (possibly by free fatty acids or oxidized
LDL) and NLRP3 leads to the production of active IL-1� (26).
IL-1� levels increase in the arterial plaques, and the levels of
IL-1� directly correlate with disease severity (27, 28). Patients
with a polymorphism in the IL-1 receptor antagonist, which
increases IL-1� production, have increased risk of developing
atherosclerosis (29). The role of NAD� and the sirtuins in the
development of atherosclerosis has yet to be investigated. Inter-
estingly, NAD(P)H oxidase is known to increase during the
development of atherosclerosis. This leads to increased pro-
duction of superoxide anions but would also result in increased
levels of NAD� (30).
NAD� levels also regulate another sirtuin, SIRT1, and mul-

tiple recent studies have shown that SIRT1 limits inflammation.
First, it promotes a switch fromglycolysis to fatty acid oxidation
(31) by repressing the expression of peroxisome proliferator-
activated receptor-�, a transcription factor that regulates sev-
eral genes involved in fat storage (32), and activating PGC-1�
(peroxisome proliferator-activated receptor-gamma coactiva-
tor 1�), a key transcription factor in mitochondrial biogenesis
that leads to increased oxidative metabolism (33). This could
contribute to a net anti-inflammatory effect via further
increases in NAD� and also via inhibition of NLRP3 activation,
which requires mitochondrial damage and ROS production
from mitochondria. SIRT1 directly impacts inflammation by
deacetylating and inactivating the p65 subunit of NF-�B, limit-
ing the expression of NF-�B-dependent proinflammatory
genes (34). A fall in NAD�, resulting in deceased activity of
SIRT1, will therefore promote NF-�B activation. Knockdown
experiments have indeed demonstrated an anti-inflammatory
role for SIRT1 in macrophages. SIRT1 knockdown leads to an
increase is several proinflammatory cytokines in response in
TNF, with the most dramatic effect being on IL-1� expression
(35). Also of note is the observation that SIRT1 is cleaved by
caspase-1 and this cleavage is most likely due to NLRP3 inflam-
masome activation (36). TLR4 activation has been shown to
induce nicotinamide phosphoribosyltransferase (NAMPT),
which synthesizesNAD�, thus activating SIRT1,which is prob-
ably part of a negative feedback loop (37). These studies there-

FIGURE 2. NAD�, AMPK, and SIRT1 as key inflammatory regulators.
Agents such as nigericin, ATP, and uric acid crystals lead to mitochondrial
damage, which in turn leads to a decrease in NAD�. This limits SIRT2 activity,
allowing acetylation of tubulin to persist, which in turn enhances NLRP3 activ-
ity by promoting the trafficking of NLRP3 to the mitochondria, enhancing its
activation. Because these agents are all NLRP3 activators, this could create a
positive feedback loop sustaining NLRP3 activation, leading to IL-1� produc-
tion. Caloric restriction has the opposite effect and leads to an increase in
NAD�. This leads to the activation of SIRT1, a deacetylase that will promote
mitochondrial biogenesis and function via PGC-1� and inhibit NF-�B via
deacetylation of the p65 subunit. Both of these events will have a net anti-
inflammatory effect, with the promotion of mitochondrial function, also
inhibiting NLRP3 activation. The increase in oxidative phosphorylation
(which appears to be anti-inflammatory probably via an increase in NAD�)
will restore the energy balance. Caloric restriction will also activate AMPK,
which can also promote mitochondrial biogenesis. There is evidence for
cross-talk between SIRT1 and AMPK. Finally, several anti-inflammatory
agents, notably methotrexate and salicylate, have been shown to activate
AMPK, as has the anti-T2D agent metformin. Metformin may mediate its
effects in T2D via this process because limiting inflammation in this way could
restore insulin sensitivity. MSU, monosodium urate.
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fore suggest a close link between the regulation of SIRT1 activ-
ity and inflammation.
There is also a link between the activation of SIRT1 and

AMPK. AMPK is a key regulator of energy metabolism and
glucose homeostasis. AMPK is activated following phosphory-
lation by LKB1 by a wide variety of stimuli, including caloric
restriction, cellular stress, exercise, and several hormones,
cytokines, and adipokines. AMPK restores energy balance by
promoting catabolic processes while inhibiting energy-con-
suming processes (38). AMPK therefore promotes oxidative
metabolism, which is associated with an anti-inflammatory
state, rather than the glycolytic state associated with inflamma-
tion or tumor progression. Several anti-inflammatory drugs
such as salicylate andmethotrexate have been shown to activate
AMPK (39, 40). Yuan et al. (41) demonstrated that the treat-
ment of obese mice with salicylate results in a significant
decrease in blood glucose levels, whereas clinical trials with
salsalate, a non-acetylated prodrug of salicylate, showed a
reduction in blood glucose levels in patients with T2D (42). In
obesity andT2D, the accumulation of saturated fatty acids such
as palmitate results in deactivation ofAMPK, and this decreases
autophagy and NO production and increases mitochondrial
dysfunction and mitochondrial ROS production (43). This
leads, in turn, to activation of the NLRP3 inflammasome. Acti-
vation of AMPK by salicylate can therefore overcome themito-
chondrial dysfunction associated with T2D, decreasing NLRP3
activation. The anti-diabetic agent metformin has also been
shown to activate AMPK (44), and thismay limit inflammation,
again impacting on T2D. LPS has been shown to decrease
AMPK activation, whereas activation of AMPK results in a
decrease in NF-�B activation and TNF� production in macro-
phages following stimulationwith inflammatory stimuli such as
LPS (45). Knockdown of AMPK enhances LPS-induced
IL-12p40 expression in DCs (11). AMPK-�1�/� mice are more
prone to severe experimental autoimmune encephalomyelitis
in comparisonwith controls, whereas spleen cells isolated from
these mice secrete more IFN� and less IL-17 following antigen
stimulation. Interestingly, glycolysis is increased in T cells from
AMPK-�1�/� mice, but this increase in glycolysis is not suffi-
cient to promote bias toward CD4� proinflammatory T cells
(46), suggesting that enhanced glycolysis is necessary, but not
sufficient, to promote a proinflammatory bias. AMPK also
down-regulates HIF1�, as HIF1� expression is significantly up-
regulated in AMPK-deficient mouse embryonic fibroblasts
(47). All of this evidence points to a role for AMPK in the reg-
ulation of inflammation.
In relation to SIRT1, upon activation, SIRT1 results in

deacetylation of LKB1, promoting its movement into the cyto-
sol and its activation, leading to phosphorylation and activation
of AMPK (48). Knockdown of SIRT1 results in decreased
AMPK activation, and the AMPK activator resveratrol requires
the presence of SIRT1 and LKB1 for its inhibitory effects (49).
AMPKmay also activate SIRT1 in a positive feedback loop (50).
It is likely that NAD�, which increases upon caloric restriction,
most likely via decreased glycolysis and enhanced oxidative
phosphorylation from �-oxidation of stored fatty acids (51),
will, via SIRT1, lead to AMPK activation, thereby contributing
to a net anti-inflammatory effect. This is shown in Fig. 2.

Perspective

Recent studies strongly indicate that the metabolic state of
immune cells is critical to their function; proinflammatory cells
such as M1 macrophages, activated DCs, and TH17 cells are
more glycolytic, whereas anti-inflammatory cells such as Treg
cells and M2 macrophages have more oxidative phosphoryla-
tion. Why this shift occurs is not fully known because Treg cells
andM2macrophages are no less active in terms of gene expres-
sion that TH17 cells orM1macrophages. Again, this may relate
to the metabolic products of glycolysis and the TCA cycle hav-
ing different signaling roles. There is still much to learn about
the exact consequences of thesemetabolic alterations for cellu-
lar activity. However, the metabolites generated are likely not
simply consequences of catabolism or anabolism but instead
act as intracellular signals. The examples discussed here of suc-
cinate,HIF1�, NAD�, and sirtuins are part of a broader picture,
including other metabolites such as �-KG (which is used by up
to 33 enzymes (52), all of which modify chromatin) and butyr-
ate (which inhibits histone deacetylases), and epigenetic modi-
fications are likely to be a key consequence for these changes, as
already indicated in tumors (53). The importance of these met-
abolic signals in vivo is still being investigated, but several pieces
of evidence suggest that these metabolic signals play a central
role in inflammation. As mentioned above, the inhibition of
glycolysis by 2-DG decreases the levels of the proinflammatory
cytokine IL-1�, and the GABA inhibitor vigabatrin protects
mice in a sepsis model (6). Sirtuins are known to be involved in
prolonging the life span, and their anti-inflammatory effects are
likely to contribute to this increased life span. As the well
known physicist Richard Feynman once said, “There is a plea-
sure in recognising old things from a new viewpoint.” These
new insights into “old pathways” could give rise to a substantial
increase in our understanding of the pathogenesis of inflamma-
tory diseases, which might ultimately give rise to better
treatments.
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After the original identification of thyroid transcription fac-
tor 1 (TTF-1 or NKX2-1) biochemical activity as a transcrip-
tional regulator of thyroglobulin in 1989, the bulk of the ensuing
research has concentrated on elucidating the roles ofNKX2-1 in
the development of lung and thyroid tissues. Motivated by its
specific expression pattern, pathologists adopted the NKX2-1
immunoreactivity to distinguish pulmonary from nonpulmo-
nary nonthyroid adenocarcinomas. Interestingly, the concept of
NKX2-1 as an active participant in lung tumorigenesis did not
take hold until 2007. This minireview contrasts the recent
advancements of NKX2-1-related observations primarily in the
realm of pulmonary malignancies.

In lung cancer, NK2 homeobox 1 (NKX2-1) was proposed to
be an appealing candidate lineage-survival oncogene in 2006
(1). Thiswas a logical conjecture based on the frequentNKX2-1
overexpression in lung adenocarcinomas (ADs)2 (2, 3) and the
requirement of NKX2-1 for branching morphogenesis of nor-
mal lung development as well as the differentiation of lung epi-
thelial cells (4–6). In 2007, four studies uncovered thatNKX2-1
is recurrently amplified in human lung cancer (7–10), implying
that NKX2-1 is likely functionally relevant to the pulmonary
tumorigenic process, beyond just amarker of lungADs. Indeed,
a race was on to tease out the oncogenic mechanism of
NKX2-1. In parallel, a much unexpected finding related to
Nkx2-1 was reported by Winslow et al. (11): Nkx2-1 prevents
primary tumors frommetastasizing. This anti-metastatic activ-
ity of Nkx2-1 conceptually contradicts the functional ramifica-
tion of theNKX2-1 gene amplification seen in human lung can-
cer. Nevertheless, the latest data from anumber of investigators
provide a deeper glimpse of the mechanistic intricacy to the
anti-oncogenic function of NKX2-1. Evidently, NKX2-1 joins
an expanding list of cancer genes with both pro- and anti-on-
cogenic activities. These genes include MYC (12), AKT1 (13),
MDM2 (14), WT1 (15), REST (16), and others. In this minire-
view, I succinctly retrace and contrast the studies from the orig-

inal discovery of NKX2-1 gene amplification to the multifunc-
tionalities of NKX2-1 in cancers.

Genetic Alterations of NKX2-1 in Lung Cancer

NKX2-1 is located at the 14q13.3 region in the human
genome. Earlier studies using lower resolution genomic tools
had identified 14q13 amplification (17). In 2006, this regionwas
again reported to undergo focal and wide DNA copy number
increases in a panel of human lung adenocarcinoma cell lines
using array-based comparative genomic hybridization (aCGH)
(18). The minimal amplified area across all of the cancer cell
lines with the 14q13.3 amplicon contains nine known genes:
PSMA6, NFKBIA, INSM2, BRMS1, MBIP, NKX2-1, NKX2-8,
PAX9, and SLC25A21. However, the target gene of amplifica-
tion in this amplicon was not pursued by functional analyses at
that time. Within 2 years of this 2006 study, four independent
reports documented the gene amplification of NKX2-1 from
different angles. Prompted by the fact that NKX2-1 is a reliable
marker of the terminal respiratory unit type of lung ADs (19),
Tanaka et al. (9) investigated the potential involvement of
NKX2-1 in the pathogenesis of lung ADs. After obtaining the
evidence that RNAi-induced knockdown of NKX2-1 in
NKX2-1� lung adenocarcinoma cell lines retarded cell growth,
they searched for genetic alterations of NKX2-1 in AD speci-
mens. No somatic pointmutationwas uncovered; nevertheless,
2.3% of lung ADs contained an NKX2-1 gene copy number
increase in their analysis. Curiously, they also detected a higher
frequency of increased NKX2-1 gene copies at metastatic sites
compared with primary sites. However, the 14q13.3 minimal
amplified area, i.e. the core amplicon, was not studied, and thus,
it was not known howmany other genes were coamplified with
NKX2-1 (9).
In the next two studies, Kendall et al. (7) andWeir et al. (10)

employed different types of aCGH-based tools to profile the
genomic DNA copy number landscapes of human lung cancer.
Although both studies identified the 14q13.3 amplicon as the
most recurrent focal amplicon not containing an apparent lung
oncogene, the sizes and boundaries of the core amplicon varied
from 413 kb (covering three genes: NKX2-1, NKX2-8, and
PAX9) (7) to 480 kb (covering two genes: MBIP and NKX2-1)
(10). It is not clear why the core amplicon boundaries varied.
Presumably, it is a reflection of the intrinsic sample differences.
Alternatively, it may be related to the actual methodology in
scoring/determining the amplified region. Kendall et al. used
quantitative PCR to refine the amplicon boundaries, whereas
Weir et al. used a statistical method (genomic identification of
significant targets in cancer, or GISTIC (20)) to score ampli-
cons. Nevertheless, NKX2-1 was found to be amplified in both
studies. More importantly, the NKX2-1 amplicon occurs only
in lung cancer, in line with the lung cell lineage link ofNKX2-1.
Defining the core amplicon is important because each gene
within the core ampliconmay be a driver oncogene targeted by
the amplification. Thus, every gene inside a core amplicon is a
candidate driver gene andmust be analyzed for oncogenic char-
acteristics. In the study by Kendall et al. (7), the 14q13.3 core
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amplicon seems to contain functionally cooperating driver
genes, as coexpression of the three individual coamplified genes
in a pairwise manner enhanced the growth potential of the
immortalized premalignant lung epithelial cells (BEAS-2B). A
subsequent study, in which a gene expression signature-based
strategy was used, suggests that the co-activation of the biolog-
ical pathways of NKX2-1 and NKX2-8 is correlated with poor
prognosis for patients with lung ADs (21), reminiscent of the in
vitro functional cooperation between the coamplified 14q13.3
genes (7). However, transgenic mice with targeted lung overex-
pression of Nkx2-1/Nkx2-8 or Nkx2-1/Pax9 did not develop
lung tumors, and overexpression ofNkx2-1 alone in themurine
lung failed to initiate tumor formation (22). Considering that
normalmammalian lung epithelia are notorious for their trans-
formation to full malignancies (23), other genetic lesions would
most likely be needed to manifest these coamplified genes. For
the two-gene core amplicon detected by Weir et al. (10), only
the anti-NKX2-1 RNAi decreased the colony-forming ability of
NKX2-1� lung cancer cells with or without the 14q13.3 ampli-
con, but not that of NKX2-1� lung cancer cells, consistent with
NKX2-1being the driver gene of the 14q13.3 amplification. Like
Tanaka et al. (9), Weir et al. did not detect somatic exon muta-
tions of NKX2-1 in 384 lung adenocarcinoma DNA samples.
Clearly, gene amplification is the main mechanism activating
NKX2-1 in lung cancer. However, as I will discuss below, point
mutations and gene rearrangements are invoked to activate the
NKX2-1 oncogene in malignancies outside lung cancer.

Kwei et al. (8) also detected the 14q13.3 cytoband amplifica-
tion as the most frequent focal lung cancer genomic amplifica-
tion not associated with a known lung oncogene. Following the
initial cDNA-based aCGH profiling, they used a custom
oligonucleotide tiling array consisting of probes covering
14q13.2�q13.3 at 300-bp intervals to fine map the core ampli-
con boundaries. In this case, the core amplicon covered eight
genes (NFKB1A, INSM2, GARNL1, BRMS1L, MBIP, NKX2-1,
NKX2-8, and PAX9). The authors chose to concentrate on a
potential functional connection betweenNKX2-1 amplification
and lung cancer in light of the fact thatNKX2-1 is a critical lung
developmental factor (24–26) and a histologic marker of lung
ADs (27). Transfection of siRNAs against NKX2-1 into ampli-
fied human lung adenocarcinoma cell lines diminished cell pro-
liferation, which was attributed to both decreased cell cycle

progression and increased apoptosis. Interestingly, human lung
adenocarcinoma cell lineswithout theNKX2-1 amplicon, albeit
with detectable NKX2-1 expression, did not exhibit a similar
behavior toward anti-NKX2-1 siRNAs, suggesting the putative
functional importance of the amplification-driven NKX2-1
up-regulation.

Dynamic Nature of the Known Gene Content of a Core
Amplicon

It is important to recall that the human genome is dynamic in
that new functional elements continue to be discovered (28).
Therefore, the known gene content of a core amplicon may
change with time. Reanalysis of the 413-kb core amplicon of
Kendall et al. (7) revealed that there is a new RefSeq gene
termed surfactant-associated 3 (SFTA3), which is �3 kb away
fromNKX2-1 (Fig. 1A) andwhich was not known to be residing
at 14q13.3 in 2007. Apparently, this gene is part of the 14q13.3
core amplicon of varying sizes and boundaries discovered by
multiple groups. Without further expression and functional
studies of SFTA3, it would not be possible to determine
whether this gene constitutes a target of 14q13.3 amplification.

NKX2-1 Amplification in Squamous Cell Carcinomas of
the Lung

Non-small cell lung cancer (NSCLC) accounts for nearly
80�85% of all lung cancer cases (29). Within NSCLC, ADs and
squamous cell carcinomas (SQCCs) are the two most frequent
histologic subtypes, representing 50 and 30% of NSCLC,
respectively (30). Although the histologic distinction between
pulmonary ADs and SQCCs is obvious when these tumors are
well differentiated, it can be difficult when they are poorly dif-
ferentiated, especially in biopsies and cytology specimens. A
well accepted immunostaining outcome of SQCCs is the
expression of p63 and its N-terminal truncated form (�Np63)
and the absence of NKX2-1 expression, i.e. �Np63�/NKX2-1�

(27, 31, 32). This strategy is related to the notion thatNKX2-1 is
rarely expressed in SQCCs but is frequently expressed in ADs.
Although there are studies reporting NKX2-1 expression in
SQCCs (33–35), a thorough review of all published studies on
positive NKX2-1 expression in SQCCs suggests that the
NKX2-1 immunoreactivity may have been due to the type of
antibody used and/or the selection of the SQCC cases contain-

FIGURE 1. Genes in the current UCSC Genome Browser annotation of the 14q13.3 core amplicons. A, the core amplicon of 413 kb per Kendall et al. (7). The
human genome coordinate shown is from GRCh37/hg19: chr14: 36,828,082–37,241,292. SLC25A21 is not fully contained in the core amplicon. B, the core
amplicon of 1.5 Mb per Kwei et al. (8). SLC25A21 and PSMA6 are not fully contained in the core amplicon. The human genome coordinate shown is from
GRCh37/hg19: chr14: 35,778,082–37,311,292. Only the RefSeq-annotated genes are shown (95). Genes shown in red were not known previously to be part of
the core amplicons. RALGAPA1 is also known as GARNL1.
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ing either glandular differentiation or an AD component (36).
Under this backdrop, onemay anticipate that theNKX2-1-con-
taining 14q13.3 amplicon would not occur in SQCCs as it does
in ADs. Indeed, a single nucleotide polymorphismmicroarray-
based analysis of 47 primary SQCCDNA samples did not score
the 14q13.3 amplicon (37). In contrast, The Cancer Genome
Atlas (TCGA) recently uncovered the 14q13.3 cytoband as one
of the 32 significant amplification hubs in lung SQCCs; the core
amplicon contains these eight genes: RALGAPA1, BRMS1L,
MBIP, SFTA3, NKX2-1, NKX2-8, PAX9, and SLC25A21 (38).
The existence of theNKX2-1 amplicon in lung SQCCs was also
detected by others (8, 39, 40). In particular, Tang et al. (40)
reported that NKX2-1 is amplified in 20.2% of the 99 lung
SQCCs examined by fluorescence in situ hybridization, but the
NKX2-1 protein is not expressed in any SQCC. Obviously,
NKX2-1 is unlikely to drive the 14q13.3 amplicon in the ampli-
fied SQCCs lacking NKX2-1 expression. The possibility of
NKX2-1 being a passenger amplified genemay also play out in a
small fraction of lung ADs, as Barletta et al. (41) reported two
NKX2-1-amplified lung ADs exhibiting NKX2-1 expression
only in the cytoplasm, not in the nucleus. To reconcile this
issue, I offer these hypotheses. (a)Other coamplified genes near
NKX2-1 may functionally substitute for NKX2-1, as suggested
by Kendall et al. (7). These coamplified genes should include
the recently discovered gene SFTA3. Moreover, the larger core
amplicon uncovered by Kwei et al. (8), in the current genome
annotation according to the UCSCGenome Browser (42), con-
tains two more RefSeq non-protein-coding genes than previ-
ously realized: LINC00609 and PTCSC3 (Fig. 1B). Although
there is nothing known about these two genes in lung cancer,
there is a study implicating PTCSC3 as a tumor suppressor in
thyroid cancer (43). In view of the demonstrated cancer roles of
long noncoding RNAs (44, 45), it is not impossible that these
two genes also transmit biological consequences of the NKX2-
1-containing amplification. (b) The 14q13.3 amplicon is a non-
functional passenger genetic alteration in SQCCs. Evidence
against this hypothesis came from the amplified SQCC cell line
(NCI-H2170), which became less tumorigenic when either
NKX2-8 or PAX9 was knocked down by stable RNAi (7).
FOXA1 at 14q21.1, �1.07 Mb away from NKX2-1 at the telo-
meric side, has been proposed to be the driver of 14qDNA copy
number gains in SQCCs (17, 46). Although this may be true for
some larger scale chromosomal gains at 14q, it does not explain
the focal 14q13.3 amplification overNKX2-1 in SQCCs. Future
functional studies of the 14q13 amplification in SQCCs are
needed to shed more light on this puzzle.
To further complicate the matter, Harris et al. (47) detected

an allelic loss at 14q13 in lung tumors. The allelic loss, i.e. loss of
heterozygosity, occurs in ADs by gene amplification and in
SQCCs/adenosquamous tumors by deletion (47). These obser-
vations suggest that the 14q13.3 cytoband can undergo DNA
copy number alterations in both directions in lung cancer.
Seven genes are affected by the 1.2-Mb core-deleted region
found by Harris et al.:MBIP, SFTA3, NKX2-1, NKX2-8, PAX9,
SLC25A21, and MIPOL1. The main target gene(s) of this core
deletion is not defined. However, the report that Nkx2-8 null
mice developed spontaneous bronchial adenomas and squa-
mous cancer suggests thatNkx2-8may be targeted by this DNA

loss (48). Nevertheless, the genomic analysis of lung SQCCs by
TCGA did not score a significant deletion at 14q13 (38). Per-
haps, the 14q13 deletion occurs at a frequency below the
threshold of the data analysis algorithm of TCGA.

Pro-oncogenic Activities of NKX2-1

The initialmindset following the discovery ofNKX2-1 ampli-
fication was that NKX2-1 is an oncogene. Consistent with this
perception, a reduction of endogenous NKX2-1 expression in
NKX2-1� lung cancer cells compromised the cellular capacity
to grow without attachment (10) and decreased cell prolifera-
tion with a concomitant higher level of apoptosis (8, 9). These
evidences were taken as proof that NKX2-1� lung cancer cells
are “addicted” to NKX2-1 functionally. Mechanistic studies
identified receptor tyrosine kinase-like orphan receptor 1
(ROR1) as a direct transcriptional target of NKX2-1; it also
mediates the NKX2-1-dependent survival signaling in lung
ADs (49). Genome-wide chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-seq) andmRNAprofiling identified
another direct transcriptional target of NKX2-1 (50), LMO3,
which is a member of the LMO family of oncogenes that are
translocated in T-cell acute lymphoblastic leukemia (T-ALL)
(51, 52). Interestingly, LMO3 suppression inNKX2-1-amplified
cell lines increased apoptosis but had no effect on cell prolifer-
ation (50), suggesting multiple downstream effectors of ampli-
fied NKX2-1. Many NKX2-1-binding sites are enriched with
neighboring recognition sequences of other oncogenic tran-
scription factors such as AP1 and FOXA1 (22, 50), indicating
cooperative transcriptional regulation between NKX2-1 and
other oncogenic transcription factors.
NKX2-1 itself is translocated with different partner genes in

T-ALL (53). In these T-ALL patients, theNKX2-1 gene product
is ectopically overproduced, and cell-based assays implicate it
as oncogenic (53). TheNKX2-1 translocation inT-ALL harbors
a route to investigate the oncogenic mechanism of NKX2-1 in
reference to the recent finding that the TLX1 homeodomain
oncoprotein mediates T-cell maturation arrest in T-ALL via
interaction with ETS1 and suppression of T-cell receptor-�
gene expression (54). The parallel may be drawn between
NKX2-1 and TLX1 because some of the TLX1-translocated
T-ALLs cocluster with NKX2-1-translocated cases by gene
expression profiling (53). Ectopic expression of oncogenic
NKX2-1 need not be driven by genetic alterations. Recently, it
was documented thatNKX2-1 expression is switched on in dif-
fuse large B-cell lymphomas by epigenetic modifications (55).
Through proteomic analyses of sera derived from a number of
mouse models of lung cancer, Taguchi et al. (56) detected the
presence of multiple proteins whose genes are known tran-
scriptional targets of NKX2-1. These results manifest an
NKX2-1-driven serum protein signature in lung cancer and
suggest that NKX2-1may be amaster regulator supervising the
lung secretome.
Finally, although point mutations of NKX2-1 do not seem

to occur in lung cancer, a germ-line mutation (A339V,
1016C3T) ofNKX2-1was found in patientswithmultinodular
goiter and papillary thyroid cancer (57). Overexpression of this
NKX2-1 mutant in normal thyroid cells enhanced cell prolifer-
ation (57). If indeed the oncogenic activity of NKX2-1 can be
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activated via a point mutation, the mystery is then why such a
mechanism is never utilized in lung cancer. By the same token,
a cohort of 216 primary and metastatic thyroid tumors were
analyzed and found to be negative for NKX2-1 gene amplifica-
tion (39). In light of the importance of NKX2-1 to thyroid biol-
ogy (58–60) and the identification of 14q13.3 as a risk locus for
thyroid cancer by a genome-wide association study (61), the
lack of NKX2-1 gene amplification in thyroid malignancies
remains a mystery.

Anti-oncogenic Activities of NKX2-1

In a 2004 study by Kang et al. (62), a progressive decrease in
Nkx2-1 expression was detected from the wild-type lung ade-
nomas to ADs in a TGF�1�/� mouse model treated with the
carcinogenic ethyl carbamate. In a separate study that condi-
tionally knocked out Nkx2-1 in the adult murine thyroid, a
genotoxic carcinogen induced a higher incidence of adenomas
in Nkx2-1 null mice relative to wild-type or Nkx2-1�/� mice
(63). Although these data suggest an anti-cancer function of
Nkx2-1, the pervasive thinking in the field was shaped by the
discovery ofNKX2-1 amplification and concentrated on unrav-
eling the oncogenic mechanism of NKX2-1, largely ignoring a
possible role of NKX2-1 as a tumor suppressor. However, in
2011, an unexpected finding byWinslow et al. (11) brought the
anti-tumorigenic side of NKX2-1 into the spotlight. They
administered lentiviral vectors expressing the Cre recombinase
intratracheally into transgenic mice (KrasG12D/�;p53flox/flox),
which later developed multifocal lung ADs. Some of the pri-
mary lung tumors eventually led to macroscopic metastases.
The stable lentiviral integration sites allowed primary tumors
to be unambiguously linked to their related metastases. Gene
expression profiling of two types of primary lung tumors (non-
metastatic and metastatic) indicated that Nkx2-1 was consis-
tently and significantly depressed in the metastatic primary
tumors with clonally related metastases. These observations
implicate Nkx2-1 as an anti-metastatic factor in lung ADs.
Winslow et al. went on to show that Nkx2-1 prevents primary
tumors from metastasizing by suppressing Hmga2. Upon loss
ofNkx2-1 expression, derepressedHmga2would then facilitate

the progression to metastases. It is important to note that
pathologists routinely encounter NKX2-1� metastatic tumors
derived from primary human lung ADs, testifying to the com-
plexity of human lung cancers.
Two subsequent thorough animal studies proved that

Nkx2-1 is anti-oncogenic and capable of blunting tumor initi-
ation in specific genetic contexts (Fig. 2A) (22, 64). Maeda et al.
(22) created transgenic mice harboring a constitutive loss of an
Nkx2-1 allele with a conditional activation of the KrasG12D

oncogene in the murine respiratory epithelium. Interestingly,
the lung tumor number and volume of KrasG12D;Nkx2-1�/� mice
increased compared with those ofKrasG12D;Nkx2-1�/� and control
mice. The tumor histology of KrasG12D;Nkx2-1�/� mice, unlike
that of KrasG12D;Nkx2-1�/� mice, is reminiscent of human
mucinous AD of the lung. To complement their loss-of-func-
tion approach, Maeda et al. made triple transgenic mice
(Scgb1a1-rtTA;[tetO]-FLAG-Nkx2-1;[tetO]-Kras4bG12D) such
that the expression of Nkx2-1 and KrasG12D was turned on
simultaneously in the pulmonary epithelium. The result indi-
cates that coexpression of Nkx2-1 reduces the number and vol-
ume of Kras-induced lung tumors, showcasing the anti-onco-
genic activity of Nkx2-1 in retarding mutant Kras-induced
tumor initiation and progression. Because EGFR is a critical
lung oncogene not associated with lung mucinous ADs (32),
Maeda et al. (22) created recombinant mice with a conditional
EgfrL858R allele in the background ofNkx2-1 haploinsufficiency
(EgfrL858R;Nkx2-1�/�). In contrast to theKras-initiated tumors,
the tumor number and volume were significantly decreased in
the EgfrL858R;Nkx2-1�/� mice compared with the EgfrL858R;
Nkx2-1�/� mice, indicating that Nkx2-1 enhances Egfr-medi-
ated tumorigenesis. The manifestation of the anti- or pro-on-
cogenic activities of Nkx2-1 in transgenic mice harboring
different mutant oncogenes (Kras or Egfr) demonstrates the
importance of the signaling network to the Nkx2-1 function.
None of the Egfr-driven mouse lung ADs (EgfrL858R;Nkx2-1�/�

or EgfrL858R;Nkx2-1�/�) was of the mucinous subtype, in con-
trast to those seen in theKrasG12D;Nkx2-1�/� model. An inter-
pretation of these data is that the wild-type level of Nkx2-1

FIGURE 2. Schematics of NKX2-1 functions and its interactions with miRNAs. A, the graphical presentation summarizes the opposing functional roles of
Nkx2-1 in mouse models (11, 22, 64). Exp, expression. B, NKX2-1 is imbedded in a miRNA-based signaling network, with miRNAs acting both up- and down-
stream. The relevant studies establishing individual interactions are indicated as follows: a, Ref. 82; b, Refs. 11 and 96; c, Ref. 84; d, Ref. 68; e, Ref. 11; and f, Refs.
87–90. *, a direct impact on cholesterol homeostasis by NKX2-1 remains to be demonstrated. This figure was modified from Qi et al. (82) with permission.
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expression guards against KrasG12D from steering the tumor
differentiation state toward themucinous type. It is known that
raising oncogenic Ras expression in thyroid cells down-regu-
lates Nkx2-1, which in turn inhibits thyroid differentiation (65,
66). Clearly, the differentiation state of lung tumor cells is also
dictated by Nkx2-1 expression status and the coexisting onco-
genic events.
Independently, Snyder et al. (64) modeled the Nkx2-1 dele-

tion in a variety of transgenicmice. They first generated a strain
of mice that relied on the Cre recombinase to simultaneously
activate a mutant KrasG12D allele and become Nkx2-1�/� (64).
In doing so, the tumor burden increased by 2�3-fold in
the KrasLSL-G12D;Nkx2-1F/F mice in comparison with the
KrasLSL-G12D;Nkx2-1F/� mice, and the tumors of the
KrasLSL-G12D;Nkx2-1F/F mice resembled mucinous ADs, in
keeping with the findings of Maeda et al. (22). Lung-specific
conditional knock-out of Nkx2-1 never gave rise to macro-
scopic tumors, despite alteration of the differentiation state in
the adult lung (64). The investigators then temporally separated
the activation of the KrasG12D allele from Nkx2-1 deletion by
placing the two alleles under the control of twodifferent recom-
binational events. Mice with an activated KrasG12D allele were
allowed to go for 2�7 months, followed by Nkx2-1 deletion
using tamoxifen/Flp recombinase. The Nkx2-1 deletion con-
ferred a significant increase in tumor cell proliferation without
an effect on apoptosis. Six weeks after Nkx2-1 deletion, the
tumor burden was 4-fold higher in the Nkx2-1-deleted mice
relative to control mice, documenting that the absence of
Nkx2-1 enhances the initiation and progress of Kras-driven
tumorigenesis in the lung. Snyder et al. (64) also noted that
Nkx2-1 appears to be involved in repressing a gastric differen-
tiation state. The loss ofNkx2-1may unleash this phenotype in
a specific and conducive lung cell type, inducing the mucinous
ADs, which are positive for gastric markers (GKN1 and CTSE)
repressed by Nkx2-1. The investigators further characterized
the genome-wide binding events of Nkx2-1 and analyzed the
data in the context of other transcription factors, revealing
functionally important links of Nkx2-1 to Foxa1, Foxa2, and
Hnf4�.
Other molecules that may mediate the anti-oncogenic/anti-

metastatic activities of NKX2-1 have been identified by either
profiling or candidate gene approaches. Hosono et al. (67)
foundmyosin-binding proteinH (MYBPH) to be under the pos-
itive and direct transcriptional regulation of NKX2-1 through
gene expression profiling of immortalized lung epithelial cells
stably expressing anNKX2-1 transgene.MYBPH reduces single
cellmotility via negative regulation of actomyosin organization,
forming a basis of the anti-metastatic function of NKX2-1.
Saito et al. (68) identified that NKX2-1 transactivates E-cad-
herin and counters the epithelial-mesenchymal transition of
lung cancer cells conferred by TGF�. In fact, TGF� is known to
be antagonistic to NKX2-1-directed gene transcription (69). In
view of the significant roles of epithelial-mesenchymal transi-
tion in cancermetastasis (70, 71), this finding could also explain
the anti-metastatic role of NKX2-1. Finally, Runkle et al. (72)
reported that NKX2-1 directly transactivates two molecules,
occludin (OCLN) and claudin-1 (CLDN1), at the lung epithelial
tight junction. Niimi et al. (73) found that claudin-18 is a tran-

scriptional target of Nkx2-1. NKX2-1 knockdown conferred
human lung cancer cell resistance to anoikis, and expression of
occludin restored cellular sensitivity to anoikis; overexpression
of occludin impeded migration and induced anoikis in lung
carcinoma cells. These data point to a putative involvement of
tight junction proteins in helpingNKX2-1 suppress lung cancer
progression (74). A working model derived from these data is
that the anti-oncogenic/anti-metastatic activities of NKX2-1
are mediated by a variety of molecules across multiple cellular
pathways.

Data Placing NKX2-1 Firmly in a MicroRNA-based
Signaling Network

In the lung, microRNAs (miRNAs) play critical roles in both
development and tumorigenesis (75–79). Over 100 miRNAs
are dynamically regulated during organogenesis of a normal
murine lung (80). Considering that NKX2-1 is a vital controller
of lung development and cancer, it was surprising that a direct
interaction between NKX2-1 and miRNAs was not discovered
until 2012. Qi et al. (82) discovered the first miRNA (i.e. miR-
365) that directly targetsNKX2-1 by screening the top 10 miR-
NAs predicted by the TargetScan algorithm (81) to bind
directly to the 3�-UTR of NKX2-1. Expression profiling identi-
fied other putative target genes of miR-365 and miR-365*.
Exploration of human lung cancer genomics data uncovered
that NKX2-1 gene amplification was significantly associated
with DNA copy number loss at one of the two genomic loci
encoding the precursor RNA of mature miR-365 (i.e.mir-365-
1). This implies the putative existence of genetic selection pres-
sure to lose the repressive miR-365 that would otherwise sup-
press amplified NKX2-1. Intriguingly, a signaling loop exists
among TGF�, miR-365, and NKX2-1, with TGF� up-regulat-
ing miR-365 via the mir-365-1 precursor gene, which in turn
represses NKX2-1 (82). Moreover, miR-365 feeds back to the
TGF signaling pathway by specifically up-regulating TGF�2
(Fig. 2B) (82). The observation of miR-365 repressing NKX2-1
was later reproduced in a separate study (83).
The firstmiRNAs that are directly regulated byNKX2-1were

uncovered by Rice et al. (84). Motivated by the finding of
Nkx2-1 repressing Hmga2 by Winslow et al. (11), Rice et al.
speculated that NKX2-1 directly activates miRNAs to repress
HMGA2. Using two complementary strategies, gain- and loss-
of-expression of NKX2-1/Nkx2-1, they found a selection of
miRNAs that are putatively directly controlled by NKX2-1.
One such miRNA, miR-33a, was further characterized because
there are three predicted binding sites for miR-33a in the 3-kb-
long 3�-UTR of HMGA2. The experimental data confirmed
that HMGA2 is a genuine target of miR-33a and that NKX2-1
directly transactivates the host gene of miR-33a, SREBF2, to
up-regulate miR-33a, which then keeps HMGA2 expression in
check (84). An intriguing implication from this study relates to
the fact that both SREBP2 (the gene product of SREBF2) (85, 86)
and miR-33a (87–90) are critical players in cholesterol homeo-
stasis, suggesting that NKX2-1 may influence cholesterol
metabolism in the lung and that cholesterolmetabolismmay be
mechanistically involved in the lung cancer biology of NKX2-1
(Fig. 2B).
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Conclusions

In recent years, we have witnessed a rapid unfolding of lung
cancer biology in connection with the fundamental lung devel-
opmental transcription factor gene NKX2-1. The dual faces of
NKX2-1 as both a pro- and an anti-cancer factor are complex
but not unique in the NK2 family of transcription factors. The
NKX2-2 oncogene is translocated in T-ALL (53) and is an
essential signalingmediator of the driver oncogene EWS-FLI in
Ewing sarcoma (91). In contrast, NKX2-2 suppresses self-re-
newal of glioma-initiating cells and is frequently down-regu-
lated in human gliomas (92). Intriguingly, the disparate out-
come of NKX2-1 also extends to its correlation with clinical
parameters of lung AD patients. Positive NKX2-1 expression is
associated with good prognosis (41, 93, 94), butNKX2-1 ampli-
fication is linked with poor prognosis (40, 41). The biochemical
activity of NKX2-1 as a transcription factor precludes it from
direct drug discovery. However, as more signaling partners of
NKX2-1 are uncovered, there will be opportunities to initiate
translational research to create and develop NKX2-1-depen-
dent strategies as tools to manage NKX2-1-positive lung
cancer.
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The dynamics of redox metabolism necessitate cellular strat-
egies for sensing redox changes and for responding to them. A
common mechanism for receiving and transmitting redox
changes is via reversible modifications of protein cysteine resi-
dues. A plethora of cysteine modifications have been described,
including sulfenylation, glutathionylation, and disulfide forma-
tion. These post-translational modifications have the potential
to alter protein structure and/or function and to modulate cel-
lular processes ranging from division to death and from circa-
dian rhythms to secretion. The focus of this thematic minire-
view series is cysteine modifications in response to reactive
oxygen and nitrogen species.

In the first minireview of this series, Rafael Radi discusses a
stealth oxidant, peroxynitrite, which is short-lived and nucleo-
philic and is generated by the marriage of two radicals, nitric
oxide and superoxide radical anion (1). Peroxynitrite accounts
for much of the cytotoxicity associated with nitric oxide and
superoxide and can furnish secondary radicals such as nitrogen
dioxide and carbonate radicals. Among key oxidativemodifica-
tions promoted by peroxynitrite are protein thiol oxidation and
tyrosine nitration.
In the secondminireview, Harry Ischiropoulos and co-work-

ers continue the discussion on nitric oxide signaling via revers-
ible cysteine S-nitrosylation, a post-translational modification
that modulates protein stability, location, and function (2).
Reactive cysteine residues that undergo S-nitrosylation are also
vulnerable to other oxidative modifications. The authors dis-
cuss S-nitrosylation from a proteomic perspective and the
potential consequences of targeting the same cysteines by other
modifiers.
Mauro Lo Conte and Kate S. Carroll discuss the role of pro-

tein sulfenylation and sulfinylation in the third minireview (3).
They discuss how the availability of new reagents has allowed
detection of these oxidative modifications in vitro and in cells,
and they present examples of the importance of these post-
translational modifications in cell signaling pathways.
Claudia M. Cremers and Ursula Jakob discuss reversible

disulfide bond formation as a strategy for oxidant sensing in the
fourth minireview of this series (4). The importance of buffer-
ing against the vagaries of oxidant stressors, including reactive
oxygen, nitrogen, and chlorine species, is highlighted. The high
concentration of cellular protein thiols and the possibility for

reversible formation of disulfides make proteins well suited for
mediating regulatory roles in response to changing redox
conditions.
A different and reversible cysteine modification, namely glu-

tathionylation, is the subject of the fifthminireview authored by
Kenneth D. Tew and co-workers (5). This also is a strategy for
protection of cysteines against overoxidation while simultane-
ously modulating protein structure and/or function. Enzymes
are involved in both adding (glutathione transferases) and
removing (glutaredoxin) the glutathione moiety and thereby
regulating glutathionylation-dependent cell signaling.
Alessandra Stangherlin and Akhilesh B. Reddy discuss the

bridge between redox homeostasis and the circadian clock in
the sixth minireview (6). Although cellular and organismal
oscillations in response to food availability, light, and tempera-
ture are well studied, timekeeping via circadian redox state
changes in peroxiredoxin is a relatively new discovery. The
authors discuss mechanisms for cross-talk between the cellular
redox state and the circadian clock, a link found in both pro-
karyotes and eukaryotes.
In the finalminireview, Young-MiGo andDean P. Jones take

a proteomic look at redoxmetabolism,which, via reversible and
irreversible protein modifications, can impact function at the
level of individual proteins and those working in complexes (7).
Oxidative modifications, which often involve cysteine residues,
have profound physiological consequences ranging from sig-
naling cell cycle progression to determining cell shape.
In summary, these seven minireviews represent the cutting

edge of the field of cysteine redox modifications and their roles
in signaling. They demonstrate that redox cycles dynamically
regulate protein structure and function and thereby cellular
functions.
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Peroxynitrite is the product of the diffusion-controlled reac-
tion of nitric oxide and superoxide radicals. Peroxynitrite, a
reactive short-lived peroxide with a pKa of 6.8, is a good oxidant
and nucleophile. It also yields secondary free radical intermedi-
ates such as nitrogen dioxide and carbonate radicals. Much of
nitric oxide- and superoxide-dependent cytotoxicity resides on
peroxynitrite,which affectsmitochondrial function and triggers
cell death via oxidation and nitration reactions. Peroxynitrite is
an endogenous toxicant but is also a cytotoxic effector against
invading pathogens. The biological chemistry of peroxynitrite is
modulated by endogenous antioxidant mechanisms and neu-
tralized by synthetic compounds with peroxynitrite-scavenging
capacity.

Peroxynitrite: A Product from a Radical-Radical
Combination Reaction

Free radicals typically react fast with each other via radical-
radical coupling reactions. Indeed, radical combination reac-
tions usually occur at near diffusion-controlled rates (1). This
unique type of reaction is, in many cases, kinetically and ther-
modynamically favored by the fact that it results in the forma-
tion of a new chemical bond at the expense of the unpaired
electrons of the precursors. There are many possible radical-
radical combination reactions that can happen biologically, but
low steady-state levels of intermediates and competing reac-
tions usually limit reaction yields and quantitative relevance. A
prime example of a relevant radical species produced at high
rates biologically is represented by the superoxide radical anion
(O2

. ), the product of the univalent reduction of molecular oxy-
gen (2). O2

. is ubiquitous and continuously formed during nor-
mal cellular metabolism, with its production rates increasing
severalfold during the disruption of cellular redox homeostasis
andwith inflammatory stimuli. Although excessO2

. production
has been associated with oxidative damage, more controlled
fluxes can lead to redox signaling (3).
The discovery of nitric oxide (�NO) as an enzymatically gen-

erated free radical was paralleled by the recognition that it
could readily react with O2

. (4, 5). �NO produced by a variety of

nitric-oxide synthases (NOS)2 participates as a mediator in the
regulation of vascular tone, neurotransmission, and immunity,
among other metabolic and cell signaling effects (6, 7). Thus,
the reaction ofO2

. with �NOwas first conceived as amechanism
of �NO “inactivation” (8). Notably, the combination reaction
leads to peroxynitrite (9, 10), a peroxy acid originally studied in
the chemical literature as a strong oxidizing and nitrating com-
pound (11, 12) (Equation 1).

O2
. � �NO 3 ONOO� (Eq. 1)

The reaction of �NO with O2
. occurs biologically even in the

presence of superoxide dismutase (SOD), indicating that it is
extremely fast to outcompete the enzyme-catalyzed dismuta-
tion (Equation 2).

O2
. � O2

. � 2H�O¡
SOD

H2O2 � O2 (Eq. 2)

Indeed, the formation of peroxynitrite occurswith a k1 of�1010
M�1 s�1, �1 order of magnitude higher than that of enzymatic
dismutation (�1–2 � 109 M�1 s�1) (2, 13). Although SOD
exists in cells in micromolar levels, �NO concentrations can, in
some cases, reach close to micromolar values. Thus, under
appropriate conditions, the formation of peroxynitrite is the
only known reaction for O2

. in biology that can be similar or
even substantially faster than the dismutation reaction (i.e.
Equation 3).

k1 � [�NO][O2
. ] � k2 � [SOD][O2

. ] f

k1 � [�NO] � k2 � [SOD] (Eq. 3)

Although the proximal species formed from the �NO plus O2
.

reaction is peroxynitrite anion, the pKa value of 6.8 and the
rapid protonation imply that, undermost biological conditions,
ONOO� and ONOOH will both be present (13) (Equation 4).

ONOO� � H�ºONOOH (Eq. 4)

For instance, at pH 7.4, �80% of peroxynitrite will be in the
anionic form; conversely, at pH 6.2 (e.g. inside a macrophage
phagocytic vacuole), up to 80% will be in the protonated form.
The stability, reactivity, and capacity to permeate membranes
ofONOO� andONOOHare quite different (13, 14), and there-
fore, the biochemistry of peroxynitrite in biological systems is
highly pH-dependent. This acid-base property of peroxynitrite
contrasts with that of H2O2, which has a pKa of �11.6 and
therefore is almost 100% protonated in the physiological pH
range.

Early Evidence of the Oxidizing Capacity of Peroxynitrite
in Biochemical Systems

As peroxide, the relatively labileO–Obond provides the pos-
sibility of homolysis to radicals (10, 12, 15, 16). Indeed, proto-
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nation weakens the O–O bond in ONOOH and leads to homo-
lytic cleavage to hydroxyl radicals (�OH) and nitrogen dioxide
(�NO2), two strongly oxidizing/hydroxylating andnitrating spe-
cies, respectively (Equation 5).

ONOOH3 �NO2 � �OH (Eq. 5)

The homolytic cleavage occurs with a k4 of 4.5 s�1 at 37 °C,
resulting in a half-life of 0.8 s in phosphate buffer at pH 7.4 (i.e.
kapp � 0.9 s�1) (13). The recognition that the homolysis of
ONOOH could yield �OH led to the postulation of a new bio-
logically relevant mechanism of oxygen radical-mediated
molecular damage, without the requirement of transitionmetal-
dependent reactions. Indeed, until the emergence of peroxyni-
trite, much of O2

. -dependent oxidative damage was postulated
to occur via the Haber-Weiss cycle and/or the Fenton reaction
(2), where ultimately �OH was formed (Equation 6).

H2O2 � Fe2�3 �OH � OH� � Fe3� (Eq. 6)

In fact, O2
. is not a strong oxidant, and actually, it can also act as

a reductant (17). Therefore, its direct toxicity is usually limited
(i.e. oxidation and disruption of the iron-sulfur cluster in [4Fe-
4S]-containing dehydratases) (2). Moreover, despite high for-
mation rates (18), the steady-state levels of O2

. are always quite
low due to the abundance and thorough distribution of SOD
that promote its preferential dismutation to H2O2 (unless �NO
is present). Thus, considerableO2

. -dependent toxicity resides in

the formation of secondary reactive species; these includeH2O2
(Equation 6), peroxynitrite (Equation 1; to be analyzed in this
minireview), and, possibly, reactive hydroperoxides formed by the
fast reactions of O2

. with biomolecule-derived radicals (19, 20).
Similarly, although �NO was recognized early as a cytotoxic

effector during cellular immune responses mediated bymacro-
phages and neutrophils (21), the biological effects of �NO did
not correlate well with its chemical reactivity, i.e. a relatively
stable radical with modest redox properties (22). Thus, �NO-
mediated toxicity was also further rationalized considering the
generation of �NO-derived oxidants (23) such as peroxynitrite.
Soon after the proposal of the formation and homolysis of

peroxynitrite in biological systems (10), it was reported that
peroxynitrite could directly oxidize thiol groups at rates much
faster than the homolytic cleavage (24). Overall, the initial
observations (10, 24, 25) paved the way for a new paradigm of
O2
. - and �NO-mediated toxicity via peroxynitrite, which was

schematized in JBC in 1991 (Fig. 1, upper) (24). The hypothesis
led to predictions that could be tested experimentally, includ-
ing how the inhibition of nitric oxide synthesis (e.g. using NOS
inhibitors), the elimination of excess O2

. (e.g. overexpression of
SOD), the catalytic decomposition of peroxynitrite, or the scav-
enging of peroxynitrite-derived radicals could influence oxida-
tive processes and biological outcome. An updated version of
the original proposal is shown in Fig. 1 (lower) and is analyzed
below.

FIGURE 1. Peroxynitrite as a mediator of superoxide radical and nitric oxide-dependent oxidative and cytotoxic processes. The figure represents the
evolution of our understanding of the biochemically relevant reactions in which peroxynitrite participates. It integrates the initial proposal (24) with what is
currently known. Upper, shown in gray is a reproduction of the original scheme in which the commonly accepted mechanism of O2

.-mediated oxidative damage
was challenged with an alternative mechanism that considered the participation of �NO. The proposal indicated that the reaction of O2

. with �NO yielded
peroxynitrite anion, which could then start oxidation reactions directly or via secondary radicals. The original scheme showed two main reactions for peroxyni-
trite, namely thiol oxidation and homolysis. The lack of absolute certainty at the time regarding the products of the decomposition of peroxynitrous acid led
us to write the hydroxyl radical as “�OH”. Similarly, NX indicated an uncharacterized nitrogen-containing product, later proved to be nitrite. The red arrow
connects the early proposal with an updated scheme of the biological chemistry of peroxynitrite. Lower, shown in black are the main accepted reaction
pathways of peroxynitrous acid and peroxynitrite anion, namely 1) two-electron oxidation of thiols, 2) homolysis, 3) nucleophilic addition to CO2 and evolution
to radicals, and 4) reaction with transition metal centers. The width of the arrows symbolizes the preferential routes of peroxynitrite consumption in biological
systems, underscoring the fact that homolysis is a quantitatively minor process.
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Key Aspects of Peroxynitrite Biological Chemistry: Redox
Reactions and Nucleophilic Addition

Peroxynitrite is both an oxidant and nucleophile, and these
two chemical properties dictate much of its biochemical
actions in vivo (13). First, as an oxidant, it can promote one- and
two-electron oxidations by direct reactions with biomolecular
targets. Indeed, the redox potentials of peroxynitrite at pH 7
(E�0) for the ONOO�/�NO2 and ONOO�/NO2

� pairs have been
estimated as 1.4 and 1.2 V, respectively (26), supporting its per-
formance as a good biological oxidant from a thermodynamic
viewpoint (17).
A prime example of two-electron oxidations corresponds to

the reaction of peroxynitrite with thiols, which yields the sul-
fenic acid derivative (and nitrite) (24, 27) (Equation 7).

ONOOH � RS�3 NO2
� � RSOH (Eq. 7)

This reaction was originally described for cysteine and the sin-
gle thiol group of albumin (Cys-34) and occurs with an appar-
ent second-order rate constant of �103 M�1 s�1 at pH 7.4 and
37 °C (Table 1), �3 orders of magnitude faster than the same
reaction with H2O2. These data underscored the high chemical
reactivity of peroxynitrite in biological systems (24). Nonethe-
less, peroxynitrite is less reactive toward thiols than other bio-
logically relevant two-electron oxidants such as hypochlorous
acid (HOCl) and hypobromous acid (HOBr), which react with
cysteine and glutathione on the order of 107 M�1 s�1 (28, 29).
The reactivity of peroxynitrite with thiols is intermediary
between that of H2O2 and that of hypohalous acids, resulting in
amoderately strong and selective biological oxidant in a similar
way to what has been proposed for thiol oxidation mediated by
chloramines (k � 100–200 M�1 s�1) (28). Importantly, per-
oxynitrite can oxidize at evenmore remarkable rates some “fast
reacting thiols,” such as those present in mammalian and
microbial peroxiredoxins (30). Indeed, peroxiredoxins react
with peroxynitrite with constants on the order of 106–107
M�1 s�1 (Table 1) and represent a first line of enzymatic
antioxidant defense against peroxynitrite.
Peroxynitrite also promotes one-electron oxidations directly

(e.g. oxidation of cytochrome c2� (31)) or secondarily through
the homolysis of peroxynitrite. Indeed, �OH is the most potent
(and less selective) known biological oxidant and reacts with
biomolecules at rates approaching the diffusion limit to cause
hydroxylation or one-electron oxidation; �NO2 is also a strong
oxidant (32) and a key intermediate in nitration reactions (i.e.
incorporation of a –NO2 group). Although peroxynitrite
homolysis is an interesting chemical process, its actual quanti-
tative relevance at the biochemical level is less likely (13).
Indeed, a lesson obtained from kinetic data is that the first-
order rate constant of homolysis can hardly competewith other
bimolecular reactions of peroxynitrite (Table 1). At most,
homolysis represents a small percentage of the peroxynitrite-
consuming reactions in living systems; nonetheless, homolysis
generates reactive secondary radicals that initiate radical chain
reactions such as lipid peroxidation and amplify the oxidation
processes in vitro (25, 33, 34) and presumably in vivo (34).

As a nucleophile, a central reaction of peroxynitrite in biol-
ogy is the addition of the anion to carbon dioxide (CO2) to yield

a nitrosoperoxocarboxylate adduct (ONOOCO2
�) that under-

goes a fast homolysis to �NO2 and carbonate radicals (CO3
. ) (16,

35, 36) (Equation 8).

ONOO� � CO23 ONOOCO2
�3 �NO2 � CO3

. (Eq. 8)

This reaction is relevant because of the ubiquity of CO2 in bio-
logical systems (e.g. 25 mM HCO3

� is in equilibrium with �1.3
mM CO2 at pH 7.4) and its relatively high rate constant (Table
1). The “CO2” reaction of peroxynitrite accounts for a substan-
tial portion of its biological fate and chemistry (13). CO3

. , rising
from the reaction, is a good one-electron oxidant (32).
Although the reaction of the HCO3

�/CO2 pair with peroxyni-
trite was inferred during studies of peroxynitrite-induced lumi-
nol chemiluminescence (37), direct EPR studies during contin-
uous flow of peroxynitrite to carbonated phosphate buffers
unambiguously revealed the formation of CO3

. (38). Thus, the
formation and subsequent reactions of CO3

. and �NO2 radicals
are an integral part of the chemical biology of peroxynitrite.
The nucleophilic addition of peroxynitrite anion to monocar-
bonyl- anddicarbonyl-containing compounds (e.g. glyoxal) (39)
also occurs at significant rates; the adducts evolve to carbonyl-
derived radical species and �NO2 (secondarily, singlet oxygen is
produced), although the biological significance of these pro-
cesses is unknown.
Another type of reaction inwhich peroxynitrite can evolve to

secondary oxidants involves its interaction with transition
metal centers. These can be part of metalloproteins (e.g. Mn-
SOD and hemeproteins) or metal complexes (e.g.Mn-porphy-
rins (MnP)). Transition metals may be regarded as Lewis acids,
which can react with ONOO� to yield a Lewis adduct (13).
Usually, the metal-based Lewis adducts undergo homolysis to
yield �NO2 and the corresponding oxyradical-metal complex,
which rearranges to a strongly oxidizing oxo-metal complex
(13, 23) (Equation 9).

ONOO� � Men � X3 ONOO-Men� X3

�NO2 � �O-Men� X3 �NO2 � O�Me(n� 1) � X (Eq. 9)

Peroxynitrite-mediated Protein Tyrosine Nitration

Peroxynitrite does not react directly with tyrosine (40). How-
ever, a recognized oxidative protein modification left by per-
oxynitrite in vitro and in vivo is the formation of 3-nitrotyrosine
(23). Indeed, all of the secondary radicals arising fromperoxyni-
trite (�OH, CO3

. , oxo-metal complexes, lipid peroxyl radicals
(33), and �NO2) promote protein tyrosine oxidation and nitra-
tion (41). The typical mechanism of tyrosine nitration in bio-
logical systems is a two-step radical process: a one-electron oxi-
dant leading to the formation of a tyrosyl radical (Equation 10),
which then combines at diffusion-controlled rates with �NO2 to
yield 3-nitrotyrosine (Equation 11) (42).

TyrH � CO3
. 3 Tyr� � HCO3

� (Eq. 10)

Tyr� � �NO23 Tyr-NO2 (Eq. 11)

The nitration process started by oxo-metal complexes is partic-
ularly relevant in the site-specific tyrosine nitration of metallo-
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TABLE 1
Kinetic aspects of peroxynitrite-mediated oxidations: selected reactions of biochemical relevance
The majority of the information highlights the reactivity of peroxynitrite with biomolecules and provides considerations about its quantitative relevance in biological
systems. The last three listed compounds are examples of synthetic molecules utilized to either decompose or detect peroxynitrite. Prx, peroxiredoxin.

Reactant ka Process Commentary

M�1S�1

Tyrosine 0 Tyr oxidation and nitration There is no direct reaction (40). Tyr oxidation and nitration is
accomplished by peroxynitrite-derived radicals (23).

Tryptophan 40 Trp oxidation and nitration The direct reaction is rather slow and can cause Trp nitration (96).

Methionine 360 Methionine sulfoxide formation It can account for enzyme inactivation (97). It is sometimes used to
scavenge peroxynitrite in biochemical systems.

Uric acid 500 A variety of oxidation products can be formed,
including allantoin, alloxan, and triuret (83, 85).
The intermediate formation of uric acid-derived
radicals may promote secondary oxidation
reactions and products such as urate
hydroperoxide (83, 98).

It is good inhibitor of peroxynitrite-dependent processes in vitro and in
vivo. The direct reaction is relatively slow, so protection is ascribed to
reaction with peroxynitrite-derived radicals. Uric acid is also a
physiological substrate of myeloperoxidase (98) and may therefore
interfere in heme peroxidase-dependent nitration reactions as well.

Glutathioneb 1400 It evolves mainly to glutathione disulfide through the
intermediacy of glutathione sulfenic acid (13).
Glutathionyl radicals can be formed from
peroxynitrite-derived radicals.

It is an endogenous compound that decomposes peroxynitrite.
Considering a 5 mM intracellular concentration, the k�GSH	c product
results in a value of 7 s�1, significantly faster that the rate constant of
homolysis (0.9 s�1)d but much less than that of other direct reactions,
so its direct reaction with peroxynitrite in biological systems is modest.

Cysteineb 5900 It evolves to cysteine disulfide (cystine) through the
intermediacy of cysteine sulfenic acid (13, 24).

This was the first determination of a second-order rate constant of
peroxynitrite reaction with a biomolecule. It provided the concept that
direct reactions of peroxynitrite may be more relevant in biology than
homolysis.

Human serum
albumin

9700 About 40% of the direct reactivity is due to the
reaction with the single thiol group (Cys-34) (40),
leading to the sulfenic acid derivative.

A highly abundant plasma protein, it consumes a fraction of intravascular
peroxynitrite but cannot outcompete the reaction with CO2.

Oxyhemoglobin 2.3 � 104 It isomerizes peroxynitrite to nitrate (99). It is relevant for peroxynitrite detoxification in red blood cells. At a
concentration of 5 mM, k�oxy-Hb	 � 340 s�1, a remarkable velocity.
However, peroxiredoxin-2 outcompetes oxyhemoglobin in
peroxynitrite detoxification in the erythrocyte (13).

Mn-SOD �104 The reaction of peroxynitrite anion with the Mn2�

atom produces enzyme nitration at Tyr-34 (43).
The nitration of the critical Tyr residue leads to enzyme inactivation.

This process is largely observed in vivo under inflammatory conditions.

CO2 5.8 � 104 Nucleophilic addition of peroxynitrite anion to CO2
yields an unstable intermediate that undergoes
homolysis (35, 36, 38).

This is a central reaction controlling peroxynitrite reactivity in biological
system. A k�CO2	 value of �60–100 s�1 has been established as a
desirable starting range for a peroxynitrite scavenger to be competitive
(13).

Aconitasee 1.4 � 105 Oxidation and disruption of the iron-sulfur cluster
(57, 58)

A key reaction in mitochondria, aconitase inactivation slows down the
Krebs cycle and causes iron release.

Peroxiredoxins 106–107 Fast reaction with the peroxidatic cysteine residue
(30, 81)

Microbial and mammalian peroxiredoxins constitute a central catalytic
mechanism for the detoxification peroxynitrite. The k�Prx	 value
ranges from �102 to 103 s�1 depending on cell types.

Ebselen 4.6 � 106 A synthetic seleno-containing compound that in the
reduced state (selenol) undergoes two-electron
oxidation, a reaction chemistry similar to that of
thiols (100)

Ebselen readily decomposes peroxides and can create catalytic redox
cycles at the expense of reducing compounds such as glutathione. It
can be used pharmacologically to neutralize peroxynitrite (54).

MnP �107 Mn2� reduces peroxynitrite to nitrite and is
catalytically recycled by endogenous reductants
and the electron transport chain (89).

These compounds are used pharmacologically and can achieve 5–10 �M
concentrations in vivo. Thus, with k�MnP	 � 100 s�1, they can
effectively eliminate part of peroxynitrite (13).

Boronate-based
compounds

�106 Peroxynitrite anion reacts directly via two-electron
oxidation with boronate-based compounds to yield
their corresponding hydroxyl derivatives (95). In the
case of aryl boronates, the corresponding phenols are
the major final products.

These compounds are a novel class of probes that can be utilized for
peroxynitrite detection. They react with peroxynitrite at rates �106
faster than hydrogen peroxide. The high rate constant and the lack of
formation of probe-derived radical intermediates minimize secondary
reactions and confounding results.

a Stopped-flow spectrophotometry has been utilized to determine the rate constants of peroxynitrite reaction with most compounds, taking advantage of the distinctive opti-
cal absorption of ONOO� at 302 nm (� � 1670 M�1 cm�1) as originally reported (24). Alternative approaches have been also used, with the application of competition ki-
netics with reference reactions of known rate constants (81).

b The actual reactants are peroxynitrous acid and the thiolate anion (Equation 7) (27); thus, the observed apparent reaction rate is strongly pH-dependent (24), with the thiol
pKSH representing a relevant variable. The table shows kapp, which is on the order of 103 M�1 s�1; however, the actual (pH-independent) rate constant of the reaction is on
the order of 105 M�1 s1 (27, 30).

c The product of the second-order rate constant times the concentration of the reactant provides a pseudo-first-order rate constant in s�1 that allows ready comparison of
the kinetic biological relevance among different peroxynitrite targets.

d In fact, the homolytic yields of �NO2 and �OH are �30% of ONOOH due to “in cage” recombination of nascent radicals to nitrate (NO3
�) before their diffusion to the bulk

aqueous phase.
e Peroxynitrite also causes aconitase tyrosine nitration, but this is not related to the loss of activity, which is exclusively due to the oxidation of the �4Fe-4S	 cluster (59).
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proteins (41); in this case, the metal promotes the initial one-
electron oxidation and enhances nitration yields in vicinal
tyrosine residues (e.g. in Mn-SOD; see below) (43).
A long-lasting debate on the actual yields of peroxynitrite-

mediated tyrosine nitration generated by variable fluxes of O2
.

and �NO (i.e. radical flux ratios
 1) has been largely clarified by
considering factors such the actual steady-state of nitrating
species, secondary radical processes over tyrosyl radicals, the
presence of SOD, and the diffusion of excess �NOacross cellular
compartments (44–46). Although originally described in biol-
ogy to occur via peroxynitrite-dependent reactions (47, 48),
protein tyrosine nitration can be also due to other �NO-medi-
ated processes, most notably in heme peroxidase-catalyzed
reactions (49–51). Nonetheless, peroxynitrite represents a sub-
stantial endogenous source of nitrating species (for a recent
critical analysis, see Ref. 41 and references therein).

Nitric Oxide Interactions with Mitochondria and
Peroxynitrite

At the cellular level, a prime locus related to the formation,
reactions, and effects of peroxynitrite is represented by the
mitochondrion (52). Indeed, mitochondria are central intracel-
lular sources of O2

. , and peroxynitrite formation is favored by
the facile diffusion of �NO from the cytosol (53, 54). Peroxyni-
trite reactions with mitochondrial components irreversibly
affect the activity of electron transport chain complexes (com-
plexes I and II) andATPase, alteringmitochondrial bioenerget-
ics and calcium homeostasis and further promoting O2

. forma-
tion (54–56). In this scenario, mitochondria become a key
cellular “sink” of �NO and “source” of peroxynitrite.
Although the initial interactions of �NO with mitochondria

lead to relative reversible processes regulating respiration,
membrane potential, and calcium homeostasis, the effects of
peroxynitrite are harsher and typically promote to toxic events.
Indeed, much of the initial evidence reporting long-lasting and
toxic actions of �NO on mitochondrial function was later dem-
onstrated to be mainly peroxynitrite-dependent. For instance,
its has been clarified that peroxynitrite is themain �NO-derived
species responsible of the inactivation of mitochondrial aconi-
tase (57–59), a [4Fe-4S] cluster-containing enzyme of theKrebs
cycle (2). Disassembly of the cubane [4Fe-4S] cluster by per-
oxynitrite via oxidative attack leads to an inactive [3Fe-4S]
enzyme (Equation 12).

[4Fe-4S]2� � ONOO�3 [3Fe-4S]1� � Fe3� � NO2
�

(Eq. 12)

Iron released from aconitase can further propagate intramito-
chondrial oxidative damage by metal-mediated formation of
oxidizing and nitrating species.
The relevance of the intramitochondrial formation of per-

oxynitrite is underscored by the established observation of
mitochondrial protein nitration in pathological states and even
under basal conditions (reviewed in Ref. 60). A key tyrosine-
nitrated protein inmitochondria isMn-SOD (61, 62), an essen-
tial antioxidant enzyme. Mn-SOD is found nitrated and inacti-
vated in vitro and in vivo under conditions that facilitate
intramitochondrial peroxynitrite formation (60). Not only is

nitro-Mn-SOD a footprint of the process, but also its inactiva-
tion by nitration contributes to further amplify mitochondrial
nitroxidative stress (54). Mn-SOD provides one of the few well
established examples in which tyrosine nitration accounts for a
physiologically relevant loss of function (i.e. the extent of nitra-
tion observed in vivo is sufficient to cause enough inactivation
to altermetabolism) (23).Moreover, the nitration process lead-
ing to enzyme inactivation involves the site-specific manga-
nese-catalyzed nitration of Tyr-34, the active site tyrosine lying
only 5 Å from the manganese site) (43, 62, 63). Peroxynitrite
anion enters theMn-SOD active site through the same channel
as O2

. , reacts at relatively fast rates with manganese (approxi-
mately �104 M�1 s�1), and yields highly oxidant and nitrating
species that cause nitration of Tyr-34. Once nitrated, the phe-
nolic Tyr-34 hydroxyl group becomes partially deprotonated
(i.e. its pKa drops from �10.3 to 7.3) (41), and therefore, the
reaction of O2

. with manganese is hindered by both steric con-
straints and electrostatic repulsion (63, 64). The nitration of
Mn-SOD Tyr-34 is strongly supportive of the intramitochon-
drial peroxynitrite formation (65, 66). Other oxidizing and
nitrating species tend to react with tyrosines other than Tyr-34
and do not lead to enzyme inactivation.
Efforts have been also directed to understand how peroxyni-

trite-dependent nitration affects the redox properties of cyto-
chrome c, an abundant mitochondrial protein and key partner
of the electron transport chain (67). Recent evidence points to
cytochrome c as an intramitochondrial heme peroxidase after a
conformational change triggered by binding to cardiolipin and
indicates that this process is related to apoptotic signaling (68).
We have found that the preferential nitration of cytochrome by
peroxynitrite-derived radicals in one of the solvent-exposed
tyrosine residues (Tyr-74) leads to a conformational change
that causes the displacement of the sixth ligand to the heme
(Met-80) and a gain in peroxidase activity (67); the conforma-
tional change induced by nitration in cells also facilitates its
translocation to the cytosol (even in non-apoptotic cells) (69).
The biological significance of these events is currently under
investigation.

Peroxynitrite-dependent Cytotoxicity

The reactions of peroxynitrite with biomolecules can led to
cytotoxic events, which may result in apoptotic or necrotic cell
death (54, 70, 71). The cytotoxic effects triggered by oxidation
and nitration reactions usually involve the participation of a
variety of effector molecules and processes. For example, per-
oxynitrite-mediated oxidation of mitochondrial membrane
components facilitates the release of pro-apoptotic factors,
whereas poly(ADP-ribose) polymerase activation secondary to
DNA oxidative damage triggers necrosis (54). Although excess
formation of peroxynitrite by mammalian tissues is deleterious
in inflammatory and degenerative processes, it is also clear that
our immune system can utilize peroxynitrite to repel microbial
invasion (72). Indeed, whereas the shift in the signaling proper-
ties of �NO toward oxidative pathways after reacting with O2

. is
associated with pathology in the vascular and nervous systems,
the antimicrobial activity of �NO released by macrophages is
largely dependent on the formation of peroxynitrite. Once
formed, peroxynitrite can permeate cell membranes through
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either anion channels or passive diffusion of the anionic and
protonated forms, respectively (14), and over a biological half-
life of �5–20 ms, it promotes toxic effects locally at up to one-
to two-cell diameters (�10 �m) from its site of formation.
Endogenous Toxicant—The participation of peroxynitrite in

pathophysiological conditions has been recognized in cellular
and animal disease models and in human pathology (54, 70).
For example, peroxynitrite contributes to apoptotic neuronal
death in a variety of acute injuries and neurodegenerative con-
ditions (54, 73). Notably, it has just been reported that nitration
of Hsp90 plays a central role in motor neuron death through
activation of the Fas pathway (71). In the vascular wall, condi-
tions such as hyperglycemia, atherosclerosis, and hypertension
lead to enhanced O2

. formation, shorten the biological half-life
of �NO, and cause endothelial dysfunction; the inexorable for-
mation of peroxynitrite results in oxidation and nitration of
biomolecules that may further contribute to vascular degener-
ation (74). Peroxynitrite also participates in vascular aging and
protein tyrosine nitration of the vessel wall, including the selec-
tive nitration and inactivation of prostacyclin synthase (75). It is
important to note that, during vascular inflammation, neutro-
phil degranulation of myeloperoxidase also contributes to pro-
tein tyrosine nitration processes by peroxynitrite-independent
mechanisms (51, 74).
Cytotoxic Effector against Invading Pathogens—The cyto-

toxic properties of peroxynitrite can be also utilized by immune
system cells to combat infecting microorganisms. Indeed, early
experiments demonstrated the cytotoxic capacity of peroxyni-
trite toward Escherichia coli (76) and Trypanosoma cruzi (77),
which was later extended to several other pathogens. For
instance, peroxynitrite formation by macrophages represents a
cytotoxic effector mechanism, which requires immunostimu-
lation with cytokines that induce iNOS expression. Then, upon
macrophage interaction with the microbial pathogen and asso-
ciation with a phagocytic process, the plasma membrane
NADPH oxidase is activated for O2

. production (i.e. the respi-
ratory burst): the simultaneous formation of O2

. and �NO yields
large levels of peroxynitrite in the phagosomal compartment
over a 60–120-min period (72). For example, the intraphago-
somal levels of peroxynitrite are sufficient for T. cruzi killing
(i.e. the causative agent of Chagas disease). Nitrated and oxi-
dizedT. cruziwas evidenced inside the phagosome, confirming
the diffusion of peroxynitrite from the macrophage to the
pathogen (72). Instead, in other immune system cells such as
neutrophils, alternative �NO-dependent mechanisms of cyto-
toxicity and pathogen protein tyrosine nitration operate, with
the likely participation of myeloperoxidase-mediated reactions
(51, 78, 79). The prolonged respiratory burst observed in
macrophages (with respect to neutrophils) and the lack of sig-
nificant myeloperoxidase activity (72) make the formation of
peroxynitrite in immunostimulated macrophages a premier
reaction pathway for the execution of �NO-derived cytotoxicity.

Modulation of the Redox Biochemistry of Peroxynitrite

The endogenous systems that cope with the toxic effects of
peroxynitrite were established in initial work on microbial sys-
tems (80, 81). In fact, bacterial and parasitic peroxiredoxins
were found to readily decompose peroxynitrite via a fast reac-

tion with the “peroxidatic” cysteine residue of the enzyme
active site (Equation 13),

Prx-S� � ONOOH3 Prx-SOH � NO2
� (Eq. 13)

where Prx is peroxiredoxin. This reaction was later shown in
mammalian peroxiredoxin systems (13). The remarkable veloc-
ity for peroxiredoxin reactions with peroxynitrite (Table 1)
extended earlier observations for H2O2 (30); the molecular
determinants of such reactivity are under scrutiny but seem to
depend of the stabilization of the enzyme-activated complex
(30). The complete catalytic cycle to restore peroxiredoxin to
the resting state is analyzed elsewhere (30). Due to the high
concentration of peroxiredoxins, the fast rate constant, and its
thorough distribution across various cellular compartments, it
constitutes a prime endogenous antioxidantmechanism for the
catalytic detoxification of peroxynitrite. In the case ofmicrobial
systems, peroxiredoxins have been recently revealed as viru-
lence factors due to their capacity to detoxify peroxynitrite
formed from macrophages both in vitro and in vivo (72, 82).

A large number of compounds have been used with pharma-
cological goals to cope with the toxic effects of peroxynitrite
and peroxynitrite-derived radicals (54). A strong protector
against peroxynitrite-mediated toxicity in vitro and in vivo is
uric acid (54, 83–85), the end product of purine metabolism
and an antioxidant compound in humans (86). The direct reac-
tion of peroxynitrite with uric acid is rather slow to account for
its protective effects (Table 1); thus, much of its effects may
instead be due to the scavenging of peroxynitrite-derived radi-
cals and the inhibition of tyrosine nitration reactions.
With respect to syntheticmolecules that are effective against

peroxynitrite in vitro and in vivo, MnP deserve special atten-
tion. This class ofmetal-based drugs, initially conceived as SOD
mimics (87), readily reacts with peroxynitrite (13) and has been
used to attenuate peroxynitrite-dependent cytotoxicity (54).
Peroxynitrite can readily react with both the Mn2� and Mn3�

states to yield nitrite or �NO2, respectively. Although the MnP
are typically administered in the 3� state, the most effective
and likely antioxidant mechanism in biological systems
involves the 2� state in a catalytic cycle as follows (Equations
14–17).

Mn3� � e�3Mn2� (Eq. 14)

Mn2� � ONOO�3Mn4��O � NO2
� (Eq. 15)

Mn4��O � e� � 2H�3Mn3� � H2O (Eq. 16)

ONOO� � 2e� � 2H�O¡
MnP

NO2
� � H2O (Eq. 17)

The reduction of the Mn3�P is carried out by a variety of
flavoenzymes, glutathione, and electron transport chain com-
plexes. Then, Mn2� readily reduces peroxynitrite anion to
nitrite (k � 106–107 M�1 s�1); Mn4��O is reduced back to the
Mn3� state by fast reactions with a variety of endogenous low
molecular weight reductants, including ascorbate, glutathione,
and uric acid (88, 89). Through the reactions shown in Equa-
tions 14–16, MnP can catalytically decompose peroxynitrite
via a redox cycle of peroxynitrite reduction at the expense of
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endogenous reducing equivalents. Notably, cationic MnP can
accumulate in mitochondria to micromolar levels that can
exert antioxidant activity (89, 90), and we have found that com-
plexes I and II of the mitochondrial electron transport chain
can readily provide the electrons for MnP reduction to the
Mn2� state under physiologically relevant oxygen concentra-
tions (5–30 �M O2) (91). Then, MnP protect mitochondria
from peroxynitrite-mediated toxicity both in vitro and in vivo.
ReducedMnP can also eliminate peroxynitrite-derived carbon-
ate radicals (Table 1) (92). Even thoughMnPwere initially con-
ceived as SOD mimics, many of their protective antioxidant
effects relate to peroxynitrite detoxification (93).
Another interesting strategy to connect the mechanisms of

peroxynitrite-mediated toxicity with potential pharmacologi-
cal applications is the use of cell-permeable tyrosine-containing
peptides (73, 94). Tyrosine peptides do not react directly with
peroxynitrite but interfere in the radical-dependent tyrosine
nitration process and spare critical protein tyrosine residues.
Although their precise mechanism of action in cells and in vivo
remains to be established, intracellular delivery of tyrosine-
containing peptides can protect cells from protein tyrosine
nitration and death (73).

Concluding Remarks and Perspectives

Our current understanding of the biological chemistry of
peroxynitrite provides a framework to understand the molecu-
lar mechanisms of oxidant-mediated cell and tissue injury in
�NO-producing systems (Fig. 1). Although it is desirable to
eliminate excess peroxynitrite to neutralize its toxicity in a vari-
ety of pathologies, peroxynitrite plays also a role as a strong
antimicrobial agent, and therefore, tackling the peroxynitrite-
detoxifying systems of microbes appears to be a good strategy
for infection control. The elusive nature of peroxynitrite has
made it difficult to determine its role as a key mediator in
pathology, but the correct understanding of its redox biochem-
istry has greatly helped in the process (13). Moreover, the
recent characterization of boronate-based probes that react
quickly with peroxynitrite (95) (Table 1) provides possibilities
for amore specific detection and even quantitation of peroxyni-
trite by bioanalytical and bioimaging techniques. Thus,
although “stealthy” in nature, accumulated knowledge and new
molecular tools are revealing peroxynitrite as a key redoxmedi-
ator in pathological states and providing possible remedies for
this furtive oxidant species.
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67. Abriata, L. A., Cassina, A., Tórtora, V.,Marín,M., Souza, J.M., Castro, L.,
Vila, A. J., and Radi, R. (2009)Nitration of solvent-exposed tyrosine 74 on
cytochrome c triggers heme iron-methionine 80 bond disruption. Nu-
clearmagnetic resonance and optical spectroscopy studies. J. Biol. Chem.
284, 17–26

68. Kagan, V. E., Tyurin, V. A., Jiang, J., Tyurina, Y. Y., Ritov, V. B., Amoscato,
A. A., Osipov, A. N., Belikova, N. A., Kapralov, A. A., Kini, V., Vlasova,
I. I., Zhao, Q., Zou, M., Di, P., Svistunenko, D. A., Kurnikov, I. V., and
Borisenko, G. G. (2005) Cytochrome c acts as a cardiolipin oxygenase
required for release of proapoptotic factors.Nat. Chem. Biol. 1, 223–232
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dismutase mimics: chemistry, pharmacology, and therapeutic potential.
Antioxid. Redox Signal. 13, 877–918
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NO is a versatile free radical that mediates numerous biolog-
ical functions within every major organ system. A molecular
pathway by which NO accomplishes functional diversity is the
selective modification of protein cysteine residues to form S-ni-
trosocysteine. This post-translational modification, S-nitrosy-
lation, impacts protein function, stability, and location. Despite
considerable advances with individual proteins, the in vivo bio-
logical chemistry, the structural elements that govern the selec-
tive S-nitrosylation of cysteine residues, and the potential over-
lap with other redox modifications are unknown. In this
minireview, we explore the functional features of S-nitrosy-
lation at the proteome level and the structural diversity of
endogenously modified residues, and we discuss the potential
overlap and complementation that may exist with other cys-
teine modifications.

Endogenous production of NO is accomplished principally
through the enzymatic action of NOS isoforms (1–6). These
enzymes (eNOS, iNOS, and nNOS) are expressed throughout
the body and orchestrate the production of biologically active
NO (4–6). Transcriptional regulation, availability of calcium
and various cofactors, and post-translational modifications
regulate NOS levels, localization, and functional dimerization,
resulting in controlled and timely production of NO (4–6).
Binding of NO to the heme of soluble guanylate cyclase acti-
vates this enzyme, leading to the production of cGMP (1–3).
The ensuing activation of cGMP-dependent kinases transduces
a multitude of signaling events through protein phosphoryla-
tion (3). This canonical signaling cascade is regulated at several
steps, including controlling NO production, reversible binding
to soluble guanylate cyclase, degradation of cGMP by phos-
phodiesterases, and dephosphorylation of downstream targets
by phosphatases (3). Similar to other signaling pathways, non-
canonical NO signaling has been also documented and is

achieved principally by the covalent modification of protein
cysteine residues to form S-nitrosocysteine (7–9).
Cysteine residues in proteins can be broadly classified into

four functional groups: structural, metal binding, catalytic, and
regulatory (10–13). By forming disulfide bonds, cysteine resi-
dues serve a principal structural function during protein folding
(14, 15). Enzymatically controlledmodifications of cysteine res-
idues, such as S-acylation (primarily S-palmitoylation), regulate
protein location in membranes, function, and stability (16, 17).
Cysteine residues coordinate metal binding, which impacts
protein activity and provides structural stability (13). Cysteine
residues are also used for catalysis in diverse protein families,
such as oxidoreductases, proteases, and acyltransferases (10–
13). Last but not least, reversible oxidation states of cysteine
residues, such as sulfenic acid, aswell covalent adductions, such
as S-nitrosylation, S-glutathionylation (addition of glutathione,
forming a mixed disulfide), and S-sulfhydrylation (addition of
hydrogen sulfide), facilitate redox-dependent signaling and
regulation of protein function (18–28). Overall, the diverse
chemical reactivity of the sulfur permits unique modifications
of cysteine residues that significantly expand the biological
chemistry by which homeostatic regulation of redox sensing,
signaling, protein function, stability, and trafficking is achieved
and regulated.
This minireview is focused on the biological roles of protein

S-nitrosocysteine in health and disease, as well as the potential
overlap and complementation that may exist with other cys-
teine modifications. Before we embark on these discussions, a
few disclosures are required. (i) The formation of S-nitrosocys-
teine requires the addition or transfer of a nitroso group to the
reduced cysteine. The term that defines this chemical reaction
is S-nitrosation. The term that describes the biological function
of this modification is S-nitrosylation, which, although not
chemically accurate, is consistent with the commonly used
“-ylation” suffix for post-translational modifications. We will
use the term S-nitrosylation throughout. (ii) The biological
chemistry that forms S-nitrosocysteine in vivo remains uncer-
tain. Although the source of NO is primarily enzymatic, the
formation of S-nitrosocysteine includes cysteine oxidation;
metal catalysis; exchange reactions with low molecular weight
thiols, such as S-nitrosoglutathione (GSNO)2; or transnitrosa-
tion reactions between proteins, principally by S-nitrosothiore-
doxin (29, 30). The mechanisms of protein S-nitrosylation
mediated via transfer of the nitroso group (GSNO and S-nitro-
sothioredoxin) designate regulated processes. Comprehensive
reviews on the chemistry of S-nitrosocysteine formation have
been recently published (31–34). The presence of GSNO
reductase, an enzyme that regulates GSNO levels, indirectly
regulates protein S-nitrosylation (35, 36). Moreover, evidence
indicates that thioredoxin facilitates not only protein-to-pro-
tein transfer of the nitroso group but also its removal, providing
a complete cycle for protein-mediated regulation of S-nitrosy-
lation (37). Overall, existing data indicatemultiplemechanisms
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for the formation and removal of protein S-nitrosocysteine in
vivo, some of which require protein-protein interactions.

S-Nitrosylation in Health and Disease

A literature review was performed to assemble a list of
endogenously S-nitrosylated proteins. The list includes cellular
models in which protein S-nitrosylation is derived from NOS
activity. Studies that exclusively used NO donors or S-nitrosat-
ing agents were excluded. The list does not include our recent
work in mouse tissues, which will be discussed separately. The
data are organized to include the following: protein name, pro-
tein accession number, species, organ or cell type of origin, site
of S-nitrosylation, and protein location and function (when
available) (supplemental Table 1).
The majority of the proteins were identified by the biotin

switch method (9). The original biotin switch method and sev-
eral variations thereafter detect S-nitrosylated proteins by per-
forming the following five steps: 1) blocking of reduced cysteine
residues; 2) reductive elimination of NO from S-nitrosocys-
teine, generating a reduced cysteine; 3) labeling of the resulting
reduced cysteinewith biotin; 4) enrichment for labeled proteins
through biotin-avidin interaction; and 5) protein- or site-spe-
cific identification by Western blotting or mass spectrometry.
Proteins and sites ofmodification detected by alternativemeth-
ods, such as antibody-mediated enrichment, followed by
secondary detection methods are indicated as well. For com-
prehensive appraisal of the methodologies for detection and
site-specific identification of S-nitrosocysteine in biological
samples, please refer to recent reviews (38–41).
The literature review identified a total of 233 S-nitrosylated

proteins, 171 of which were identified under physiological con-
ditions, 28 under various pathological conditions, and another
34 that may be ascribed to either physiological or pathological
conditions. Ontological analysis of this assembled S-nitroso-
cysteine proteome revealed a significant overrepresentation of
mitochondrial proteins within both the intermembrane space
and the inner mitochondrial membrane. In terms of molecular
function, a significant proportion of proteins are involved in the
generation of precursor metabolites and energy, including the
electron transport chain, glycolysis, glucose metabolism, and
oxidative phosphorylation. The pathological conditions are
often associated with overproduction of NO, a condition called
nitrosative stress, and result in inappropriate S-nitrosylation of
proteins, leading to dysfunction and pathological phenotypes.
These findings were significantly expanded by the site-spe-

cific identification of S-nitrosylated proteins in different organs
of the wild-type mouse. Using a biochemical method for the
enrichment of S-nitrosylated proteins and peptides, along with
negative controls and the use high mass accuracy tandemmass
spectrometry, we reported 1011 S-nitrosocysteine residues in
647 proteins inwild-typemouse brain, heart, kidney, liver, lung,
and thymus (42). The chemical enrichment is based on the
principles of the Saville reaction (43), in which the nitroso
groupof S-nitrosocysteine is displaced by phenylmercury, and a
new covalent bond between the cysteine sulfur and organic
mercury is formed. Bioinformatic analysis of this newly
acquired data set indicated the following. (i) Two-thirds of the
proteins identified are shared among the different organs; (ii)

mitochondrial proteins are significantly enriched compared
with the entire mouse proteome; (iii) the majority of the shared
mitochondrial proteins are functionally involved in metabolic
pathways; (iv) proteins with catalytic and metal-binding cys-
teine residues are present, but not cysteine residues participat-
ing in structural disulfide bonds; and (v) nearly half of the iden-
tified S-nitrosylated proteins require the expression of eNOS.
Analysis of the same organs from eNOS null mice revealed an
organ-specific dependence on the expression of eNOS (ranging
from 47 to 87%) and the enzymatic production of NO for the
formation of protein S-nitrosylation. Collectively, the data indi-
cated that protein S-nitrosylation may provide a molecular and
biochemical mechanism for the previously recognized regula-
tion of these metabolic processes by enzymatically produced
NO (44–47). The data may also serve as a resource to inves-
tigate the principles that guide the apparent selective target-
ing of particular cysteine residues for S-nitrosylation in cel-
lular proteomes.

Selectivity, Stoichiometry, and Occupancy of Cysteine
S-Nitrosylation

Although significant progress has been made in recognizing
the biological roles of protein S-nitrosylation in health and dis-
ease, several critical questions regarding the selectivity and
abundance of S-nitrosylation remain. Concerning selectivity,
what defines anddetermines the endogenous selectivity of S-ni-
trosocysteine formation in proteins? Attempts to provide
answers to this question have been made by analyzing the bio-
chemical, biophysical, and structural properties of S-nitroso-
cysteine residues. Although these previous attempts did not
provide explicit biochemical or structural requirements (48,
49), the presence of acid-base residues in the vicinity of modi-
fied cysteine residues may offer some selectivity (31). Alterna-
tively, the presence of charged residues located distally to the
modified cysteine residues could facilitate catalysis or provide
sites for protein-protein interfaces to direct site-specific S-ni-
trosylation (48). We attempted a similar structural analysis
using only in vivo identified S-nitrosylated proteins (50). Using
structures of proteins identified in wild-type mouse liver, we
compared the biochemical and biophysical properties of S-ni-
trosylated cysteine residues with those of unmodified cysteine
residues on the same proteins. This analysis revealed some dif-
ferences that may distinguish cysteine residues targeted for
S-nitrosylation. Specifically, sites of S-nitrosylation were over-
represented in �-helices, were located in larger surface-acces-
sible areas, andwere surrounded by charged amino acidswithin
a 6-Å distance. However, not every S-nitrosocysteine residue
conforms to these parameters (50). This was apparent when we
performed the same analysis using the data from all mouse
organs (42). This analysis reinforced the proposition that
groups of cysteine residues that share similar biochemical (pKa
and solvent exposure) or structural (location in helices and
proximal to positively charged residues) properties constitute
diverse molecular targets that can accommodate different
pathways for S-nitrosocysteine formation. In the mouse S-ni-
trosocysteine proteome, we have also identified cysteine resi-
dues located near metal centers that can catalyze site-specific
modification (49, 51, 52). We propose that the multiplicity in
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the biological chemistry of S-nitrosocysteine formation is
matched by the structural diversity of protein cysteine residues,
which is principally responsible for the selectivity of this post-
translational modification. The existence of these diverse pro-
tein microenvironments guides site-specific S-nitrosylation
and may also explain the apparent absence of significant over-
lap with other cysteine modifications that will be discussed
below.However, this proposal deviates from other knowmech-
anisms of post-translational modification, such as phosphoryl-
ation. The specificity of phosphorylation is derived primarily by
the selectivity of kinases for protein targets and the presence of
certainmotifs in the client proteins. Diversity is achieved by the
presence of different kinase families and by regulation of kinase
activity. A parallel to the function of kinases in phosphorylation
is a protein that can transfer the nitroso moiety to a target
cysteine residue (S-nitrosylase activity). Thioredoxin and
GAPDH are two proteins with documented protein-assisted
transnitrosylation or S-nitrosylase activity (29, 53). Protein-cat-
alyzed transnitrosylation reactions could have an inherent
selectivity due to the required protein-protein interactions
between the S-nitrosylase and the target protein. Half of the 93
proteins with resolved three-dimensional structures in the
mouse S-nitrosoproteome have S-nitrosylated cysteine resi-
dues localized in solvent-exposed areas that could be targeted
for protein-assisted S-nitrosation. Additional research delin-
eating the molecular targets of protein-assisted trans-S-ni-
trosylation would vastly improve our understanding of the
selectivity of in vivo S-nitrosylation and may provide firm cri-
teria that will distinguish or predict S-nitrosylated cysteine res-
idues in proteins.
As more knowledge is gained for S-nitrosylation as a func-

tional post-translational modification, a common question
often asked at different forums relates to the stoichiometry and
occupancy of thismodification. Specifically, what percentage of
a protein needs to be S-nitrosylated to elicit a functional change
or initiate a signaling event? Several analytical approaches have
been generated tomeasure the total levels of protein S-nitroso-
cysteine, and typical levels are in the nanomolar range (54).
However, the levels of S-nitrosylation for specific proteins have
not always been quantified. For example, thioredoxin exhibits
substantial influence on the levels of S-nitrosylation by execut-
ing both transnitrosylation and denitrosylation reactions (29,
37). Basal S-nitrosylation of thioredoxin is involved in main-
taining cellular redox status and exhibits anti-apoptotic effects
(30). However, the proportion of modified thioredoxin is pres-
ently unknown.
Recently, cysteine-reactive tandemmass tags have been used

to quantify S-nitrosylation occupancy in a model of ischemic
reperfusion injury (55). Under physiological conditions, 1–10%
of any given protein was occupied by S-nitrosocysteine at a
specific site (55). These data indicate that one in every 10 (max-
imal) or one in every 100 (minimal) proteinmolecules are occu-
pied at a given cysteine residue (55). These levels are consistent
with other post-translational modifications of cysteine resi-
dues, such as oxidation, which was shown to vary from 14 to
22% in cellular model systems (12).
It is possible, however, that the levels of S-nitrosylation are

underestimated. Factors such as (i) denitrosylation (37), (ii)

compartmentalization of the S-nitrosylated proteins (53), (iii)
protein stability (56), and (iv) detection methodologies will
contribute to the reported relative low abundance of S-nitrosy-
lated proteins in vivo. We reported that 25% of very long chain
acyl-CoA dehydrogenase molecules were S-nitrosylated on a
single cysteine residue in vivo under physiological conditions
(42). S-Nitrosylation lowered the Km by nearly 5-fold and
improved the catalytic efficiency (Km/Kcat) of very long chain
acyl-CoA dehydrogenase by 29-fold, enabling the S-nitrosy-
lated protein to effectively metabolize most of the substrate in
mouse liver (42).
Another aspect of S-nitrosylation that has garnered little

attention is the potential for proteins to be functionally regu-
lated by poly-S-nitrosylation (57). The ryanodine receptor may
represent a prototypical example of functional regulation by
poly-S-nitrosylation (58). This receptor was shown to be pro-
gressively activated based on the number of modified sites. It is
also possible that GAPDH can be S-nitrosylated at least at two
different sites and that the site of modification could influence
its trafficking, association with other proteins, and its ability to
act as an S-nitrosylase. For example, recent studies indicated
that GAPDH engages RPL13a in a chaperone-like manner to
prevent ubiquitination and proteasomal degradation of newly
synthesized RPL13a (59). The GAPDH-RPL13a pair regulates
the interferon-�-activated inhibitor of the translation complex
that controls the translation of proteins participating in inflam-
matory processes. This functional regulation was lost upon
S-nitrosylation of GAPDHat Cys247 (human protein; Cys245 for
the mouse and rat sequences) (59). The biological relevance of
poly-S-nitrosylation or differentialmodification of cysteine res-
idues requires further investigations.

Overlap and Complementation of S-Nitrosylation and
Other Redox-based Protein Cysteine Modifications

The knowledge and recognition that cysteine residues
undergo several different redox-dependentmodifications other
than S-nitrosylation imply that cautionmust be exercisedwhen
ascribing biological roles to S-nitrosylation. One approach to
explore the potential overlap among the different redox-depen-
dent cysteinemodifications is to compare the sites and proteins
that aremodified in biological systems. This approachwas used
by the pioneering study of Leonard et al. (60). In this study,
endogenously identified sites of sulfenic acid (S-sulfenylation)
were compared with published data of protein disulfides and
S-glutathionylated and S-nitrosylated proteins. The compari-
son revealed an 11, 5, and 18% overlap between S-sulfenylated
and disulfide, S-glutathionylated, and S-nitrosylated proteins,
respectively (60). Herein, we expanded these findings by using
the recently published S-nitrosoproteome and an expanded
S-glutathionylated proteome assembled from an updated liter-
ature review (Fig. 1). The proteomes consists of 650 S-nitrosy-
lated, 181 S-sulfenylated, and 118 S-glutathionylated proteins.
Only five proteins are present in all three proteomes. A small
fraction of the S-nitrosocysteine proteome (7 and 1%, respec-
tively) is sharedwith S-sulfenylated and S-glutathionylated pro-
teomes. Although these comparisons imply that themajority of
the redox-dependent cysteinemodifications target distinct and
separate proteomes, we must consider several caveats. 1) The
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data were collected from proteomic studies in different tis-
sues, cells, and species. 2) The different methodologies used
to acquire these proteomes may have inherent biases. 3) The
S-sulfenylated and S-glutathionylated proteomes are rela-
tively small, and as such, they may under-represent the pro-
teins modified.
Optimal comparisons should include rich proteomes of

endogenously identified sites and proteins in the same organ or
cell. To date, the best comparison we could provide is depicted
in Table 1. In a comprehensive and quantitative manner, Cra-
vatt and co-workers (11) reported the reactivity profile of cys-
teine residues for a small electrophile, alkene-tagged iodoacet-
amide, in cellular model systems and in wild-type mouse heart.
Systematic analysis of the reactivity of the different cysteine
residues toward iodoacetamide failed to reveal consensus
motifs and indicated a preference for N-terminal cysteine resi-
dues in �-helices. These conclusions were similar to our analy-

sis of the sites of S-nitrosylation, which prompted us to com-
pare the reported 168 iodoacetamide-reactive cysteine residues
with the S-nitrosylated residues in wild-type mouse heart
(Table 1). Of the 119 S-nitrosylated proteins, only 38 were also
iodoacetamide-reactive. Within the 38 proteins, 32 cysteine
residues were both iodoacetamide-reactive and S-nitrosylated,
whereas 40 and 46 cysteine residues were modified solely by
S-nitrosylation or iodoacetamide, respectively. Therefore, only
15% of the S-nitrosylated residues (32 of 211 cysteine residues)
inwild-typemouse heartwere labeledwith iodoacetamide, sug-
gesting that the reactivity of cysteine residues toward different
modifying agents is selective and guided by undefined struc-
tural and biochemical principles. Protein abundance or other
basic biochemical properties of cysteine residues alone, such as
pKa, surface exposure (two of the principal properties that gov-
ern reactivity), and hydropathy, do not sufficiently explain the
observed selectivity for either S-nitrosylation or reactivity
toward electrophiles. A trivial explanation is that the occu-
pancy of these sites by S-nitrosylationmay have prevented reac-
tivity toward iodoacetamide. However, as discussed above,
S-nitrosylation occupancy is not 100%, indicating that differ-
ences in reactivity guide this apparent selectivity. A limitation
of these comparisons relates to the relative small size of the
proteomes, which limits the number of three-dimensional
structures available for analysis. A comparison between
S-palmitoylation and S-nitrosylation using larger sets of pro-
teins (1302 and 647 proteins, respectively; data collected from
Refs. 17, 42, and 61) revealed that only 209 proteinswere shared
between these two modifications. This overlap represented
16% of the S-palmitoylation and 32% of the S-nitrosylation pro-
teomes. S-Palmitoylation is an enzymatic process catalyzed by a
family of zinc finger Asp-His-His-Cys (DHHC domain)-con-
taining protein acyltransferases, creating a unique thioester
bond that tethers proteins to membranes and directs localiza-
tion of proteins to cellular lipid domains (16, 17). Therefore,
even when larger data sets are compared, irrespective of mech-
anism of formation (redox-dependent or enzymatic), cysteine
modifications appear to target different proteins.
We propose that, in cellular proteomes, distinct and separate

clusters of proteins that share cysteine residues within similar
microenvironments show preferential reactivity toward spe-
cific modifiers. The biological selectivity is then a consequence
of the enzymatic process or chemicalmodifier and the presence
of strategically located cysteine residues that guide selective
post-translational modifications. The best analogy is that of
mail delivery in the city of Philadelphia. Different cargos are
delivered to protein clusters within different zip codes. How-
ever, a zip code is not sufficient for accurate delivery. A house
number (cysteine residue) and a street name (biochemical
properties and the structural elements in the vicinity of cysteine
residues) are also required. Therefore, future studies aimed at
elucidating the apparent selectivity of cysteine targeting need to
consider identifying only endogenously generated modifica-
tions and implement methodologies that pinpoint the sites of
modification.
The site-specific identification of the modified cysteine resi-

dues is also critical because the sameprotein can bemodified on
the same or different cysteine residues in a manner that

FIGURE 1. Venn diagram depicting the overlap between different redox-
dependent post-translational modifications of cysteine residues. Data
collected from literature review include oxidized cysteine residues to sulfenic
acid (R-SOH), S-glutathionylation (R-S-SG), and S-nitrosylation (R-SNO). The
sulfonic acid data originated from untreated HeLa cells (60); the S-glutathio-
nylation data originated from multiple publications and include data from
basal and oxidatively stressed cellular model systems and tissues; and the
S-nitrosylation proteome is from wild-type mouse tissues (brain, heart, kid-
ney, liver, lung, and thymus) under physiological conditions (42). The size of
the circle is proportional to the number of proteins. The degree of overlap is
modest; 31% of the S-glutathionylated proteins, 27% of the S-sulfenylated
proteins, and 9% of the S-nitrosylated proteins are shared with the other
modifications. Because the sites of modification are not available for all three
modifications, it is unclear if the same residues are modified in the overlap-
ping proteins.
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achieves complementation in function. For example, synaptic
targeting of the post-synaptic protein PSD-95 is reciprocally
regulated by S-nitrosylation and S-palmitoylation on Cys3 and
Cys5 (62). Similar co-regulation between S-nitrosylation and
S-glutathionylation exists. In the case of thioredoxin, S-nitrosy-
lation or S-glutathionylation at different sites results in oppos-
ing effects on activity, whereas isocitrate dehydrogenase is
inhibited by either modification (63, 64). The number of iden-
tified proteins that are co-regulated by several modifications is
growing as methods improve, although the effects of redox
modifications go beyond strictly activating or inhibiting enzy-
matic function. For example, S-glutathionylation of eNOS
results in an uncoupling of the enzyme, leading to increased
superoxide over NO production, which affects cellular redox
signaling (65). In this way, the redox status of cysteine residues
does not result in loss or gain of function but acts as amolecular
switch dictating the products generated. Overall, analysis of the
current data indicates that redox/cysteine modifications occur
on predominantly distinct and non-overlapping proteomes. As

noted previously, the biochemical and structural determinants
of this apparent selectivity are not known, and future studies
using enriched proteomes with site-specific identification are
required.

Concluding Remarks

The expansion of work pertaining to NO and protein S-ni-
trosylation over recent years has led to some very intriguing and
promising areas of research. Although the vast majority of the
studies explored functional aspects of S-nitrosylation on spe-
cific proteins, the development of mass spectrometry-based
approaches (60, 66–69) has enabled studies that hold excellent
promise in providing proteome-wide information for the struc-
tural and functional biology of S-nitrosylation. Acquisition of
endogenous S-nitrosocysteine proteomes will also facilitate
investigations on the issues that still remain uncertain, such as
the biochemical mechanisms of S-nitrosocysteine formation,
the mechanisms of denitrosylation, the effects on protein sta-
bility, the structural elements that may govern selective S-ni-

TABLE 1
Endogenously S-nitrosylated and iodoacetamide-reactive cysteine residues and proteins in wild-type mouse heart
The asterisks indicate cysteine residues in the same tryptic fragment. The same cysteine residues that can be modified by S-nitrosylation and iodoacetamide are shown in
boldface. Data were extracted from published data from wild-type mouse heart: S-nitrosylation (42) and iodoacetamide reactivity (11). Cys-SNO, S-nitrosylated cysteine.

Protein name
Protein

accession no. Cys-SNO Iodoacetamide-reactive Cys

3-Ketoacyl-CoA thiolase, mitochondrial Q8BWT1 Cys179, Cys287 *Cys92, Cys103, Cys107, Cys382
60-kDa heat shock protein, mitochondrial P63038 Cys447 Cys442
Acetyl-CoA acetyltransferase, mitochondrial Q8QZT1 Cys116, Cys193, Cys410 Cys116, Cys193, Cys123
Aconitate hydratase, mitochondrial Q99KI0 Cys126, Cys410 Cys385, *Cys448, Cys451
Aldose reductase P45376 Cys45, Cys187, *Cys299, Cys304 Cys299
Aspartate aminotransferase, mitochondrial P05202 Cys106, Cys212, Cys295 Cys272, Cys382 Cys106, Cys187, Cys272, Cys274, Cys295
ATP synthase subunit �, mitochondrial Q03265 Cys244 Cys294
Carnitine O-acetyltransferase P47934 Cys287 Cys169
Citrate synthase, mitochondrial Q9CZU6 Cys101, Cys211, Cys359 Cys101
Creatine kinase, M-type P07310 Cys146, Cys254 Cys74, Cys254
Creatine kinase, sarcomeric mitochondrial Q6P8J7 Cys63, Cys90, Cys238, Cys317 Cys180, Cys238, Cys317, Cys397
Cysteine- and glycine-rich protein 3 P50462 Cys25, Cys40, *Cys34, Cys37, Cys79,

Cys58 *Cys120, Cys123, Cys168
Cys37, Cys79

Dihydrolipoyl dehydrogenase, mitochondrial O08749 Cys484 Cys477
Electron transfer flavoprotein subunit � Q9DCW4 Cys42 Cys42, Cys131
Fructose-bisphosphate aldolase A P05064 Cys73, Cys339 Cys73, Cys339
Glyceraldehyde-3-phosphate dehydrogenase P16858 Cys245 Cys22, Cys154, Cys282
Glycogen phosphorylase, muscle form Q9WUB3 Cys373, Cys446, Cys561 Cys109, Cys143, Cys172
Hemoglobin subunit �1 P02088 Cys94 Cys94
Isocitrate dehydrogenase (NADP),
mitochondrial

P54071 Cys113, Cys154, Cys235, Cys402,
Cys418

Cys113, Cys154, Cys308, Cys336 Cys418

Isovaleryl-CoA dehydrogenase, mitochondrial Q9JHI5 Cys134 *Cys368, Cys379
L-Lactate dehydrogenase A chain P06151 Cys35, Cys84, Cys163 Cys35, Cys84, Cys293
L-Lactate dehydrogenase B chain P16125 Cys294 Cys36, Cys164, Cys294
Long chain-specific acyl-CoA dehydrogenase,
mitochondrial

P51174 Cys166, Cys351 Cys129, Cys166, Cys303, Cys342, Cys383

Malate dehydrogenase, cytoplasmic P14152 Cys154 Cys137, Cys154
Malate dehydrogenase, mitochondrial P08249 Cys212, Cys275, Cys285 Cys212, Cys285
Methylmalonate-semialdehyde dehydrogenase
(acylating), mitochondrial

Q9EQ20 Cys317 Cys317

Myoglobin P04247 Cys67 Cys67
Phosphoglycerate mutase 2 O70250 Cys153 Cys23, Cys153
Protein DJ-1 Q99LX0 Cys46 Cys106
Pyruvate kinase isozymes M1/M2 P52480 Cys49, Cys326 Cys326, Cys353, Cys474
Short chain-specific acyl-CoA dehydrogenase,
mitochondrial

Q07417 Cys289 Cys289

S-Formylglutathione hydrolase Q9R0P3 Cys11, Cys158 Cys56, Cys176
Succinyl-CoA ligase (ADP-forming) subunit �,
mitochondrial

Q9Z2I9 Cys384 Cys320, Cys384, Cys430

Succinyl-CoA ligase (GDP-forming) subunit �,
mitochondrial

Q9WUM5 Cys60 Cys60, *Cys172, Cys181

Succinyl-CoA:3-ketoacid-CoA transferase 1,
mitochondrial

Q9D0K2 Cys235, Cys456 Cys67, Cys504

Thioesterase superfamily member 2 Q9CQR4 Cys40 Cys74
Trifunctional enzyme subunit �,
mitochondrial

Q99JY0 Cys336, Cys436 Cys459, Cys747 Cys459

Triose-phosphate isomerase P17751 Cys127, Cys218 *Cys21, Cys27, Cys67, Cys127
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trosylation, and the molecular mechanisms by which protein
S-nitrosylation regulates protein function and location.
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Controlled generation of reactive oxygen species orchestrates
numerous physiological signaling events (Finkel, T. (2011) Sig-
nal transduction by reactive oxygen species. J. Cell Biol. 194,
7–15). A major cellular target of reactive oxygen species is the
thiol side chain (RSH) of Cys, whichmay assume a wide range of
oxidation states (i.e.�2 to�4).Within this context, Cys sulfenic
(Cys-SOH) and sulfinic (Cys-SO2H) acids have emerged as
important mechanisms for regulation of protein function.
Although this area has been under investigation for over a dec-
ade, the scope and biological role of sulfenic/sulfinic acid mod-
ifications have been recently expanded with the introduction of
new tools formonitoring cysteine oxidation in vitro and directly
in cells. This minireview discusses selected recent examples of
protein sulfenylation and sulfinylation from the literature, high-
lighting the role of these post-translationalmodifications in cell
signaling.

Sulfenic Acid Formation and Reactivity

RSOH is directly generated by the oxidation of RSH with
two-electron oxidants (Fig. 1A). Hydrogen peroxide (H2O2)
reacts with small-molecule thiols at a constant rate of �20 M�1

s�1, but this reaction can take place up to 8 orders ofmagnitude
faster (105–108 M�1 s�1) with specific Cys residues within pro-
teins (2). The propensity of Cys residues to undergo oxidation is
influenced mainly by three general factors: thiol nucleophilic-
ity, surrounding protein microenvironment, and proximity of
the target thiol to the reactive oxygen species (ROS)2 source.
Peroxide-mediated thiol oxidation is an SN2 reaction (Fig. 1B)
whereby the actual reactive species is the much more nucleo-
philic thiolate (RS�). Accordingly, susceptibility to oxidation is
usually correlated with pKa, although for cysteines with pKa �
7, the RS� becomes less nucleophilic with the decrease in pKa
(3). In proteins, microenvironments can influence Cys acidity
through the presence of polar amino acids or specific hydrogen

bonds, which contribute to a decrease in pKa by balancing the
negative charge on the sulfur atom (4). The same interactions,
which affect the pKa of Cys thiol, also influence the stability of
the related sulfenic acid. The microenvironment can also help
to stabilize the leaving group by lowering the transition state
energy barrier (2). However, these parameters are not sufficient
to rationalize the selective oxidation of specific proteins.
Increasing evidence shows that ROS signaling responses are
compartmentalized, and the proximity of the target protein to
the ROS source is a key aspect of spatial regulation of Cys oxi-
dation (5, 6).
By virtue of the transient nature of RSOH, the study of its

chemical-physical properties has been rendered extremely
challenging. The pKa of RSOH has been determined in only a
few proteins (7, 8). The experimentally determined pKa of some
small-molecule sulfenic acids is 1–2 orders of magnitude lower
than that of the corresponding thiols (9, 10); however, it is not
clear whether such compounds are appropriate models of cys-
teine sulfenic acid in proteins. From the chemical point of view,
RSOH exhibits both electrophilic and nucleophilic behavior.
Thiosulfinate formation clearly exemplifies this dual nature
(11), although this self-condensation has little biological rele-
vance due to high abundant thiols and steric hindrance, which
make this reaction negligible in cells. Therefore, oxidation to
Cys-SO2H appears to be the only significant reaction in which
RSOH exhibits its nucleophilic nature. In contrast, this species
shows high reactivity toward nucleophiles. Intramolecular or
low-molecular-weight thiols may react with RSOH to generate
a mixed disulfide, which constitutes the principal mechanism
for disulfide bond formation in proteins (12). In the absence of
adjacent thiols, RSOHcan also reactwith nitrogennucleophiles
to form a sulfenamide, although this species has been identified
in only a few proteins (13, 14).
Sulfenic Acid as a Post-translational Modification—Disul-

fide and sulfenamide formations protect Cys-SOH from further
oxidation and lay the foundation for redox signaling. In fact,
these post-translational modifications (PTMs) can generate
conformational changes in protein structure and subsequent
modulation of protein activity. In addition, as a result of its
intrinsic nucleophilicity, Cys is present in the active site of
many enzymes. Transient oxidation of these Cys residues is a
well established process through which proteins can be spa-
tially and temporally inhibited (1).
From the first evidence of its existence reported in 1976 (15)

to the present, RSOH has been identified in a relatively small
number of proteins. In fact, the identification of this elusive
modification remains difficult. In 2008, Fetrow and co-workers
(16) published a review that included a list of 47 proteins in
which Cys-SOH was identified by crystal structure analysis.
Because identification of the crystal structure of protein-SOH is
problematic, their list represents only the tip of the iceberg.
Direct mass analysis shows similar issues, making the use of
chemical probes the only suitable technique to monitor RSOH
formation (17).
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Table 1 provides a list of the principal proteins in which Cys-
SOH has been identified using chemical-trapping reagents.
In addition to 4-chloro-7-nitrobenzofurazan, which can be
employed only in vitro, dimedone-based probes (DBPs) are
emerging as themost promising tool for RSOH trapping. These
reagents are capable of crossing the cell membrane, capturing
RSOHs directly in the cell (17). We concentrated our attention
exclusively on those proteins in which the formation of Cys-
SOH has been experimentally substantiated and shown to play
a regulatory role. Proteomic studies based on the employment
of DBPs have identified many other proteins that are able to
generate an RSOH transient species in cells (18, 19), although
the biological relevance of these oxidations remains unclear.
Table 1 clearly demonstrates that many redox-regulated pro-
teins are directly involved in cell signaling.
Protein-tyrosine Phosphatases—Tyrosine phosphorylation

levels aremaintained by the balanced action of protein-tyrosine
kinases (PTKs) and phosphatases (PTPs). Sulfenylation of the
catalytic Cys residue (pKa � 4–6) of PTPs has emerged as a
dynamicmechanism for inactivation of this protein family (20).
The half-life of RSOH is generally quite low in PTPs. In fact, a
neighboring cysteine residue (e.g. in PTEN) or the backbone
amide nitrogen (PTP1B) readily reacts with RSOH to yield an
intramolecular disulfide (21) or a cyclic sulfenamide species
(14), respectively.
Recently, an alternative mechanism of inactivation emerged

in SH2 domain-containing PTPs (SHP-1 and SHP-2) (22),
which possess two highly conserved distal cysteines, both of

which can generate a disulfide with the oxidized catalytic Cys
residue. This intermediate disulfide typically rearranges into
themore stable disulfide formed by the two backdoor cysteines
to regenerate the free catalytic Cys residue. Surprisingly, the
conformational change produced by the backdoor disulfide
leads to an increased catalyticCys pKa value (�9)with resultant
inhibition.

FIGURE 1. Main oxidative modifications of protein cysteine residues. A,
the diagram shows the main oxidative modifications of protein cysteine res-
idues. The initial reaction of cysteine with oxidants ([O] � ROS/RNS) yields a
sulfenic acid (SOH). Once formed, the SOH can be reduced to thiol or further
oxidized to generate Cys-SO2H and Cys-SO3H. B, thiolate anion is much more
nucleophilic than the corresponding protonated form and can be readily oxi-
dized to sulfenic acid. The protein microenvironment can help to stabilize the
poor hydroxide leaving group and thus accelerate the reaction rate. C, two
possible mechanisms have been proposed for the H2O2-mediated oxidation
of RSOH to RSO2H: the first pathway, which involves the direct participation of
a sulfenate anion, or the second concerted mechanism, which is mediated by
a hydrogen bond.

TABLE 1
Protein sulfenic acid modification
IKK-�, I�B kinase �; PGKase, phosphoglycerate kinase; L-PYK, liver pyruvate
kinase; MTAP, methylthioadenosine phosphorylase.

Function/protein Organism Cys-SOH Ref.

Peroxidase
AhpC M. tuberculosis Cys-165a 80
Prx H. sapiens Cys-51 (PrxI)a,b 60, 81
Orp1/GPx3 S. cerevisiae Cys-36a 38

Phosphatase
PTP1B H. sapiens Cys-215a 6, 82
YopH Y. enterocolitica Cys-403a 82
PTEN H. sapiens Cys-124a 6, 21
Cdc25a H. sapiens Cys-431a 83
SHP-1 H. sapiens,M. musculus Cys-455a 22, 84
SHP-2 H. sapiens,M. musculus Cys-459a 6, 22

Kinase
EGFR H. sapiens Cys-797a 6
JAK2 M. musculus Cys-866/Cys-917a 27
Akt2 M. musculus Cys-124a 28
IKK-� H. sapiens Cys-179a 41
RegB R. capsulatus Cys-265a 85
PGKase P. tricornutum Cys-77c 86
L-PYK H. sapiens Cys-436b,c 87

Transcription
Factor
AphB V. cholerae Cys-235c 35
MgrA S. aureus Cys-12c 32
SarZ S. aureus Cys-13b,c 36
OhrR B. subtilis Cys-15c 34
OxyR E. coli Cys-199c 88
CrtJ R. capsulatus Cys-420a 33
p50 (NF-�B ) H. sapiens Cys-62a 40

Cysteine
Protease
USP1 H. sapiens Cys-90a 43
USP7 H. sapiens Cys-223a 43
A20 H. sapiens Cys-103a 44
Cathepsin K H. sapiens Cys-25a,a,c 89
Papain P. latex Cys-25a 80

Channel
Kv1.5 H. sapiens Cys-581a 50

Oxidoreductase
GAPDH O. cuniculus Cys-298a 81
Aldose
reductase

H. sapiens Cys-298a 90

MsrA S. cerevisiae Cys-72a,b 91
Transferase
MTAP H. sapiens Cys-136/Cys-223c 92

Integrin
�7�1 R. rattus Cys-923/Cys-928a 93

Chaperone
Hsp70 H. sapiens Cys-306a 94

Serum protein
HSA H. sapiens Cys-34a,c 51

Oxygen carrier
Hemoglobin H. sapiens Cys- 93a 95

Apoptotic
Regulator
Bcl-2 H. sapiens Cys-158/Cys-229a 96

Cytoskeleton
Protein
�-Actin H. sapiens Cys-272a 97

a Identified using dimedone or DBPs.
b Identified by crystal structure.
c Identified using 4-chloro-7-nitrobenzofurazan.
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Although SHP-1 and SHP-2 have structural similarities, they
are regulated by different cell signaling pathways. For example,
SHP-2 exhibits selective oxidation in response to PDGF in asso-
ciation with a PDGF receptor (23). However, these regulatory
differences can be influenced by the method used to analyze
their oxidation state. Employing an indirect RSOH detection
method, T-cell activation, which inducesH2O2 production, has
shown transient oxidation of SHP-2 but not of SHP-1 (24). In a
later work in which a DBP was used, both SHP-1 and SHP-2
showed Cys oxidation after T-cell activation, although with a
different response time (25). These results could be rationalized
by the greater sensitivity of direct RSOH analysis.
In vitro experiments have demonstrated that H2O2 deacti-

vates SHP-1 and SHP-2 with second-order rate constants of 2.0
and 2.4 M�1 s�1, respectively (22). These values are similar to
those observed with other PTPs and are apparently too low to
justify their oxidation within the cellular context. Recently, our
group has observed that, following EGF stimulation, SHP-2
forms a complex with the EGF receptor (EGFR) and Nox2 (6),
which could provide an explanation for its high propensity to
oxidize. In a similar manner, PTP1B, which is localized exclu-
sively on the cytoplasmic face of the endoplasmic reticulum,
appears to be oxidized through theH2O2 generated byNox4, an
NADPHoxidase highly abundant in the endoplasmic reticulum
(5). These two examples highlight the importance of the prox-
imity of the target protein to the ROS source in explaining PTP
oxidation.
Kinases—Increasing research has highlighted the key role of

H2O2 in the modulation of PTK activity. In comparison with
PTPs,which are always inhibited byROS, the oxidation of PTKs
can lead to both enhancement and inhibition of kinase activity
(26, 27).
The central role of Cys oxidation in PTK activity is exempli-

fied by the redox control of EGFR signaling. EGFR is a receptor
tyrosine kinase, the activation of which is involved in the regu-
lation of cell proliferation, differentiation, and survival. In addi-
tion to promoting the tyrosine phosphorylation of protein tar-
gets, EGFR stimulation triggers the production of endogenous
H2O2 by Nox activation. This localized increase in H2O2 con-
centration leads to the sulfenylation of a conserved Cys residue
located within the intracellular kinase domain of EGFR (Cys-
797), which enhances its tyrosine kinase activity (6). The redox
regulation of EGFR could represent a more general mechanism
for themodulation of other receptor tyrosine kinase activity. In
fact, nine additional members of this family show a Cys residue
structurally analogous to EGFRCys-797, although further stud-
ies are needed in this direction.
Recently, Akt (a serine/threonine protein kinase) was also

identified as a redox target. PDGF stimulation of fibroblasts
induced H2O2 production, which led to isoform-specific regu-
lation ofAkt2 (28). A cysteine (Cys-124) positioned in the linker
region connecting the PH (pleckstrin homology) domain to the
kinase domain was found to be susceptible to sulfenylation.
Cys-124-SOH can generate a disulfide with two distinct Cys
residues (Cys-297 and Cys-311) located in the kinase domain.
This modification negatively modulates Akt2, although in vitro
experiments showed that disulfide formation has no direct
effect on kinase activity. The inhibition mechanism remains

unclear, but a previous work showed that Akt oxidation
enhances its association with PP2A (protein phosphatase 2A),
which could promote dephosphorylation of Akt (29).
Transcription Factors—In addition to the redox switch of

PTK and PTP activities, which indirectly regulate transcription
factors (TFs), H2O2 can directly modulate several TFs through
the formation of intra- and intermolecular disulfide bonds (30).
The first evidence of a redox-sensitive TF was identified in the
bacterial TF OxyR, in which Cys-SOHmediates disulfide bond
formation between Cys-199 and Cys-208 (31). Many other TFs
are redox-regulated in prokaryotes (32–36), but relatively few
cases have been identified in eukaryotes. In yeast, the activation
of Yap1 represents an interesting case of TF redox regulation in
which Gpx3-SOH mediates the oxidation of Yap1 through the
formation of a Gpx3-Yap1 intermolecular disulfide (37, 38).
The anti-apoptotic NF-�B remains the only mammalian TF

in which formation of Cys-SOH has been verified experimen-
tally; however, this modification may also have a role in other
peroxide-sensitive pathways of gene activation, such as the
Nrf2/Keap1 system (39). H2O2 negatively switches the DNA
affinity of NF-�B: directly through the oxidation of its p50 sub-
unit at Cys-62 (40) and indirectly via Cys-179 sulfenylation of
the �-subunit of the I�B kinase complex (I�B kinase �), the
kinase that is responsible for the NF-�B activation along the
canonical pathway (41).
Cysteine Proteases—Protein ubiquitination has emerged as a

central PTMwhereby lysine residues are conjugated to ubiqui-
tin (Ub), a 76-amino acid polypeptide (42). Deubiquitinating
enzymes (DUBs) cleave Ub or Ub-like proteins from the target,
contributing to the balance of the Ub system. Four of the five
different families of DUBs are cysteine proteases, which share
in common a low-pKa Cys residue essential for the catalytic
mechanism.
Recently, three distinct works have shown that Cys oxidation

canmodulateDUBactivity. Cotto-Rios et al. (43) reported tran-
sient sulfenylation of catalytic Cys for several members of the
Ub-specific protease (USP) family and for UCH-L1. In particu-
lar, the authors established that USP1, a DUB involved in DNA
damage response pathways, is reversibly inactivated following
the induction of oxidative stress in cells. Additionally, Kom-
ander, in collaboration with our group (44), demonstrated that
many members of the ovarian tumor DUBs also undergo Cys
oxidation upon H2O2 treatment, including the tumor suppres-
sor A20. Crystal structure analysis of oxidized A20 showed that
transient RSOH can be stabilized by the formation of hydrogen
bonds with the highly conserved residues located in the loop
preceding catalytic Cys. Both works noted that each DUB fam-
ily member exhibits a distinct level of sensitivity to oxidation.
Differences in behavior can reflect various ranges of catalytic
activation in which the conformational inactive enzyme could
be less susceptible to oxidation. Lee et al. (45) confirmed this
hypothesis by showing that preincubation of USP7 with Ub,
which behaves as an allosteric activator, increases USP7 sensi-
tivity to ROS.
An analogous inhibition has been found in small Ub-like

modifier (SUMO) proteases. H2O2 treatment induces RSOH-
mediated formation of an intermolecular disulfide in the yeast
SUMOprotease Ulp1 and in its human equivalent, SENP1 (46).
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Interestingly, SUMOylation also appears to be redox-regulated
by reversible oxidation of the catalytic Cys residue of SUMO-
conjugating enzymes (47), although no clear evidence of Cys-
SOH formation has been provided.
Ion Channels—It is well established that ROS plays a regula-

tory role for some ion channels (48), but little is known about
the molecular mechanism through which this modulation is
explicated. For example, human T-helper lymphocyte ORAI1
channels, a member of the CRAC (Ca2� release-activated
Ca2�) channel family, are inhibited by oxidation of the extra-
cellular Cys-195 residue (49), although the nature of this Cys
oxidation remains unknown.
One exception is represented by the redox regulation of

Kv1.5, a potassium voltage-gated channel expressed in the
heart and pulmonary vasculature. Several studies have high-
lighted the fact that increased ROS concentration in cells is
correlated with a reduction in Kv1.5 expression but have not
provided a clear relationship between the two events. In collab-
oration with the Martens laboratory, we were recently able to
elucidate the specific mechanism for Kv1.5 channel redox reg-
ulation (50). Labeling studies with DBPs have shown that a sin-
gle Cys residue located in the extracellular C-terminal domain
of Kv1.5 (Cys-581) forms Cys-SOH after H2O2 exposure. This
modification triggers channel internalization, blocking Kv1.5
recycling to the cell membrane, and promotes its degradation.
Cellular Lifetime of Sulfenic Acid—Although limited solvent

access and nearby hydrogen bond acceptors would contribute
to RSOH stabilization, the absence of proximal thiols capable of
generating an intramolecular disulfide is considered a major
stabilizing factor. In the absence of neighboring Cys residues,
RSOH can be directly reduced to RSH by thioredoxin (Trx)
(Fig. 2A, Cycle 1) or may react with GSH to generate a mixed
disulfide, which is later reduced by glutaredoxin (Fig. 2A, Cycle
2). For example, human serumalbumin (HSA) has only one free
cysteine residue (Cys-34), which is susceptible to H2O2 oxida-
tion (rate constant of 2.5 M�1 s�1).We can estimate the half-life
of HSA-SOH based on its reaction with GSH. Using the known
second-order rate constant for this reaction (�3 M�1 s�1) (51)
and estimating the GSH concentration at 1 mM, the first-order
rate constant would be 0.003 s�1. Substituting this value in the
equation t1⁄2 � ln 2/k, the estimated half-life ofHSA-SOHwould
be �4 min.
In contrast, many redox-regulated proteins have a second

proximal Cys residue that can form an internal disulfide with
RSOH (Fig. 2B). In Cdc25c, for example, Cys-377-SOH reacts
with the “backdoor” Cys-330 residue at a rate constant of 0.012
s�1 (52). Applying the same calculations as above, the half-life
of Cdc25c-SOH would be �1 min. Taken together, these esti-
mated protein-SOH half-lives correlate well with the sulfenyla-
tion studies published by our group, and they appear similar to
the cellular lifetimes of many other PTMs, such as phosphoryl-
ation. In A431 cells, we observed a peak of protein sulfenylation
at �5 min after EGF stimulation, with a subsequent decay over
30 min (6).

Sulfinic Acid Formation and Reactivity

RSOH may be overoxidized to RSO2H by two-electron oxi-
dants (Fig. 1A). This reaction requires nucleophilic attack by

RSOH on the peroxide species. Although the H2O2-mediated
oxidation of RSOH can proceed through two possible pathways
(Fig. 1C), the pHprofile indicates that sulfenate anion (RSO�) is
the reacting species. Therefore, the pKa of RSOH should influ-

FIGURE 2. Sulfenic and sulfinic acid redox cycles. A, RSOH can be directly
reduced to free thiol by Trx, although the importance of this pathway in cells
is still debated (Cycle 1). RSOH can also react with GSH to generate a mixed
disulfide (although not all protein-SOHs are accessible to GSH), which is sub-
sequently reduced by glutaredoxin (Grx; Cycle 2). B, in the presence of a neigh-
boring Cys residue, RSOH forms an internal disulfide that is later reduced by
Trx (Cycle 3). C, typical eukaryotic 2-Cys Prxs are inactivated by overoxidation
to sulfinic acid (Step 1). Srx restores the sulfenic acid group using an ATP-de-
pendent mechanism in which an activated sulfinic phosphoryl ester is gener-
ated (Step 2). This intermediate collapses to form a thiosulfinate moiety with
Cys-99 of Srx (Step 3). It has been proposed that this intramolecular thiosulfi-
nate is finally resolved by a common cellular reductant, such as GSH or Trx,
with consequent release of Prx-SOH (Step 4).
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ence this reaction (7). As we emphasized above, the formation
of a more stable disulfide (or sulfenamide) should prevent
RSOH oxidation. Taking Cdc25c as an example, the oxidation
of Cys-377-SOH to RSO2H has a rate constant of 110 M�1 s�1

(52); this value is on par with the general tendency of protein-
SOHs to oxidize, which is generally in the range of 10–102 M�1

s�1 (7, 51, 52). Because internal disulfide formation has a rate
constant of 0.012 s�1, the oxidation of Cys-377-SOHhas signif-
icance only over 100 �M H2O2.

With a pKa of �2, RSO2H exists exclusively in a deproto-
nated form at physiological pH. The sulfinate group (RSO2

�

),
which behaves primarily as a soft nucleophile (53), shows low
spontaneous reactivity in cells, and because it is not reducible
by typical cellular reductants, its oxidation to sulfonic acid
(RSO3H) (Fig. 1A) appears to be the only relevant reaction in
cells. The considerations adduced above for RSOH stability can
also be applied to RSO2H; therefore, the formation of hydrogen
bonds and steric hindrancemay stabilizeCys-SO2Hwithin pro-
teins, reducing its propensity to oxidize (54).
Sulfinic Acid as a PTM—Cys-SO2H was long considered

merely an artifact of protein purification. However, increasing
evidence indicates that hyperoxidation to RSO2H is not a rare
event. Indeed, quantitative analysis of soluble proteins from rat
liver has shown that �5% of Cys residues exist as Cys-SO2H
(55). Finally, the discovery of sulfiredoxin (Srx), anATP-depen-
dent protein that specifically reduces Cys-SO2H in the perox-
iredoxin (Prx) family, has opened the door to an additional layer
of redox regulation and increased interest in this specific mod-
ification (56).
Table 2 provides a list of proteins in which a biological func-

tional role has emerged for RSO2H. In comparison with Table
1, the number of reported proteins is decidedly exiguous. This
does not necessarily indicate that RSO2H plays a negligible role
in protein redox regulation but rather reflects the lack of robust
methods for monitoring the formation of such modifications
within proteins. Although RSO2H shows higher stability in
comparison with RSOH, mass and crystal structure analyses
can introduce a high percentage of artifacts. In addition, the
emerging relevance of persulfide modification (RSSH), which
has the same nominal mass shift of 32 Da, makes the use of

high-resolution mass spectroscopy essential (57). We believe
that the development of chemical probes capable of specifically
trapping RSO2H will push this Cys modification from the
minor role towhich it has been relegated. In this connection,we
recently proposed the use of aryl-nitroso compounds as che-
moselective probes for RSO2H (58).
Prxs and Srx—Prxs are a family of cysteine-based peroxidases

that remove H2O2 and other peroxides from cells. Being highly
abundant and exceptionally efficient (second-order rate con-
stant of 105–107 M�1 s�1), Prxs maintain the cytosolic concen-
tration of H2O2 under 100 nM (59). Therefore, regulation of Prx
activity is required to trigger H2O2-mediated intracellular
signaling.
Typical Prxs exist in antiparallel dimeric or decameric forms

and possess two Cys residues: “peroxidatic” Cys, which reacts
directly with H2O2 to generate Cys-SOH, and “resolving” Cys,
which forms an intramolecular disulfide with transient sulfenic
acid. Finally, Trx reduces disulfide, restoring the catalytic cycle.
Eukaryotic 2-Cys Prxs possess two sequencemotifs (GGLGand
YF) in their C termini that reduce the ability of resolving Cys to
approach peroxidatic Cys-SOH (60). The resulting decrease in
the disulfide formation rate allows a second molecule of H2O2
to react with peroxidatic Cys-SOH (Fig. 2C), generating a Cys-
SO2H. Such overoxidation leads to the deactivation of peroxi-
dase activity and the formation of high-molecular-weight
aggregates, which exhibit molecular chaperone activity (61).
Although just 0.1% of peroxidatic Cys in humanPrxI is oxidized
to Cys-SO2H during each turnover (62) at low concentrations
of H2O2, recent kinetic studies demonstrate that Prx2 and Prx3
can undergo appreciable hyperoxidation without requiring
recycling of the disulfide (63).
The peroxidase activity of 2-Cys Prxs is restored by Srx (64).

The first step in the proposed catalytic mechanism involves the
oxygen attack of RSO2

� on the �-phosphate of ATP and the
resulting generation of a sulfinic phosphoryl ester (Fig. 2C).
This species represents a sort of activated SO2H, which col-
lapses to a thiosulfinate intermediate (Prx-S(O)-S-Srx) after
attack by a conserved Cys residue in Srx (65). Thiosulfinate is
subsequently resolved by a third reducing species. Kinetic stud-
ies show that Srx is an inefficient enzyme. The rate of Prx-SO2H
reduction is indeed rather low (k2 � 120 s�1, k3 � 85 s�1),
suggesting that Prx requires a slow reparation process to allow
H2O2 transient accumulation in response to extracellular
signals.
Parkinson Disease Protein DJ-1—DJ-1 is a homodimeric

small protein that has been associated with early-onset Parkin-
son disease (66). Many studies demonstrate that DJ-1 protects
cells against oxidative stress-mediated apoptosis; however, the
mechanism of its protective function remains largely unknown
(54).
A conserved Cys residue, Cys-106, is extremely sensitive to

oxidation and tends to form a Cys-SO2H species, the genera-
tion ofwhich appears to be critical forDJ-1 function. The highly
conserved Glu-18 residue facilitates the ionization of Cys-106,
reduces its pKa, and helps to stabilize Cys-106-SO2H through
the formation of an unusually short and consequently strong
hydrogen bond (67). Wilson and co-workers (68) have shown
that small changes in this position can drastically influence the

TABLE 2
Protein sulfinic acid modification
L-PGDS, lipocalin-type prostaglandin D synthase.

Function/protein Organism Cys-SOH Ref.

Peroxidase
Prx H. sapiens Cys-51 (PrxI)a 60

Chaperone (?)
DJ-1 H. sapiens Cys-106 67–69
YaiL E. coli Cys-106b 98

Oxidoreductase
D-Amino acid oxidase T. variabilis Cys-108a 99

Protease
MMP-7 H. sapiens Prodomain Cysb 72

Hydratase
NHase P. thermophila Cys-131b 74
SCNase R. erythropolis Cys-133b 77

S-Transferase
L-PGDS H. sapiens Cys-65a 100

a Identified by mass.
b Identified by crystal structure.
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oxidation propensity of Cys-106. For example, in theDJ-1 E18D
mutant, the distance between the thiolate and the protonated
carboxylic side chain is increased, and Cys-106 is oxidized pre-
dominantly to sulfenic acid (68). In fact, Asp-18 tends to stabi-
lize Cys-106-SOH, hampering further oxidation. In contrast,
the structurally similar E18N mutant shows an increased pro-
pensity to oxidize even in the absence of H2O2. More impor-
tant, E18D mutants fail to protect cells from ROS, whereas
E18Nmutant show similar levels of cell viability in comparison
with the wild type, demonstrating that Cys-106 oxidation to
RSO2H is essential for maintaining protective functions (69).
Considering the high propensity of Cys-106 to oxidize, it has

been proposed that DJ-1 acts merely as a direct ROS scavenger.
However, an elegant new study reported that the DJ-1 C106DD
mutant is still able to protect cells against oxidative stress (70),
excluding direct scavenger action by Cys oxidation.
Cysteine Oxidation and Metal Binding Properties—Cys resi-

dues are very common in metal-binding motifs and can form
coordinative bondswith severalmetal ions, including zinc, cop-
per, and iron. Many proteins contain a Cys-zinc-Cys complex,
for example, which furnishes structural rigidity. Oxidation of
these cysteines causes Zn2� release and a subsequent confor-
mational change, which can switch protein function. Although
oxidation is usually transient, through the formation of a disul-
fide bond, in some cases, it can lead to irreversible Cys-SO2H
(71).
Redox zinc switching is also involved in the activation of

matrix metalloproteinases (MMPs). Matrilysin (MMP-7) con-
tains a highly conserved cysteine switch sequence, PRCGVP-
DVA, in its prodomain. The thiolate side chain coordinates the
catalytic Zn2�, contributing to the maintenance of enzyme
inactivity. Fu et al. (72) showed that hypochlorous acid (HOCl),
but not H2O2, can activate the enzyme through the conversion
of Cys to RSO2H, which disrupts zinc coordination. An analo-
gous redox mechanism also appears to be involved in the acti-
vation of other MMPs (73).
The unique active site of nitrile hydratase (NHase) offers a

sort of compendium of thiol oxidation states andmetal coordi-
nations. Structural analysis reveals that NHase contains an FeIII
or CoIII active site, in which three Cys residues, with three dif-
ferent oxidation states (RSH, RSOH, andRSO2H), contribute to
the coordination of the metal ion (74, 75). The fully reduced
enzyme appears inactive, suggesting that Cys sulfenylation and
sulfinylation are critical in maintaining the catalytic activity of
NHase (76), probably by increasing the Lewis acidity of the
metal ion. An analogous motif was more recently found in the
catalytic site of thiocyanate hydrolase (SCNase), which incor-
porates CoIII only after Cys oxidation (77).

The active site of NHase and SCNase suggests that the oxi-
dation state may influence Cys binding properties, switching
the affinity from zinc (for RSH) to iron and cobalt (for oxygen-
ated sulfur species). This change could provide additional redox
control of protein functions (78).

Conclusions and Perspectives

Protein sulfenylation influences a wide range of PTMs both
directly and especially indirectly (through the switching of pro-
tein function). We have seen how the oxidation of specific Cys

residues in PTPs, PTKs, and cysteine proteases may regulate
levels of phosphorylation, ubiquitination, and SUMOylation in
cells. The modulation of TFs and channel activity by Cys-SOH
adds another level to the redox signaling cascade.
The role of protein sulfinylation in cell signaling appears

mainly confined in the Prx/Srx pair. We believe that the devel-
opment of specific chemical probes for RSO2Hmay help to find
new Srx substrates or alternative reducing systems. Generally
speaking, there is an urgent need for new protocols to analyze
the full proteome and identify new targets. A deeper explora-
tion of Cys oxidation in relation to metal binding properties
could open up new vistas on redox signaling. Finally, the devel-
opment of drugs that specifically target different oxidation
states of proteins would appear to be a worthwhile goal (79).
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Maintenance of the cellular redox balance is crucial for cell
survival. An increase in reactive oxygen, nitrogen, or chlorine
species can lead to oxidative stress conditions, potentially dam-
aging DNA, lipids, and proteins. Proteins are very sensitive to
oxidative modifications, particularly methionine and cysteine
residues. The reversibility of some of these oxidative protein
modifications makes them ideally suited to take on regulatory
roles in protein function. This is especially true for disulfide
bond formation, which has the potential to mediate extensive
yet fully reversible structural and functional changes, rapidly
adjusting the protein’s activity to the prevailing oxidant levels.

Cysteine: A Highly Versatile Amino Acid

Cysteine residues can take on a diverse set of roles that affect
the structure, function, and regulation of proteins. They serve
as metal-coordinating residues in countless zinc or iron-sulfur
cluster proteins, work as nucleophilic centers in the active site
of metabolic enzymes and oxidoreductases, and can form cova-
lent bonds with other cysteines (1–6). This high versatility is in
large part due to the reactivity of the cysteine thiol group, which
is affected and can bemanipulated by the local protein environ-
ment. The high reactivity of cysteine thiols also contributes to
the fact that cysteines are one of the least abundant amino acids
in proteins and, when present, are often very highly conserved
and functionally and/or structurally important (7). Although
the percentage of cysteines in proteomes increases with the
complexity of the organism (from �0.4% in certain archaea to
�2.25% in mammals), it is still significantly lower than the
expected 3.28%, which is the probability of cysteine occurrence
simply based on its codon usage (8, 9). In addition, bioinfor-
matic analysis revealed that cysteine residues follow a distinct
pattern of conservation (10). Whereas surface-exposed cys-
teines typically show very poor conservation scores, cysteines
that occur in clusters have very high conservation scores. This
result agrees with experimental data showing that cysteines
that confer redox activity or coordinate metals are often found
in very close proximity (10, 11), a feature that has been widely
used in prediction programs seeking to identify redox-sensitive
proteins in silico (12, 13).

Whatmakes cysteine residues so special? Cysteines contain a
polarizable sulfur atom, and their oxidation state can range
from the fully reduced thiol/thiolate anion to the fully oxidized
sulfonic acid (Fig. 1). Most reactions of thiols in biochemical
systems involve the nucleophilic attack of the deprotonated
thiolate anion (RS�) on an electrophilic center, hence making
the overall reactivity of a thiol group strongly dependent on the
pKa of the cysteine side chain. In free cysteine, the pKa of the
thiol is 8.3–8.5, indicating that it is almost fully protonated at
physiological pH (14). In proteins, pKa values of cysteine thiols
are dramatically influenced by their local environment.
Although the pKa values of cysteines buried in the core are on
average �9.5 (10), values as low as 3.4 have been reported for
some active site cysteines (15). Low pKa values appear to be
primarily due to stabilizing hydrogen bonds between the cys-
teine sulfur and the polypeptide backbone or nearby side
chains: the higher the number of stabilizing hydrogen bonds,
the lower the pKa of the cysteine (16–18). Positively charged
amino acids in close vicinity to the cysteine, which have long
been thought to play a major role in stabilizing the deproto-
nated thiolate anion (15, 19), seem to take on a smaller role in
reducing the cysteine pKa unless hydrogen bonds are involved
as well (20). Helix dipoles also appear to contribute to a
decrease in the pKa of cysteine residues, making cysteines near
the N-terminal end of helices more likely to have lower pKa
values than those in other parts of the protein (21). A third
parameter that substantially decreases the pKa of cysteines is
the coordination ofmetal ions such asZn2� and Fe2�/3�, which
stabilize the negatively charged thiolate anions (22, 23). pKa
prediction programs such as PROPKA (24) are helpful in iden-
tifying proteins with cysteine thiols with particularly low pKa.
These proteins are potentially crucial players in redox-regu-
lated processes because the thiol reactivity might enable them
to sense small alterations in the levels of endogenous reactive
oxygen species (ROS)2 and respond with changes in gene
expression, metabolism, or signaling (17, 25). It should be
noted, however, that although the fraction of reactive thiolates
increases with decreasing pKa values, the reactivity of thiolates
either appears to decrease with decreasing pKa or is unaffected
by pKa depending on the substrate tested (18).
Selenocysteine, the 21st amino acid, is structurally very sim-

ilar to cysteine apart from the selenium atom, which is in place
of sulfur. This single atom change increases the reactivity of
selenocysteine compared with cysteines (26). Selenocysteines
are almost exclusively found in the catalytic sites of enzymes,
either performing thiol-selenodisulfide exchange reactions or
scavenging oxidants (27).

Cysteine Thiol: A Popular Player in Redox Biology

ROS such as superoxide (O2
. ) and peroxide (H2O2) are con-

stantly produced by members of the electron transport chain
(28), in NADPH oxidases (29), and in peroxisomes (30). More-* This work was supported, in whole or in part, by National Institutes of Health

Grant R01 GM065318 (to U. J.). This is the fourth article in the Thematic
Minireview Series on Redox-active Protein Modifications and Signaling.

□S This article contains supplemental Tables S1 and S2 and additional
references.

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

2 The abbreviations used are: ROS, reactive oxygen species; Trx, thioredoxin;
Grx, glutaredoxin; PTP, protein-tyrosine phosphatase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 37, pp. 26489 –26496, September 13, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

SEPTEMBER 13, 2013 • VOLUME 288 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 26489

MINIREVIEW



over, UVA radiation and certain xenobiotics induce endoge-
nous ROS generation via photochemical reactions with chro-
mophores or cytochrome P450, respectively (31, 32). In
addition, organisms are exposed to high levels of exoge-
nously produced ROS. For instance, bacteria encounter bacte-
ricidal concentrations of hypochlorous acid (HOCl) once
engulfed by neutrophils (33, 34).
Whether endogenously produced or taken up by diffusion,

ROS have the potential to oxidize and unfold proteins, contrib-
uting to the damaging effects of oxidative stress. In some pro-
teins, ROS transiently modulate protein activity, most com-
monly via the formation of sulfenic acids that lead to disulfide
bonds (see below). Reversible ROS-induced thiol modifications
were originally identified as sensing mechanisms in proteins
involved in oxidative stress defense. It is now becoming clear,
however, that ROS are not simply toxic species that inevitably
cause oxidative stress. Instead, ROS such as H2O2 are often
transiently and locally produced as part of signaling processes,
reversibly modulating redox-sensitive proteins in signaling
pathways. ROS-mediated signaling has recently been shown to
be involved in growth, development, and differentiation pro-
cesses (35), making redox-regulated disulfide bond formation
an important alternative post-translational control mechanism
on par with phosphorylation/dephosphorylation reactions.

Mechanism of Disulfide Bond Formation

When reactive cysteine thiols meet reactive oxygen, nitro-
gen, or chlorine species, sulfenic acid (RSOH) formation occurs
(Fig. 1). Although stabilized in protein environments that lack
nearby nucleophiles, such as in NADPH peroxidases and
human serumalbumin (36, 37), sulfenic acids are generally con-
sidered to be highly unstable oxidation intermediates. They
rapidly interact with nearby cysteines to form inter- or intra-
molecular disulfide bonds (RSSR), making this the primary
route for oxidant-mediated disulfide bond formation (38).
Alternatively, sulfenic acids react with the small tripeptide
GSH, leading to S-glutathionylation. The rate with which pro-
tein thiols react with oxidants depends on the oxidant as well as

on the reactivity of the respective cysteine (18, 36). Although
the pKa values and accessibility of the cysteines are clearly con-
tributing factors in thiol reactivity, additional factors such as
desolvation of reactive cysteines and steric hindrance seem to
be involved as well. Moreover, substrate binding might affect a
protein’s reactivity by influencing the environment of the
nucleophile. For instance, the caspase-3 active site cysteine
shows a significantly higher reactivity towardH2O2 in the pres-
ence of substrates than in the absence of client proteins (39).
That other factors apart from pKa affect thiol reactivity is also
illustrated by the fact that the reaction rate of protein thiols
with oxidants such as H2O2 spans over 7 orders of magnitude
without any detectable correlation to the acidity of the respec-
tive active site thiol (18).
One class of enzymes that undergo oxidant-mediated disul-

fide bond formation within the reducing environment of the
cytosol is oxidant-detoxifying enzymes such as 2-Cys peroxire-
doxins, which use reversible disulfide bond formation as a
mechanism to decompose H2O2 and organic peroxides (40).
Most other proteins that undergo reversible oxidant-mediated
disulfide bond formation use this mechanism to regulate their
activity in response to oxidants. These proteins are commonly
referred to as redox-regulated proteins. Like peroxiredoxins,
many of these proteins function in the first line of oxidative
stress defense, acting as transcriptional regulators (e.g. OxyR,
Yap1p), which rapidly induce the expression of antioxidant
genes to detoxify ROS and repair the damage (41, 42); chaper-
ones (e.g. Hsp33), which prevent oxidative stress-induced pro-
tein aggregation (3, 43); or metabolic enzymes (e.g. GAPDH),
which use reversible oxidation to reroute metabolites, thereby
increasing the cell’s capacity to defend against oxidative stress
(44). Other redox-regulated proteins such as Keap1 and PKC
are involved in signal transduction cascades (45, 46). These pro-
teins use reversible disulfide bond formation to rapidly adapt
cellular signaling processes to the oxidation status of the cell.
Oxidant-mediated disulfide bond formation, which typically

occurs within the reducing environment of the cytosol, is dis-
tinct from the formation of structural disulfide bonds, which
takes place within the oxidizing milieu of the eukaryotic endo-
plasmic reticulum or the bacterial periplasm. Structural disul-
fide bonds are typically introduced through direct thiol-disul-
fide exchange reactions, catalyzed by enzymes with redox
catalytic cysteines (47–49). Notable exceptions are the Erv1/
Erv2 proteins, which belong to the family of multidomain sulf-
hydryl oxidases (50). These oxidases introduce disulfide bonds
into client proteins in the endoplasmic reticulum and mito-
chondrial intermembrane space, transferring the electrons
directly onto molecular oxygen, generating considerable
amounts of H2O2 in this process (51, 52).

Reversibility: An Important Aspect of Redox Regulation

Specialized reductases are responsible for restoring the orig-
inal redox state of cysteines (2). Members of the highly con-
served thioredoxin (Trx) and glutaredoxin (Grx) family fulfill
this role in nearly all organisms studied. Like other oxidoreduc-
tases, Trx and Grx contain two redox-active cysteines arranged
in a Cys-X2-Cys motif, which is embedded within a character-
istic Trx fold (53). Thiol-disulfide exchange reactions are initi-
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FIGURE 1. Reversible and irreversible cysteine modifications. Oxidation of
cysteine thiol (RSH/RS�) by ROS, RNS, or RCS leads to the formation of highly
reactive sulfenic acid (RSOH), which can react either with another thiol to
form a disulfide bond (RSSR) or with GSH to become S-glutathionylated
(RSSG). These oxidative modifications are reversible, and reduction is cata-
lyzed by the Trx and/or Grx system. Further oxidation of sulfenic acid to sul-
finic acid (RSO2H) and sulfonic acid (RSO3H) is thought to be generally irre-
versible in vivo.
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ated by themoreN-terminally located cysteine, which has a low
pKa and attacks the disulfide bond in client proteins, forming a
transient mixed disulfide intermediate in this process. This
mixed disulfide bond is subsequently cleaved by a second
nucleophilic attack of the more C-terminally located cysteine,
resulting in the reduction of the client protein and the oxidation
of the oxidoreductase (54). Oxidized Trx is then directly
reduced by Trx reductase, which uses NADPH for its own
reduction (55). Oxidized Grx initially forms a mixed disulfide
with GSH. This mixed disulfide bond is subsequently attacked
by a second GSH molecule, forming GSSG and reduced Grx
(56). In turn, glutathione reductase reduces oxidized GSSG,
also utilizing cellular NADPH as the electron donor. Themajor
functions of Trx and Grx include the reduction of protein sul-
fenic acids, disulfide bonds, S-nitrosylations, and S-glutathio-
nylations (57, 58). Although the two systems are able to func-
tionally complement each other in vivo (59), some degree of
specificity has been observed for the two protein families. Trx
appears to be the main system for reducing sulfenic acids. In
contrast, Grx seems to be primarily responsible for the reduc-
tion of S-glutathionylated proteins (60). In this reaction, the
N-terminal active site cysteine of Grx attacks the glutathiony-
lated cysteine in client proteins, leading to the formation of
glutathionylated Grx and the release of the reduced substrate
(61). Grx is subsequently reduced by a second molecule of
glutathione.

Cysteine-coordinating Metal Centers as Redox Switches
in Oxidative Stress Defense

The ability of proteins to use reversible disulfide bond forma-
tion as a functional switch requires high reactivity of the partic-
ipating cysteine thiols (i.e. low pKa), close proximity to other
cysteines, and sufficient disulfide-mediated conformational
rearrangements to affect the function of the protein. An almost
ideal combination of these features is found in cysteine-coordi-
nating Zn2� centers, where the positive charges of Zn2� serve
to stabilize the reactive thiolates, and Zn2� coordination en-
ables often distant cysteines to come into very close spatial
proximity.Moreover, high affinity zinc binding confers consid-
erable stability to protein domains that would otherwise be too
unstable to fold. Hence, major structural rearrangements can
result from the formation of disulfide bonds and zinc release. It
is therefore not surprising that zinc centers, originally thought
of as redox-inert and purely structural features in proteins, are
now increasingly recognized as common redox units in redox-
regulated proteins (see examples in supplemental Table S1)
(3, 45).
One well characterized redox-regulated protein that uses a

zinc-binding motif as a redox switch is the molecular chaper-
oneHsp33 (Fig. 2A). Specifically activated by oxidative disulfide
bond formation, Hsp33 protects organisms against the lethal
consequences of oxidative stress. In the reducing non-stress
environment of the bacterial cytosol, Hsp33 is reduced, zinc-
coordinated, and chaperone-inactive. Zinc binding is mediated
by four tetrahedrally arranged thiolate anions, which coordi-
nate one Zn2� ion with attomolar affinity (3). Exposure of
Hsp33 to fast-acting oxidants such as HOCl leads to the rapid
formation of two disulfide bonds, zinc release, and the unfold-

ing of the C-terminal redox switch domain. Unfolding of this
domain leads to the activation ofHsp33 as a chaperone (Fig. 2A)
(43, 62),making it capable of binding oxidatively unfolding pro-
teins and preventing their irreversible aggregation. Once oxi-
dative stress conditions subside, the cysteines of Hsp33 are
re-reduced, and zinc is re-coordinated. Refolding of Hsp33
appears to trigger the release of client proteins for refolding by
theATP-dependent chaperone systemDnaK/DnaJ/GrpE, clos-
ing the activation cycle of Hsp33 (63).
It is noteworthy that incubation of Hsp33 with slow-acting

oxidants such as H2O2 is not sufficient to activate the chaper-
one. Although H2O2 appears to be sufficient to induce forma-
tion of one disulfide bond in the distal cysteine pair, the second
disulfide does not form unless unfolding conditions such as
heat shock are present as well (5, 62). Structural studies suggest
that limited accessibility of the remaining cysteines prevents
H2O2 from forming the second disulfide bond. These results
serve to illustrate that the reactivity and accessibility of cys-

HOCl

Zn2+

inactive Hsp33 active Hsp33

TrxA + DnaK/J, GrpE 

C
C

C
C

CC
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C
C

C
C

C CA

B

SH

SH
C199

C208

SOH SH S-S

inactive OxyR inactive OxyR
intermediate 

active OxyR

Grx system

C199 C199 C208C208

H2O2

FIGURE 2. Redox-mediated activation of oxidative stress defense pro-
teins. A, HOCl-mediated activation of Hsp33 chaperone activity involves for-
mation of two intramolecular disulfide bonds, zinc release (red spheres), and
unfolding of the C-terminal redox switch domain. Once activated, Hsp33
functions as an ATP-independent chaperone holdase, able to bind numerous
unfolding client proteins to prevent their aggregation. When oxidative stress
conditions subside, the disulfide bonds of Hsp33 are re-reduced by the Trx
system, triggering the transfer of client proteins to the DnaK/DnaJ/GrpE sys-
tem for refolding. B, H2O2-mediated activation of the transcriptional activator
OxyR involves formation of an intramolecular disulfide bond between two
cysteines, which are separated by 17 Å in the reduced form. These extensive
conformational changes allow binding of RNA polymerase and transcription
of target genes. The oxidative modifications are reversed by the Grx system,
whose expression is under OxyR control.
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teines can differ even within the same Zn2� coordination site,
conferring additional layers of regulation and oxidant specific-
ity to zinc-mediated redox switches. However, the very same
features make predictions about the potential redox sensitivity
of cysteines in zinc centers challenging and experimental eval-
uation on a case-by-case basis necessary.
Many other zinc-binding proteins have been shown to be

sensitive to oxidation. Examples of redox-regulated eukary-
otic zinc finger proteins include transcriptional regulators
such as MTF-1 (metal regulatory transcription factor 1),
whose oxidative stress-mediated disulfide bond formation and
homodimerization increase DNA binding affinity and thus
transcription of target genes (supplemental Table S1) (64).
Most other regulators, including SP-1 (specificity protein 1) or
the tumor suppressor protein p53, use their redox-responsive
zinc centers directly for DNA binding. Therefore, these pro-
teins lose transcriptional activity upon oxidative disulfide bond
formation and zinc release (65–67).
PKC, a eukaryotic kinasewith two zinc-binding domains, has

also been shown to be redox-regulated (6). Exposure of PKC to
oxidants such as H2O2 causes oxidation of the two regulatory
zinc finger motifs, thereby relieving PKC autoinhibition. This
mechanism promotes activation of PKC in the absence of Ca2�

or phospholipids, second messengers that are otherwise neces-
sary for its activation (6, 45, 68). Oxidative activation of PKC
appears to lead to either prosurvival signaling (NF-�B, Akt/
ASK1 (apoptosis signaling kinase 1)) or cell death (SAPK/JNK,
ERK1/2, p38) depending on the isoform of PKC that is acti-
vated, its cellular localization, and the cell type affected (6).

Thiol-Disulfide Switches in Redox-regulated
Transcription Factors

One very well characterized member of the group of non-
metal-binding redox-regulated proteins is OxyR, a prokaryotic
transcription factor whose reactive cysteine shows exquisite
sensitivity to H2O2 (Fig. 2B). OxyR, which forms a homotetra-
meric DNA-binding structure (69), negatively regulates its own
transcription and positively regulates the expression of OxyS, a
small non-translated RNA, as well as �30 other genes (includ-
ing ahpC/F and katG) involved in H2O2 stress defense (70, 71).
OxyR contains six cysteines, with Cys199 and Cys208 being
highly conserved (4). The first step in OxyR activation occurs
when Cys199 is oxidized by peroxide to a sulfenic acid. The rate
constant for this reaction is extremely high (1.1 � 105 to �107
M

�1 s�1), ensuring activation of OxyR at H2O2 concentrations
barely exceeding the physiological levels of H2O2 (�100 nM) (4,
41, 72). However, activation ofOxyRwill be a competitive proc-
ess with respect to other peroxide-detoxifying enzymes such as
catalases and peroxiredoxins, which react with H2O2 with
equally high reaction rates. Sulfenic acid formation appears to
induce an extrusion of Cys199 from its hydrophobic pocket
while introducing flexibility into the loop containing Cys208, a
residue that is 17 Å away from Cys199 in the reduced form (Fig.
2B) (73). A second slower exchange leads to the formation of a
disulfide bond between these two cysteines, locking OxyR in a
transcriptionally active state (4, 73). Rotation of the OxyR
dimeric interface by 30° compared with the monomers in
reduced OxyR changes the interdimer orientation of the

tetramer, necessary for the cooperative binding of RNA polym-
erase and subsequent transcription of the target sequences (41,
73). The unusual stability of the OxyR disulfide bond against
re-reduction by the Grx system allows gene transcription to
proceed for extended periods of time despite a reducing redox
environment (41, 72).
Since the discovery of the OxyR redox-regulatory mecha-

nism, numerous other pro- and eukaryotic transcriptional reg-
ulators have been identified that use reversible disulfide bond
formation tomount effective responses against reactive oxygen
and nitrogen species (supplemental Table S1). Their transcrip-
tional activation is achieved by a variety of different means.
Transcriptional repressors such as the global regulator SarZ of
Staphylococcus aureus or CprK of Desulfitobacterium spp. dis-
sociate from DNA upon disulfide-mediated conformational
changes, causing derepression of gene expression (74, 75). Oxi-
dative disulfide bond formation in the transcriptional activator
Yap1p leads to its nuclear accumulation, causing increased
antioxidant gene expression (42). Similarly, transcriptional
activation of FOXO/Daf16 is also controlled by nuclear trans-
location. Under oxidative stress conditions, an intermolecular
disulfide bond between FOXO and the nuclear import factor
Tnpo1 forms, which appears to be crucial for the peroxide-
mediated translocation of FOXO and the activation of antioxi-
dant gene expression (76). This activationmechanismof FOXO
is distinct from the insulin/PI3K/PKD signaling pathway and
represents an alternative mechanism of FOXO activation.
Another strategy is employed by redox-regulated prokaryotic
anti-sigma factors and eukaryotic inhibitors. Their disulfide-
mediated degradation causes the release and activation of the
respective transcriptional regulators, resulting in the activation
of gene expression (77, 78).

Redox-sensitive Active Site Cysteines as Functional
Switches in Metabolic and Signaling Enzymes

Active site cysteines are, by definition, highly reactive and
hence prone to undergo oxidative modifications. One excellent
example is the active site cysteine of GAPDH, which plays a
crucial role in glycolysis. Upon exposure of GAPDH to a variety
of different ROS, sulfenic acid formation occurs at the active
site cysteine, followed by the formation of a disulfide bond with
a nearby cysteine (5, 79). This oxidation blocks glycolysis and
appears to be responsible for the decrease in ATP levels
observed in a variety of different species upon oxidative stress
treatment (80, 81). Moreover, it contributes to the rerouting of
glucose to the pentose phosphate pathway, generatingNADPH
instead of NADH (82). NADPH is a key factor in the reduction
of the Trx and Grx systems, and accordingly, increasing the
levels of NADPH raises the cell’s antioxidant potential. Note
that oxidative modification of the active site cysteines of
GAPDHnot onlymodulates its glycolytic activity but also leads
to its nuclear translocation. In the nucleus, GAPDH interacts
with heterodimeric RNA and DNA-binding proteins, suggest-
ing that GAPDH may function as a transcriptional regulator
during oxidative stress conditions (44).
The active site cysteine of protein-tyrosine phosphatase

(PTP) is another well known target of oxidants, making tyro-
sine dephosphorylation a redox-regulated signaling event in
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eukaryotes (83). Although protein-tyrosine kinases are often
activated under oxidative stress conditions (84), oxidation of
PTPs generally leads to their inactivation. Under non-stress
conditions, the active site thiolate of PTP (85) attacks the phos-
phorylated protein substrate, generating a cysteinyl phosphate
intermediate, which is subsequently hydrolyzed (86). Exposure
of PTP to oxidants such as H2O2 leads initially to the formation
of sulfenic acid, followed by the formation of reversible oxida-
tion products, which differ amongdifferent PTPs.Disulfide for-
mation with a nearby resolving cysteine appears to be the pre-
dominant oxidation product in the case of SHP1/2, PTEN, and
Cdc25 (supplemental Table S2) (87–89). Oxidation inactivates
the phosphatase activity, thus enhancing the signaling intensity
achieved by substrate phosphorylation and therefore leading to
the activation of signaling pathways such as like NF-�B-induc-
ing kinase/I�B kinase andMAPKs (ERK, p38, JNK). Their acti-
vation ultimately results in the phosphorylation and activation
of NF-�B, causing expression of genes involved in antioxidant
defense (84). Disulfide bond formation and other known oxida-
tive PTP modifications such as S-glutathionylation and sulfen-
amide formation lead to conformational changes in the PTP
active site, which appear necessary for the subsequent re-re-
duction and reactivation of PTPs bymembers of the Trx or Grx
system. This reduction terminates the signaling event.

Peroxidases: Proteins of Many Traits

Peroxiredoxins are a family of sulfhydryl-dependent peroxi-
dases and are remarkable proteins with a variety of functions
associated with oxidative stress defense. The primary function
of peroxiredoxins appears to be the decomposition of H2O2.
Driven by extremely high sensitivity and reactivity toward
H2O2 (�104 to �2 � 107 M�1 s�1) (90, 91), peroxiredoxins
rapidly undergo sulfenic acid formation at their active site cys-
teine. Subsequent disulfide bond formation with a nearby
resolving cysteine and reduction of the disulfide bond bymem-
bers of the Trx system catalyze the conversion of H2O2 to water
(Fig. 3) (92).
Most typical reaction rates of cysteine thiols with H2O2 are

extremely slow (�5–15 M�1 s�1) (14, 17), which raises the
intriguing question as to how cysteines in redox-regulated pro-
teins other than peroxidases are so rapidly oxidized by H2O2 in
vivo (17, 90). Several studies have now demonstrated that per-
oxidases have the capacity to perform catalytic thiol-disulfide
exchange reactions, thereby influencing DNA transcription
and cellular signaling (93–96). One well studied example is the
oxidative modification and activation of Yap1p by Gpx3 (gluta-
thione peroxidase 3)/Orp1 in yeast. Gpx3, whose active site
cysteine is rapidly oxidized to sulfenic acid, reacts with a cys-
teine (Cys598) in Yap1p, forming a transient Gpx3-Yap1p inter-
molecular disulfide bond (97). The intermolecular disulfide
bond is subsequently resolved by a thiol-disulfide exchange
reaction, which results in the reduction of Gpx3 and an intra-
molecular disulfide bond in Yap1p, leading to the activation of
Yap1p (94, 97). A similar mechanism for oxidation equivalent
transfer was reported for the oxidative activation of the ASK1/
p38 pathway (93). In this case, oxidized peroxiredoxin-1 forms
a disulfide exchange intermediate with ASK1. This leads to the
oxidation and activation of ASK1 and the reduction of perox-

iredoxin-1, making it ready for another round of peroxide
detoxification (93, 96). It now remains to be seen how many
proteins are oxidized by peroxidases and what criteria make
them client proteins.

Conclusion

Reversible disulfide bond formation is a highly versatile post-
translational mechanism employed by an ever-growing list of
proteins to rapidly adjust their functional activity the moment
ROS start to accumulate. With the development of highly sen-
sitive and quantitative redox proteomic techniques (5, 98, 99),
we have now entered an era in which it will be feasible to deter-
mine the complete inventory of oxidation-sensitive protein thi-
ols in organisms. This analysis will determine how redox-regu-
lated checkpoints are embedded into a variety of metabolic
pathways and how cells rapidly switch between distinct cata-
bolic or anabolic processes, protect particularly vulnerable
intermediates, and activate survival pathways in response to
oxidative stress. The discovery of conserved redox-regulated
pathways that improve oxidative stress tolerance in eukaryotes
will be invaluable in understanding how proteins and pathways
can be manipulated to decrease or increase their oxidative
stress resistance, thereby facilitating the discovery of new treat-
ment possibilities for diseases in which the redox balance is
compromised.
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Post-translational S-glutathionylation occurs through the
reversible addition of a proximal donor of glutathione to thio-
late anions of cysteines in target proteins, where the modifica-
tion alters molecular mass, charge, and structure/function
and/or prevents degradation from sulfhydryl overoxidation or
proteolysis. Catalysis of both the forward (glutathione S-trans-
ferase P) and reverse (glutaredoxin) reactions creates a func-
tional cycle that can also regulate certain protein functional
clusters, including those involved in redox-dependent cell sig-
naling events. For translational application, S-glutathionylated
serum proteins may be useful as biomarkers in individuals (who
may also have polymorphic expression of glutathione S-trans-
ferase P) exposed to agents that cause oxidative or nitrosative
stress.

S-Glutathionylation targets cysteines in a basic environment
(low pKa) perhaps in close three-dimensional proximity to Arg,
His, or Lys residues. Reports of reversible S-glutathionylation
emerged as early as 1985 (1), but in concert with understanding
the importance of reactive oxygen/nitrogen species (ROS/
RNS)2 as second messengers, publications have increased sub-
stantially over the past 10 years. ROS/RNS signaling operates
through a set of post-translational protein modifications that
are discrete, site-specific, and reversible. Certain proteins
undergo reversible chemical changes in response to altered
localized redox potential. Among the most susceptible redox-
sensitive targets are thiol (–SH) groups on cysteines. Signaling
events are facilitated through redox-active proteins when one
or more cysteines can exist as reactive thiolate anions. These

cysteines are more nucleophilic and become susceptible to
attack by GSH.
Oxygen-based metabolism is arguably the most efficient and

evolved method for producing energy from nutrients, but ROS
as byproducts of ATP generation provide physiological chal-
lenges. There are �200,000 cysteines encoded by the human
genome, making cysteine one of the least commonly used
amino acids (2). This sparing usage does not imply restricted
functionality but instead indicates evolutionary importance
particularly because organism cysteine content correlates with
degree of biological complexity (3). Sulfur has unique charac-
teristics (variable valence, nucleophilicity, and capacity to exist
in different oxidation states) that make it intrinsically useful in
a biologically oxidative environment. The major non-protein
source of cysteine in cells is GSH (�-glutamylcysteinylglycine),
where the sulfhydryl can be deprotonated to a thiolate anion.
Reported pKa values for the thiol group of GSH range from 8.7
(4) to 9.25 (5), with variation contingent upon themeasurement
methodology. Balance between oxidation and reduction reac-
tions plays an essential role in numerous signaling cascades,
including those associated with proliferation, inflammatory
responses, apoptosis, and senescence. Post-translational mod-
ifications of cysteines can directly influence these processes.
The flexibility of the thiol group of cysteine predicates that a
number of post-translational modifications can occur (Table
1). As a response to ROS/RNS, S-glutathionylation is an estab-
lished modification. The basal levels of S-glutathionylated pro-
teins in resting cells are at least an order of magnitude lower
than those in cells under oxidative stress (6). Quantitative anal-
ysis of the relationship between cysteine modifications and the
corresponding functional changes in various cellular contexts is
needed to define the frequency of S-glutathionylation events
versus other cysteinyl modifications. Bioinformatic approaches
may prove useful in predicting the susceptibility of individual
cysteines to S-glutathionylation (7). Furthermore, S-nitrosyla-
tion may precede and initiate S-glutathionylation (8–10).

Thiol Modifications Caused by ROS

ROS include oxygen-centered radicals (singlet oxygen (1O2),
hydroxyl radical (�OH), superoxide anion radical (O2

. , SO), and
peroxyl radical (R-O2

. )) as well as hydrogen (and other organic)
peroxide (H2O2, ROOH) and ozone (O3). Protein cysteines can
occur as surface residues generally exposed to an aqueous envi-
ronment, as is predominant in mitochondria (11), or buried
inside globular domains. Either could be catalytically or struc-
turally significant.
Regardless of their origin, neither 1O2 nor �OH can be con-

sidered as a specific protein thiol oxidant. Contributory factors
to this include their short half-life (�10�9 s) (12) and high non-
specific reactivities with nearly diffusion-controlled rate con-
stants (13). SO can oxidize thiols to thiyl radicals at a rate con-
stant of �103 M�1 s�1 at pH 7.4 (14). Because the rate constant
for cytosolic and mitochondrial superoxide dismutases is
�107–109 M�1 s�1 (15) and that for spontaneous dismutation
of SO is �105 M�1 s�1 (16), protein thiol oxidation by SO is too
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slow to be significant. Both spontaneous and catalyzed dismu-
tations of SO result in an accumulation of H2O2. Generally, the
intracellular levels of H2O2 are controlled by catalase (an
enzyme with a high turnover rate) (17), GSH peroxidases 1–4
(18), and peroxiredoxins (19). Site-specifically, H2O2 levels can
be elevated enough to cause thiol oxidation. Thus, H2O2 and
ROOH specifically oxidize thiols through a two-electron
nucleophilic substitution reaction (13). This reaction requires
dissociation (deprotonation) of the thiol to a thiolate anion
(RS�) to reach the required nucleophilicity (13). The pKa of
protein cysteines approximates 8.5 (4). Thus, only a small pro-
portion of protein thiols are deprotonated at physiological pH
(pH 7.0–7.4). Cysteines within a basic environment (e.g. three-
dimensionally surrounded by Arg, Lys, or His residues) have
higher reaction rates with H2O2 primarily as a consequence of
greater deprotonation.One result of this oxidation is formation
of cysteine sulfenic acid, which is highly reactive with the GSH
sulfhydryl and can facilitate protein S-glutathionylation (20).
Fig. 1A provides an outline of some of these reactions.
GSH is inmost cells at millimolar levels (21). The reasons for

the nonspecific reactivity of GSH with 1O2 and �OH are the
same as for protein thiols (see above). Reaction of GSHwith SO
usually generates GSSG and an intermediate thiyl radical (GS�)
and thiolate anion (GS�) (22). Because of the high concentra-
tions of GSH and the instability of GSH sulfenate as an inter-
mediate, the reaction of GSH with H2O2 (ROOH) also gener-
ates GSSG (22). GSH reductase reduces intracellular GSSG to
GSHusingNADPHas a source of electrons (23). A high cellular
content of GSH could in principle result in site-specific accu-
mulation of GSSG and thiol-disulfide exchange-driven S-gluta-
thionylation of proteins.

Thiol Modification by RNS

RNS include moieties such as nitric oxide (NO) and NO-de-
rived compounds, nitroxyl anion (NO�, HNO), nitrosonium cat-
ion (NO�), higher oxides of nitrogen (N2O, NO2, N2O3), per-
oxynitrite (ONOO�/ONOOH), S-nitrosothiols (RSNO), and
dinitrosyl iron complexes ((RS�)2Fe�(NO�)2 . . . (�SR)2)�) (24).

NO is a reactive molecule generated intracellularly by NOS
that may nitrosylate protein thiols directly, through reaction
with molecular oxygen (generating N2O3 with high affinity for
thiols) (25) or with SO radicals (generating peroxynitrite) (26).
Generally, the half-lives of nitrosylated cysteines are short as a

TABLE 1
Possible post-translational modifications of protein-associated cysteine residues

Group added to Cys residue Notes

Thiol, disulfide, thiolate, sulfenic, sulfinic, or sulfonic
acids

These occur following different degrees of ROS exposure, causing different extents
of oxidation.

S-Cysteinylation This occurs in ROS, where a disulfide bond converts L-Cys to S- (L-cysteinyl)-L-
Cys. Donors can be cysteine or GSSG.

S-Nitrosylation This involves NO-mediated formation of S-nitrosothiol and is reversible and
sometimes short-lived. Consequences are important in cell signaling events.

S-Glutathionylation This is a consequence of GS� addition, with both protective and signaling
consequences.

S-Sulfhydration This is a physiological post-translational modification caused by hydrogen sulfide,
with subsequent effects on cell signaling pathways.

S-Isoprenylation, S-farnesylation, S-geranylgeranylation,
and S-palmitoylation

These involve lipidation through addition of hydrophobic residues. Frequently, the
affected protein has modified affinity for other proteins. Although particularly
relevant in cell membranes, a number of enzymes are influenced by the process.

FIGURE 1. Chemical basis for the biological S-glutathionylation of regular
Cys (A) and Sec (B). A, surface protein cysteines at physiological pH are not
reactive because of high pKa values. In a basic microenvironment, the thiol
deprotonates to a thiolate anion, which attacks the sulfhydryl of intracellular
GSSG, with the subsequent formation of disulfide (pathway 1). Under oxida-
tive (pathway 2) or nitrosative (pathway 3) stress, a surface protein (Pr) sulfhy-
dryl becomes activated through cysteine sulfenate or nitro-S-cysteine for-
mation and then undergoes S-glutathionylation. Deglutathionylation of
glutathionylated cysteines is predominately catalyzed by Grx. Site-specifi-
cally, thioredoxin (TRx) can also catalyze deglutathionylation. Sulfiredoxin
(Srx) catalyzes the reduction of a protein cysteine sulfinic acid into sulfenate
for 2-Cys peroxiredoxins (Prx; pathway 4). Generally, overoxidation of protein
cysteines is terminal (pathway 5). Similar to protein thiols, the cysteine of GSH
can be activated through pathways 6 – 8, resulting in protein S-glutathionyla-
tion. The relative abundance of intracellular GSH influences the probability
and specificity of particular reactions (see text). B, for proteins containing Sec
(GSH peroxidases, etc.), its low pKa results in the formation of a selenate anion
at physiological pH, permanently activated (pathway 1). S-Glutathionylation
of protein Sec residues is affected by ROS/RNS (pathways 2 and 3), but the
mechanism of the latter is unclear. S-Glutathionylation of Sec could be further
accelerated by activation of GSH (pathways 4 – 6), but the mechanism of such
is not yet defined.

MINIREVIEW: Protein S-Glutathionylation

26498 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 37 • SEPTEMBER 13, 2013



consequence of spontaneous denitrosylation by excess GSH
(generating GSNO). However, for a few proteins, S-nitrosyla-
tion may be stabilized by conformation-mediated inaccessibil-
ity for GSH (27). Glutathione S-transferase P (GSTP) in the
presence of excess GSH can be S-glutathionylated, providing
another (albeit indirect) pathway ofNOsignaling. The reaction
of peroxynitrite with thiols can generate thiyl radicals or
sulfenates (13), with the implication that the forward reac-
tion of S-glutathionylation might be independent of GSH/
GSSG ratios.
A primary role for glutaredoxin (Grx) in deglutathionylation

is premised on the nucleophilic attack of the cysteine thiolate
anion on a protein-GSHmixed disulfide (28). There are reports
that Grx can catalyze GSSG-dependent S-glutathionylation of
proteins such as actin, GAPDH, and protein-tyrosine phospha-
tase 1B by an alternative mechanism involving �OH-mediated
GSH thiol radical generation under hypoxia (29). Considering
the high reactivity and nonspecificity of �OH-mediated reac-
tions, the overall contribution of this mechanism of catalysis
remains to be established.
In the presence of O2, NO may react with the sulfhydryl of

GSH to produce (likely through intermediate(s) of higher nitro-
gen oxides) GSNO, which can serve as a physiological scav-
enger of NOx species (30). GSNO can react with GSH, yielding
GSSG, nitrite, nitrous oxide, and ammonia (31), products that
may contribute to protein nitrosylation. Protein thiol transni-
trosylation by GSNO (28) is regulated by expression of GSNO
reductase (32). High intracellular GSH concentrations can shift
the equilibrium of the reaction with NO to GSSG, but during
nitrosative stress, certain cell compartments can harbor high
levels of GSNO. Under such conditions, GSNOmay contribute
to protein nitrosylation and/or S-glutathionylation (9, 10). The
specificity of GSNO-mediated post-translationalmodifications
depends on themicroenvironment of the target cysteine within
protein tertiary and quaternary structures.

Can Selenium Substitute for Sulfur?

Selenium and sulfur are in the same group in the periodic
table and share common properties, including participation in
oxidation/reduction reactions. Selenium is found in the form of
selenocysteine (Sec; the 21st amino acid), coded by the UGA
codon in 25 proteins (33). From an evolutionary standpoint,
recoding theUGAstop codon into the Sec sense codon requires
commitment of biological energy, implying that it fulfills some
critical biological role that sulfur-containing cysteines do not.
Selenol groups are substantially more acidic than thiols, with
pKa values of �5.3 (34). At physiological pH, selenol is com-
pletely deprotonated and exists as a selenate anion (RSe�). Sele-
nyl radicals are less oxidizing than thiyl radicals and are more
easily produced (35). Generally, Sec is less stable than Cys (22),
and native selenoproteins do not necessarily have higher activ-
ities than native sulfur proteins (36). Selenols (as selenate
anions) are better nucleophiles than thiols and become oxi-
dized by H2O2 (ROOH) to selenic acid (RSeOH). Selenic acid is
unstable and reacts with GSH, forming a selenenyl sulfide
adduct (glutathionylated selenenyl). A secondmolecule of GSH
reduces this selenenyl sulfide bond to selenol and generates
GSSG (37). These reactions occur in the catalytic center ofGSH

peroxidases and may require a more hydrophobic environ-
ment. Oxidations of surface protein selenols and their subse-
quent reactivity with GSH have not been demonstrated, and
overoxidation of Sec to seleninic or selenonic acid has not been
reported (38).
GSH peroxidase can be inactivated by peroxynitrite (39), and

stop-flow experiments have monitored its reaction with sele-
nate anions (E-Se�) of Sec in the enzyme active site. This reac-
tion can transform the selenate anion into a form of selenium
that is difficult to reduce back to selenol (39). This reaction
occurs in the specific hydrophobic environment of the enzyme
catalytic center. To date, there are no reports that RNS may
mediate the reactivity of Sec residues with GSH. Fig. 1B sum-
marizes some of these reactions. In summary, selenium and
sulfur have not evolved to perform identical antioxidant func-
tions within the cell.

S-Glutathionylation as a Cycle

The forward reaction of S-glutathionylation can be either
spontaneous or catalyzed by GSTP. At physiological pH, GSTP
binds GSH and lowers the pKa of the thiol, producing a thiolate
anion (GS�) at the active site (40). This catalyzes the forward
reaction, a specific example of which is provided by the reacti-
vation of peroxiredoxin-6 (41). Reversal of S-glutathionylation
may be impacted by enzymes such as thioredoxin (42), Grx (43),
and sulfiredoxin (44). Although studies have confirmed a role
for Grx in protein deglutathionylation (45), Grx may also facil-
itate GS radical recombination with a protein thiyl radical and
catalyze S-glutathionylation via stabilization of the GS� thiyl
radical as an enzyme disulfide anion radical intermediate
(Grx1-SSG. ) (46). Reversal of S-glutathionylation is contingent
upon the extent and duration of the initial stress, removal of
which usually permits deglutathionylation to follow a half-life
of �2–3 h (47). Relatively high levels of ROS would give prec-
edence to the protective function, masking critical thiols from
further irreversible oxidation. Whereas sulfinates or sulfonates
frequently lead to proteolysis, S-glutathionylated residues can
maintain dormancy during stress.
Relative to the proteome, the number of proteins susceptible

to S-glutathionylation is not large. Proteomic techniques reveal
a high number of putative S-glutathionylated proteins in uni-
cellular organisms such as Plasmodium falciparum and Chla-
mydomonas reinhardtii (48, 49). A literature review reveals
some clustering of function and includes enzymes with catalyt-
ically important cysteines (in particular, those involved with
protein folding and stability, NO regulation, and redox home-
ostasis); cytoskeletal proteins; signaling proteins (particularly
kinases and phosphatases); transcription factors; Ras proteins;
protein folding and degradation; ion channels, calcium pumps,
and binding proteins (involved in calcium homeostasis); and
energy metabolism and glycolysis. Within these categories,
there are some notable examples of functional alterations asso-
ciated with the modification: cytoskeletal restructuring during
cell growth or motility is impacted by S-glutathionylation, par-
ticularly of actin (50). Some studies report inhibition of enzy-
matic activity/protein function by S-glutathionylation, e.g.
GAPDH (51), eNOS (52, 53), the heteromeric Kir4.1-Kir5.1
channel (54), low molecular weight tyrosine phosphatase (55),
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MAPK phosphatase 1 (56), mitochondrial thymidine kinase 2
(57), Na,K-ATPase (58), and protein-disulfide isomerase (59).
The position of cysteine is important in determining the impact
of themodification. For instance, carbonic anhydrase III can be
inhibited or activated depending on the cysteine involved (60),
whereas the inositol 1,4,5-triphosphate receptor (61) and Rac2
(62) are each activated by S-glutathionylation. The canonical
phosphorylation/dephosphorylation pathways are cyclical,
flexibly controlling signaling events as a response to external or
internal stimuli. A significant number of kinases and phospha-
tases are subject to secondary regulation by S-glutathionyla-
tion, providing secondary control of critical pathways following
stimuli that cause homeostatic changes in ROS/RNS. Addi-
tional detailed examples are discussed in recent reviews (63,
64).
One emerging example merits emphasis. Fas (CD95,

Apo-1) is a constitutively expressed member of the TNF
family of death receptors with roles in apoptosis signaling.
Additional regulatory roles of Fas, including immune cell
activation and proliferation, have been identified (65). Fas is
a substrate for S-glutathionylation (Fas-SSG) at Cys-294, sus-
tained via caspase-dependent degradation of Grx1 (66). Fas-
SSG enhances Fas recruitment into lipid rafts and promotes
FasL binding, the formation of death-inducing signaling com-
plexes, and caspase activation, resulting in amplification of cell
death pathways (66). Distinct subcellular localization of Fas
exists, with oxidative conditions causing the majority of Fas-
SSG to be found in the endoplasmic reticulum (ER). Moreover,
stimulation with FasL causes protein/protein interactions
between Fas, ERp57 (amember of the protein-disulfide isomer-
ase family), andGSTP.Genetic or pharmacologic diminution of
ERp57 andGSTP1 decreases FasL-induced S-glutathionylation
of Fas, producing lowered death-inducing signaling complex
formation and enhanced cell survival. Increased expression of
ERp57 and GSTP1 enhances the kinetics of translocation of
Fas-SSG from the ER to the cytosol/plasma membrane,
enhances caspase activation, and promotes cell death. As a dis-
ease correlate, interactions between Fas, ERp57, and GSTP1
and levels of Fas-SSG are increased inmurine pulmonary fibro-
sis, which depends on functional Fas, implying that oxidative
processing of Fas and its subsequent S-glutathionylation may
provide an important ligand regulatory switch to control the
apoptotic signal (67). Furthermore, S-glutathionylation of the
GTPase Ras does not affect Ras activity unless it is modified by
GSH through a radical-mediated mechanism, which promotes
activation through nucleotide dissociation and GTP binding.
Binding of GSSG through disulfide exchange or via Ras oxida-
tion by a non-radical oxidant does not impact Ras activation
(68).

Translational Applications for Protein
S-Glutathionylation

Human response to ROS/RNS is influenced by numerous
variables. For example, GSTP polymorphisms arise from
nucleotide transitions that change codon 105 from Ile to Val
and codon 114 from Ala to Val, generating four possible
GSTP1 alleles: wild-type GSTP1-1A (Ile-105/Ala-114),
GSTP1-1B (Val-105/Ala-114), GSTP1-1C (Val-105/Val-

114), and GSTP1-1D (Ile-105/Val-114). Population frequen-
cies of 0.65 (GSTP1-1A), 0.262 (GSTP1-1B), and 0.068
(GSTP1-1C) occur in Caucasians (69). The I105V and A114B
substitutions do not alter GSH binding affinity but cause steric
changes at the substrate-binding site of the enzyme (70). What
impact GSTP polymorphismsmay have in establishing risk fac-
tors for response to ROS/RNS is not clear. One example is pro-
vided by the hierarchical effectiveness of polymorphic variants
of GSTP in regulating the peroxidase activity of Prdx6 (71).
Prdx6 is a dual-functioning enzyme that detoxifies lipid perox-
ides particularly in biological membranes with a peroxidase
function activated byGSTP. Activation of Prdx6 depends on its
heterodimerization and subsequent S-glutathionylation by
GSH-loaded GSTP (41). The catalytic Cys-47 residue is buried
in the hydrophobic globular core region of Prdx6. Following
reduction of peroxides, this cysteine is oxidized to a sulfenate,
and GSTP participates in overcoming the accessibility barrier
for GSH to reach this hydrophobic region and reactivate Prdx6.
In silico modeling or deletion studies suggest that the site of
closest contact between Prdx6 and theGSTPmonomer is at the
interface of their interaction at residues 115–124 for GSTP and
residues 163–169 for Prdx6. Presumably, the combination of
differences inmolecular volume (Ala, 69Å3; Val, 120Å3; and Ile,
204Å3) and hydrophobicity in the side chains impacts the affin-
ity of GSTP for Prdx6. The affinities of GSTP1-1A (or GSTP1-
1C) for Prdx6 are higher (KD � 51–57 nM) than those of
GSTP1-1B (or GSTP1-1D) (KD � 101–94 nM) (71). These val-
ues determine proximity between the catalytic Cys-47 sulfenate
of Prdx6 and activatedGSH (thiolate) bound to theGSTP allelic
variant and, consequently, the efficiency with which the sulfe-
nate at Cys-47 is S-glutathionylated and reduced (i.e. activated)
(71). The peroxidase activities of cells transiently transfected
with GSTP1-1A (or GSTP1-1C) are higher than those trans-
fected with GSTP1-1B (or GSTP1-1D), and catalytically inac-
tive Y7FGSTP does not support activation of Prdx6 (71). These
observations carry the implication that human polymorphisms
of GSTP differentially mediate activation of Prdx6 and that,
contingent upon their GSTP genotype, individuals will have
potential differences inmounting an antioxidant response, par-
ticularly impacting protection of cell membranes against lipid
peroxidation. Polymorphic variants of GSTP may also poten-
tially impact the forward reaction in S-glutathionylation of
other client protein clusters (72, 73). Large-scale epidemiology
studieswill be required to analyze the fidelity of the relationship
betweenGSTP polymorphisms and susceptibility to ROS/RNS.
Because altered S-glutathionylation patterns occur in dis-

eases characterized by redox deregulation (e.g. cardiovascular,
lung, inflammatory, and neurodegenerative diseases and can-
cer), there is opportunity to use them as biomarkers. S-Gluta-
thionylated hemoglobin and actin have been investigated as
biomarkers in patients with Friedreich ataxia, diabetes, hyper-
lipidemia, and uremia associated with hemodialysis or perito-
neal dialysis (74–76). In hypertension, oxidative stress-induced
S-glutathionylation of eNOS acts as a switch providing redox
regulation of cell signaling and vascular functions (52, 53).
S-Glutathionylation of the tumor suppressor p53 has been
found in human cancers, and functional inactivation of p53 by
S-glutathionylation during ROS/RNS inhibits DNA binding in
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cancer cells (77). As such, the extent of p53 S-glutathionylation
in cancers and normal tissues exposed to chronic ROS may
define a relationship between redox control of p53 and disease
progression and/or therapeutic response.
Redox homeostasis and thiol regulation have been linked to

hematopoiesis and the regulation of bone marrow stem cell
proliferation. As a tissue, themarrow environment is separated
into distinct niches characterized by adhesive molecules, cyto-
kines, chemokines, growth factors, Ca2�, and O2 gradients that
can define how hematopoietic stem cells (HSCs) and hemato-
poietic progenitor cells (HPCs) migrate, proliferate, and differ-
entiate (78). Given that ROS and H2O2 levels impact HSC qui-
escence (79) and that recent data linkHSC location in the distal
endosteum and ROS-induced DNA damage (80), it does not
seem unreasonable to propose that a redox gradient might
influenceHSCmigration and differentiation. S-Glutathionyla-
tion of ER chaperone proteins regulates their function and
the induction of the unfolded response (59, 81), which has
roles in hematopoiesis and T and B lymphocyte differentia-
tion (82). These types of relationships provide evidence that
niche thiol status and chaperone protein S-glutathionylation
may be involved in hematopoietic events. Interrogation of
these pathways may be a productive avenue in determining
how redox-altering myeloproliferative therapeutics may
function (83).
In patients with ischemic heart disease and heart failure,

superoxide dismutasemimetics or lowdoses ofH2O2 have been
used in clinical trials with bone marrow progenitor cell thera-
pies (84, 85). Achieving effective therapeutic indices in such
studies would benefit from the identification of specific bio-
markers that might define the parameters that monitor either
efficacy or toxicity. In this vein, accumulating evidence sup-
ports a role for serine protease inhibitor (serpins) family mem-
bers in myeloproliferation and HPC mobilization (86, 87). The
down-regulation of serpins A1 and A3 during cell mobilization
influences the marrow microenvironment and migratory
behavior of HPCs. Furthermore, radiation causes serpin A1 up-
regulation in bone marrow and has been linked to inhibition of
HSC and HPC mobilization (87). Serpin A1/A3 enzymatic
activity is regulated by modifications of key redox-active cys-
teines (88). S-Glutathionylation of serpin A1 results in confor-
mational changes that weaken its affinity for its target protease,
thereby suppressing proteolytic activity. Serpins A1 and A3 in
both mouse and human plasma are S-glutathionylated in a
time- and dose-dependent manner when treated with a redox-
modulating agent that mitigates myeloproliferation (89). In
addition to regulating serpin enzymatic activity, S-glutathiony-
lation of serpin family members may also influence myelopro-
liferation. As such, serpin S-glutathionylation may predict
marrow response to myeloproliferative agents. Inhibition of
disulfide bond formation in the redox-sensitive serpin bomapin
directly affects the responsiveness of myeloid progenitor cells
to their microenvironment (90). Further evaluation of protein
S-glutathionylation in a therapeutic setting may provide the
sort of biomarkers that are important in drug development and
optimization of treatment strategies.

Techniques for Measuring S-Glutathionylation

Although methodology is improving, there are still chal-
lenges in enhancing sensitivity of detection of S-glutathionyla-
tion. Problems include the generally low levels of cellular S-glu-
tathionylated proteins and the labile nature of protein-SSG
bonds. With a putative proteome of �20,000, there is a rela-
tively limited number of proteins (hundreds) subject to modi-
fication. Recent technical advances have facilitated enhanced
sensitivity of detection, and there are informative reviews (64,
91, 92). The following methodologies are used for detection
and/or quantification of S-glutathionylation.
Essentially two “direct” or “indirect” approaches have been

used to detect the protein-SSG bond. The direct method is
based on the use of radiolabeled GSH (93). Cells are preincu-
bated with cycloheximide to block protein synthesis, incubated
with [35S]cysteine to radiolabel GSH, exposed to ROS, and
compared with control cells (92). After removal of free radiola-
beled GSH, radiolabeled S-glutathionylated proteins are de-
tected and quantified by radiography.When coupled with two-
dimensional gel and mass spectrometry, the site of the
modification can be identified. One advantage of this approach
is the in vivo relevance, but this method requires cyclohexi-
mide, likely perturbing cell physiology.Methods based on bioti-
nylated GSH or membrane-permeable biotinylated reduced
GSH ethyl esters have been reported (94). Tagging GSH with
biotin allows detection of purified S-glutathionylated proteins
through avidin-conjugated agarose beads followed by immuno-
blotting (anti-biotin antibodies) or avidin-based affinity chro-
matography. A prevalent method is to use commercial anti-
GSH antibodies directed against the GS moiety bound to an
unknown antigenic protein at an unknown site. The low sensi-
tivity of this antibody imparts a limited detection potential, and
many of the proteins identified are abundant, e.g. actin (95),
tubulin (96), and HSP70 (93). Immunoprecipitation followed
by immunoblotting with the anti-GSH antibodies can enhance
detection (89).
Indirect techniques require reduction of S-glutathionylated

proteins by Grx (6) followed by labeling the reduced protein
thiol with iodoacetyl or maleimide. Derivatives of these com-
pounds with additional mass (97), fluorescence (98), or biotin
derivatives (99) in combination with LC-MS/MS, fluorescent
microscopy, or immunoblotting enable labeling and monitor-
ing of changes in redox state. Proteins are initially alkylated by
N-ethylmaleimide to block free thiols; after reduction by Grx,
these newly accessible thiols reactwith derivatives of iodoacetyl
andmaleimide groups for further application. Rapid fluoromet-
ric methods to quantify S-glutathionylation were developed by
using GSH derivatized with 2,3-naphthalenedicarboxaldehyde
(100).

Concluding Remarks and Perspectives

Cysteine is a highlymalleable amino acid susceptible tomany
types of post-translational modifications. S-Glutathionylation
serves both to protect and modify structure/function. The
cyclical nature of the S-glutathionylation process allows regu-
lation of signaling pathways to occur during variations in ROS/
RNS homeostasis. So far, the number of proteins susceptible to
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S-glutathionylation is not large (hundreds) compared with the
proteome, but improved sensitivity of detection will likely lead
to the unearthing of further candidates. There is a nascent
opportunity to consider what impact protein S-glutathionyla-
tion may have in the cause/effect relationship of a number of
human pathologies. Indeed, there are already early indications
of examples in which candidate proteins may be biomarkers of
exposure/response to ROS/RNS. Polymorphisms in GSTP
imply that the forward reaction for S-glutathionylation may be
subject to population differences, again raising the possibility of
a link with human disease.
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Living organisms possess biological clocks that resonate with
environmental cycles in light, temperature, and food availabil-
ity. Recently, circadian oscillations in the redox state of perox-
iredoxin have been described as an additional non-transcrip-
tional timekeeping mechanism. Of note, this redox cycle is
conserved in both prokaryotes and eukaryotes. How the classi-
cal “transcription-translation feedback loop” model and this
redox oscillation are related is still poorly understood. In this
minireview, we describe the most recent evidence pointing to
cross-talk between the circadian clock and the redox status of
the cell.

The integration of biological clocks into cellular physiology
has represented an important evolutionary advantage for mul-
ticellular and unicellular organisms, allowing them to antici-
pate and adapt to cyclical changes in environmental cues such
as light, temperature, and food availability (1). The advantage
conferred by resonating with environmental cycles has been
technically challenging to demonstrate. However, pioneering
experiments have shown that coordination with light/dark
cycles can improve fitness in bacteria, flies, and plants (2–5).
In mammals, the timing system is composed of a series of

biological clocks organized in a hierarchical manner. The main
clock, also known as the “master pacemaker,” resides in the
paired suprachiasmatic nuclei (SCN)2 of the hypothalamus,
which receive and process light signals to achieve synchroniza-
tionwith the external environment. Through the release of hor-
mones and neuropeptides, the SCN coordinate several other
clocks distributed in different tissues and organs. These periph-
eral clocks in turn generate local self-sustained circadian
rhythms (from Latin circa diem, about a day) of physiological
processes to control tissue-specific functions (6–8).
The first insights into the molecular mechanism of cellular

rhythmicity came from relatively recent studies in Drosophila

and Neurospora crassa. These studies showed that rhythmic
oscillations in the expression of clock-controlled genes are gen-
erated by transcription-translation feedback loops (TTFLs) and
that they are necessary to coordinate behavioral rhythmicity (9,
10). Similar timekeeping logic was later described in other
organisms, althoughwith different genes involved and different
levels of complexity in the transcriptional circuits (11, 12). In
mammals, for example, two positive activators, CLOCK (circa-
dian locomotor output cycles kaput) and BMAL1 (brain and
muscle Arnt-like protein 1), initiate transcription of the Peri-
od1/2 (Per1/2), Cryptochrome1/2 (Cry1/2), Ror� (retinoic acid
receptor-related orphan receptor �), and Rev-erb�/� genes.
When the level of expression of PER and CRY proteins reaches
a particular threshold, they translocate into the nucleus and
inhibit the transcriptional activity of the CLOCK-BMAL1 het-
erodimer, thereby blocking their own transcription. An addi-
tional loop is created by the REV-ERB�/� and ROR� proteins,
which instead repress or activate transcription of the Bmal1
gene, respectively (Fig. 1) (13). This classical model based on
transcription has been slightly revisited in light of new data
showing that proteasomal degradation, epigenetic modulation
of gene expression, and post-translational modifications of
mRNA play a key role in keeping rhythmicity (11, 14–16). For
example, the turnover of PER and CRY is controlled by phos-
phorylation-mediated ubiquitination processes (17–21).
Although conserved inmany organisms, the TTFL cannot be

considered as a universal building block for circadian clocks
(11). For instance, the yeast Saccharomyces cerevisiae and the
worm Caenorhabditis elegans show circadian rhythms but do
not express the classical “clock genes” (22–24). Also, the cyano-
bacterium Synechococcus elongatus and the filamentous fungus
N. crassa tend to favor protein phosphorylation as their basic
timing mechanism (25, 26). Very recently, biochemical oscilla-
tions of the redox state of the protein peroxiredoxin (Prx) have
been described as an additional timekeeping mechanism con-
served in both eukaryotes and prokaryotes (12, 27, 28). These
findings have thus revealed an intriguing link between the
redox status of the cell and circadian clocks. We will discuss
what we know about clock-relevant redox control systems and
the reciprocal regulation between the redox state of the cells
and circadian clocks.

Oxidative State and Redox Control Systems

The cellular redox environment is determined by the balance
between the generation of oxidants and free radicals and the
level of reducing agents. The most common oxidants are the
reactive oxygen species (ROS), which are generated by intracel-
lular enzymes during metabolic reactions. Some examples
include superoxide anion (O2

. ), hydroxyl radical (HO�), and
hydrogen peroxide (H2O2). To avoid oxidative damage, cells
have adopted several detoxification strategies. Non-enzymatic
mechanisms involve the synthesis of antioxidant molecules
such as ascorbate, tocopherols (including vitamin E), and reti-
nol (vitamin A). Enzymatic mechanisms include proteins such
as superoxide dismutase, which catalyzes the dismutation of
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superoxide into oxygen and hydrogen peroxide, and catalase,
which mediates the decomposition of hydrogen peroxide to
water and oxygen. Additional redox buffering systems are pro-
vided by oxidize/reduced GSH and oxidized/reduced thiore-
doxin (Trx) (Fig. 2).
GSH is a low molecular weight antioxidant involved in the

reduction of disulfide bonds and in the reduction of hydroper-
oxides by GSH peroxidases. Oxidized GSH (the disulfide
GSSG) is potentially dangerous for the cell (29, 30), but it is
normally reduced to GSH by GSH reductases via an NADPH-
dependent reaction. Disulfide bridges in proteins are also
reduced by glutaredoxins (Grxs), which rely on GSH for their
non-enzymatic regeneration. GSH can also be conjugated to
Cys residues on proteins by GST in a process called glutathio-
nylation, which protects proteins from oxidation (31, 32). Sim-
ilar to Grx, Trx proteins facilitate the reduction of several pro-
teins by cysteine thiol-disulfide exchange. Oxidized Trxs are
eventually reduced by Trx reductases via NADPH-dependent
reactions. Among these antioxidant systems, Prxs have recently
emerged has key players in the control of circadian rhythms.

Prx Cyclical Oxidation as the Prototype for Redox-
regulated Cytosolic Clocks

Prxs are a highly conserved family of antioxidant proteins
classified as class 1-Cys and class 2-Cys depending on the num-
ber of Cys residues involved in catalysis. In their catalytic site,
Prxs contain a “peroxidatic” Cys residue that can be oxidized to
a sulfenic acid (Cys-SOH) by an incoming peroxide (Fig. 2). In
class 2-Cys Prxs after oxidation, this residue reacts with a
“resolving” Cys residue to form an intermolecular (typical and
atypical class 2-Cys) or intramolecular (atypical class 2-Cys)
disulfide bond, which is eventually reduced by Trx. Typical
class 2-Cys Prxs can undergo further oxidation (termed hyper-
oxidation), which generates sulfinic (Cys-SO2H) and sulfonic
(Cys-SO3H) acid forms of the catalytic cysteine (33–35). The

sulfinic acid form is catalytically inactive but can be reactivated
by sulfiredoxin (Srx) through an ATP-dependent reduction
reaction (36). In contrast, the sulfonic acid form is irreversibly
oxidized, and its physiological occurrence is controversial
(37, 38).

REV-ERBα/β
RORα

BMAL1

proteasomal
 degrada�on

CLOCK BMAL1
CRY1/2

PER1/2

Nucleus

Cytoplasm

Clock-controlled
genes

DNA

DNA
RORE

FIGURE 1. Mammalian TTFL. The mammalian clock is sustained by a series of feedback loops involving several genes and the proteins that they encode. The
two positive activators, CLOCK and BMAL1, initiate the transcription of the clock genes Per1/2, Cry1/2, Ror�, and Rev-erb�/�. PER1/2 and CRY1/2 proteins
accumulate, dimerize, and translocate into the nucleus, where they bind to the CLOCK-BMAL1 dimer, thereby inhibiting its transcriptional activity. Eventually,
proteasomal degradation of PER1/2 and CRY1/2 relieves the transcriptional repression on the CLOCK-BMAL1 complex, and the cycle can restart again. An
additional loop involves the nuclear receptors ROR� and REV-ERB�/�, which activate and repress the transcription of Bmal1, respectively. RORE, retinoic acid
receptor-related orphan receptor response element.

FIGURE 2. Redox systems. Shown is a schematic representation of the cellu-
lar redox systems and main antioxidant enzymes. A, GSH-Grx system. B, Trx
system. C, Prx system. substrate-SG, glutathionylated substrate; GR, GSH
reductase; ox., oxidized; red., reduced; TrxR, Trx reductase.
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It has been recently demonstrated that Prxs follow circadian
cycles of oxidation. In a recent study, in fact, the levels of
dimeric Prx-SO2/3H were shown to oscillate with a period of
24 h with peaks of hyperoxidation at 12 h (circadian time) (27).
Strikingly, these oscillations were demonstrated to occur in
RBCs, which do not possess DNA, showing that Prx oscillations
occur even in the absence of gene transcription (27). Oscilla-
tions in Prx have also been found in the small protistOstreococ-
cus tauri, which, contrary to RBCs, possesses an endogenous
clock driven by transcription and translation of recognized
plant clock genes (39). Importantly, oscillations in Prx could be
detected also when this organism was shifted into a dark envi-
ronment, a condition under which gene transcription of
O. tauri is known to stop (28). In addition, when the organism
was brought back to light, the clock did not reset, suggesting
that amechanismmust be in place to keep track of time even in
the absence of gene transcription. These studies therefore show
that Prx redox cycling events could be an importantmechanism
for timekeeping.
Of note, circadian oxidation of Prx has been foundnot only in

eukaryotes (including algae, fungi, flies, worms, and mammals)
but also in archaea and bacteria (12, 24, 27, 28), suggesting that
these oscillations might have been integrated early in evolution
and likely coevolved with differing TTFLs in each organism. A
key unanswered question is what determines Prx oscillations.
Srx, which reduces the inactive sulfinic acid form into the active
sulfenic acid form, might indeed account for these oscillations.
However, some organisms that display oscillations in Prx do
not express Srx homologs (i.e. C. elegans and N. crassa), sug-
gesting that other mechanisms might be in place.
Given the highly conserved redox component of circadian

oscillations, it is an important goal to now understand the rela-
tionship between the classical TTFL and Prx oscillations (12).
Interestingly, when the transcriptional machinery is disrupted
(e.g. in behavioral arrhythmic Drosophila mutants or in
N. crassamutants exhibiting a lengthened period), Prx oscilla-
tions are perturbed in phase, suggesting that gene transcription
is not necessary but is related to cellularmetabolic cycles. Along
the same lines, when the Prx clock system is abolished, as
occurs in mutants of S. elongatus and Arabidopsis thaliana
deficient in well annotated 2-Cys Prx genes, circadian rhythms
of clock genes persist with the same period as in control organ-
isms, but are perturbed in either phase or amplitude (12). Taken
together, these studies show that TTFL andPrx cycles are inter-
twined but potentially autonomous components of the circa-
dian system. These results also raise the possibility that the
redox status of the cell fluctuates and that these oscillations
have critical and as yet incompletely understood biological
consequences.

The Reciprocal Relationship between the Redox State
and Circadian System

Initial hints that redox metabolism might be linked to the
circadian clockwere provided bywork done by Rutter et al. (40)
in which the ratio between oxidized and reduced forms of NAD
and NADP cofactors was shown to regulate the DNA-binding
activity of the CLOCK/NPAS2 (neuronal PAS domain protein
2)-BMAL1 heterodimer. However, these studies were purely

biochemical, based solely on the use of purified recombinant
proteins, and used concentrations of reactants much higher
than is seen physiologically, making their wider interpretation
difficult, especially in an in vivo context. More recently, in vivo
oscillations in the redox state of FAD and NADPH have been
described in organotypic slices of SCN (41). This study demon-
strated that the redox state of SCN oscillates in a self-sustained
fashion and that these oscillations contribute to determining
the excitability of SCN neurons via non-transcriptional regula-
tion of potassium channels. However, the connection between
the transcriptional clock and redox oscillations in this tissue
requires further investigation. Whether redox fluctuations are
an output of circadian rhythmsorwhether they can act as input,
or indeed both, is still under intense investigation.
In favor of amechanistic link between redox fluctuations and

the regulation of gene expression, studies in zebrafish demon-
strated that changes in redox state actively control the expres-
sion of light-dependent genes. Light, which is the key entrain-
ing stimulus in this organism, generates H2O2, which in turn
regulates the expression of the clock genes zCry1 and zPer2.
Interestingly, oscillations in themRNA levels of these genes are
paralleled by antiphasic oscillations in mRNA and the activity
of catalase (42), suggesting that this enzyme is involved in the
control of H2O2-mediated circadian gene expression. Recently,
LdpA (light-dependent period A), a component of the cyano-
bacterial circadian clock, was proposed to act as a redox sensor
and to be used by the clock to adjust the period length (43).
LdpA contains iron-sulfur centers and can sense the redox state
of the cell, which correlates with the amount of light (high light
correlates with a reduced redox state, whereas low light is asso-
ciated with an oxidized redox state). Interestingly, on the basis
of the light conditions, LdpA modulates the levels of CikA and
KaiA, the latter of which is a key component of the central
oscillator (44), thereby affecting the period length. Further-
more, cyanobacteria exposed to high light conditions show
short periods, whereas cyanobacteria exposed to low light con-
ditions display long periods. Finally, the effects of altered ROS
and the circadian clock have also been observed in N. crassa
(45, 46) and in the cyanobacteriumMicrocystis aeruginosa (47),
in which H2O2 has been shown to impact on the daily expres-
sion pattern of clock genes as well as clock-controlled genes,
including those involved in coordinating photosynthesis. These
results clearly show that fluctuations in the redox state of the
cells have an impact on the expression of clock-related genes in
multiple diverse systems.
This scenario is further complicated by the finding that clock

genes can in turn regulate the expression of antioxidant
enzymes, thus providing an important and novel feedback loop
(Fig. 3). For instance, in A. thaliana, the circadian clock coor-
dinates ROShomeostasis andROS-responsive genes, andH2O2
production and scavenging exhibit diurnal rhythms (48).
Importantly, mutations in the core clock regulator CCA1 (cir-
cadian clock-associated 1) or in other components of the TTFL
affect this time of the day specific pattern. In addition, it was
observed that ROS can feed back to affect the transcription of
clock-regulated genes. The importance of this cross-talk has
been underlined in Drosophila melanogaster, in which the per
gene has been shown to be essential for maintaining antioxi-
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dant defense. Indeed, flies exposed to H2O2 show daily mortal-
ity rhythms and are more susceptible during the late light
phase. Mutation in the per gene abolishes this time of the day
sensitivity and renders flies more susceptible to oxidative stress
in general (49). Bmal1�/� mice show higher accumulation of
ROS in several tissues compared with wild-type animals. This
impairment in ROShomeostasis correlateswith early aging and
age-dependent pathologies. These data again suggest a connec-
tion between the circadian clock and redox homeostasis (50).
More recently, the circadian system has been shown to also
modulate the pathways involved in production and utilization
ofGSH (51).Wild-typeCanton S flies showdaily rhythms in the
mRNA levels of glutamate-cysteine ligase, the rate-limiting
enzyme in GSH biosynthesis, and GSTD1, which utilizes GSH
in cellular detoxification. Importantly, mutants lacking the
clock genes per and cyc show no rhythms in the expression of
these proteins, underlying the link between GSH metabolism
and the circadian system.

Compartmentalization of Oxidative State and Redox
Signaling: Future Perspectives

An emerging feature of redox signaling is its spatial and tem-
poral compartmentalization. Recent developments highlight
that different ROS signaling and redox buffering systems are
spatially segregated and can have unique compartmentalized
functions (Fig. 4) (52–55). For example, pools ofmitochondrial,
cytosolic, and nuclear GSH are separated within cells, and the
trafficking of GSH, from the cytosol to the mitochondrial
intramembrane space, is tightly regulated by porins in their
membranes (56). Importantly, the maintenance of localized
redox states is critical for cell function. Mitochondria-specific
depletion of GSHmakesmitochondriamore sensitive to oxida-
tive damage (57), whereas overexpression of the mitochondrial
glutaredoxin Grx2 protects against oxidative stress to prevent
apoptosis (58). The nuclear redox state is similarly pivotal for

the activation of several redox-regulated transcription factors
such as CLOCK and NPAS2 (40), NF-�B (59), Nrf2 (nuclear
factor (erythroid-derived 2)-like 2) (60), and Rev-erb� (61).
Although evidence suggests that ROS are bona fide signaling

molecules, some skepticism has been raised because of their
high reactivity and low substrate specificity. However, there is
evidence of tight coupling of ROS generators to the activity of
antioxidant buffering systems and to specific targets, which
would explain how the specificity of ROS signaling is brought
about (62–64). In the adrenal gland, for example, H2O2 is
involved in a feedback control loop to regulate corticosteroid
synthesis (65). In the last phase of adrenocorticotropic hor-
mone-induced steroidogenesis, cholesterol is imported in
mitochondria, where cytochrome P450 enzymes catalyze the
oxidative cleavage of its side chain. As a byproduct of their
activity, cytochromes generate H2O2, which is eliminated by
Prx3. During the catalytic cycle, Prx3 can occasionally be inac-
tivated by hyperoxidation. Its activity is normally reverted by
Srx. However, when corticosteroid synthesis increases, so does
H2O2, and Srx activity is no longer sufficient to reduce and
reactivate Prx3. This causes a further increase in H2O2 levels
and the overflow of H2O2 in the cytosol. This last event triggers
a signaling cascade involving p38 MAPK, which eventually
inhibits corticosteroid synthesis. Of note, the levels of inacti-
vated Prx3, activated p38 MAPK, and Srx exhibit circadian
oscillations. In addition, tissue-specific ablation of Srx results in
suppression of the adrenal circadian rhythms of corticosterone
production, suggesting that Prx hyperoxidation, corticosteroid
synthesis, and the circadian clock are interconnected.
Interestingly, oxidative signals can cause selective oxidation

of specific redox couples. For example, EGF-mediated ROS sig-
naling selectively oxidizes the cytosolic pool of Trx1 but not the
mitochondrial pool of Trx2 (Fig. 4) (66, 67), suggesting that
these pools are independently regulated. Furthermore, one of
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FIGURE 3. Cross-talk between the circadian clock and redox homeostasis. The circadian clock and the redox state of the cell are interconnected. The
expression level and activity of antioxidant enzymes determine the levels of intracellular ROS, which have been shown to impinge on the expression pattern
of clock genes. In addition, some antioxidant enzymes have been shown to follow a circadian pattern of expression, suggesting that the clock system can
regulate redox homeostasis.
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the major transcription factors activated by oxidative stress,
Nrf2 can be differentially activated by redox signals: its translo-
cation is promoted by a redox switch of Keap1 (Kelch-like
ECH-associated protein 1), which is controlled by GSH,
whereas its nuclear activity is under the control of Trx1 (Fig. 4)
(60).
It is tempting to speculate that different redox systems are

strategically located within the cell not only to protect sub-
strates from excessive oxidation but also to regulate specific
signaling pathways. In addition, different redox couples might
act in concert to specifically modulate the response to ROS
signals in proximity of key redox-sensitive proteins. Determin-
ing how this compartmentalized nature of cellular redox sys-
tems links to the clockwork will be critical to fully understand
how the cell enmasse keeps daily time.We believe that this will
be an exciting area of investigation in the next few years.

Conclusions

Substantial evidence highlights the capability of living organ-
isms to resonate with environmental cycles, which confers an
evolutionary advantage because perturbing the clockwork
reduces fitness. However, the biological mechanisms underly-
ing the regulation of circadian rhythms are still elusive in the
light of new insights coming from redox biology. In the post-
genomic era, the dominance of gene regulation at the heart of
circadian rhythms needs to be reconciled with mounting evi-
dence demonstrating the importance of redox cycles and post-
transcriptional/post-translational modifications (68).
It now appears that control of ROS signaling is deeply inter-

twined in the circadian clock system. Disruption of circadian
rhythms in humans has been linked to several diseases such as
breast cancer, obesity, diabetes, sleep disorders, and neurode-
generative diseases (69). Given the role of ROS in humanpatho-
physiology, it is tempting to speculate that some of the pathol-
ogies associated with the deregulation of clock signaling are
partially caused by alteration in redox signaling and possibly
their compartmentalized nature. Thus, we propose that the

understanding of how localized ROS production affects the
activity of oscillators within cells will have important conse-
quences for the development of dedicated therapies aimed at
restoring aberrant signaling.
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The redox proteome consists of reversible and irreversible
covalent modifications that link redox metabolism to biologic
structure and function. These modifications, especially of Cys,
function at the molecular level in protein folding and matu-
ration, catalytic activity, signaling, and macromolecular
interactions and at the macroscopic level in control of secre-
tion and cell shape. Interaction of the redox proteome with
redox-active chemicals is central to macromolecular struc-
ture, regulation, and signaling during the life cycle and has a
central role in the tolerance and adaptability to diet and envi-
ronmental challenges.

Redox biology is the study of oxidation-reduction processes
associated with life. Early 20th century research on O2 as an
electron acceptor linked electron transfer reactions to genera-
tion of ATP (1, 2). In 1955, research with 18O2 and mass spec-
trometry (MS) showed that atoms from O2 were introduced
into biomolecules (3, 4), stimulating research on mechanisms
of O2 activation (5, 6). This research was focused mostly on
enzyme cofactors rather than the redox activity of the trans-
lated proteome.
At the same time, protein aggregation and oxidative inacti-

vation introduced artifacts in protein chemistry and enzymol-
ogy (7). Removal of contaminating trace metals, O2, and/or
inclusion of GSH or dithiothreitol protected against these pro-
cesses. The susceptibility of protein to oxidation contributed to
the study of oxidative damage in biologic systems, termed oxi-
dative stress (8, 9). The discovery of superoxide dismutase (10)
fueled this research and the related study of lipid peroxidation,
oxidative DNA damage, and oxidative protein chemistry.
Advances in cancer biology and molecular biology led to dis-
covery of NADPH oxidases, enzymes that produce reactive
oxygen species (superoxide and H2O2) for redox signaling (11).
At the same time, advances in MS and crystallography sup-
ported detailed studies of the proteome.
In this minireview, we provide an overview of redox compo-

nents of the translated proteome that connect electron transfer
to biologic structure and function. We do not include the cen-
tral enzymology of oxidoreductases, e.g. oxidases, hemopro-
teins, NAD-linked intermediary metabolism, or mitochondrial
electron transfer. We focus instead on reversible reactions of

the Cys proteome, which has an inherent tendency to undergo
oxidative post-translational modification under aerobic condi-
tions. Irreversible covalent modifications provide a comple-
mentary system for prolonged biologic redox signaling and
have been addressed elsewhere (12). Both are relevant to oxida-
tive stress and redox signaling and, through interactions with
the metabolome, provide an interface with diet and environ-
mental exposures (Fig. 1A). Disruption of these mechanisms
contributes to human disease.

Definition of Redox Proteomics

“Redox proteome” is a collective term for components of the
proteome that undergo reversible redox reactions and those
modified irreversibly by reactive species during oxidative stress.
Only three of the amino acids undergo reversible reaction (Cys,
Met, and selenocysteine (Sec)2) butmany amino acids (e.g.Trp,
Tyr, and Arg) and the peptide backbone react with products
generated during oxidative stress (13). The redox proteome
interacts with the redox metabolome, a redox-active subset of
the metabolome, with NADPH/NADP�, GSH/GSSG, and cys-
teine/cystine being specifically relevant to the redox proteome.
The metabolome includes low molecular mass biochemicals
generated by intermediary metabolism and chemicals from the
diet, microbiome, pharmaceuticals, commercial products, and
environment (14). Many are linked to NADH/NAD and other
redox systems and can indirectly impact the redox proteome.
The redox proteome impacts the genome and epigenome,

RNA processing and translation, and other post-translational
modifications of the translated proteome (Fig. 1A). In analogy
to the epigenome and genome, the epiproteome includes the
translated proteome with covalent modifications to provide
function and regulation beyond that of the translated sequence
of amino acids. As a component of the epiproteome, the redox
proteome is controlled primarily by endogenous metabolism
but responds to chemicals from the diet, air, and other expo-
sures. These redox reactions have a central role in integrating
homeostatic, adaptive, and defense responses between the
epigenome, epiproteome, and external environment.
Redox Steady State—Thioredoxin (Trx) and GSH provide

effective thiol antioxidant systems, yet ongoing oxidationmain-
tains a non-equilibrium steady-state oxidation of proteinCys in
cells. This steady-state oxidation is not fully understood
because non-enzymatic protein thiol oxidation with physio-
logic oxidants is relatively slow (15), as illustrated by redox-
sensitive green fluorescent protein, which requires minutes to
oxidize even with added H2O2 (16). However, measurement of
multiple proteins in a redox pathway in cells (Fig. 2) shows that
reduction is kinetically limited (17). Because the rates of oxida-
tion and reduction of individual thiols in cells are difficult to
measure, redox effects are often quantified in terms of the
steady-state redox potential (Eh). Eh is calculated using the
Nernst equation: Eh � Eo � RT/nF ln[oxidized molecule]/[re-
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duced molecule], where R is the gas constant, T is the absolute
temperature, n is the number of electrons transferred, and F is
Faraday’s constant. The NADPH/NADP couple is maintained
at about�400mV in cells and serves as the principal reductant
to reverse oxidation by O2 (O2/H2O at approximately �600
mV). The displacement of thiol/disulfide systems from equilib-
rium is illustrated by GSH/GSSG (Fig. 2), with intermediate Eh
in plasma (�138 mV) (18) and in liver (�255 mV) (19). Simi-
larly, Trx1 has an intermediate value (�270 mV) (20).
Reversible Redox Elements of the Proteome—The thiol of Cys

is the most extensively characterized component of the redox

proteome and is the main focus of this minireview. This does
not imply that Cys is more important than Sec or Met. Sec is
present in only 25 human proteins, but these include central
redox enzymes, Trx reductases, andGSH peroxidases (21). The
Met proteome is similar to the Cys proteome but is less studied.
If one excludes Met for initiation of translation, the human
genome encodes 174,000Met residues (17). A small percentage
exists in enzyme active sites, but others contribute to the three-
dimensional structure and molecular interactions (22). About
5–10% of the total Met proteome is present in vivo as Met
sulfoxide (MetO) (23). A family of MetO reductases (Msr)

FIGURE 1. Redox proteome as the interface of the epiproteome, diet, and environment. A, the redox proteome is a subset of post-translational modifica-
tions of protein considered here as the epiproteome (indicated by the dashed arrow). This is considered in analogy to the epigenome and genome as a system
to provide function and regulation beyond that of the translated sequence of amino acids. The redox proteome includes amino acids that undergo reversible
redox reactions (Cys, Met, and Sec) and others that are irreversibly modified by reactive species in oxidative stress (Lys, Trp, and others). The redox proteome
impacts the genome and epigenome through altered DNA and RNA binding and altered trafficking, activities, and structures of associated proteins. Metabolic
activities, especially in cell signaling, impact the metabolome. The redox metabolome is a subset of the metabolome that alters structure and function of the
redox proteome. NADPH/NADP, GSH/GSSG and Cys/cystine are central components of the redox metabolome. The metabolome and redox proteome respond
to diet and environmental influences (blue arrows) to protect against oxidant stress and other environmental challenges. B, covalent modifications of Cys
provide a versatile structure-function switching system. Cys commonly exists on the surface of proteins either alone (monothiol) or in close proximity to
another Cys residues (vicinal dithiols) (top). The reactivities are impacted by vicinal cationic amino acids, which enhance ionization and make Cys more reactive.
Vicinal dithiols tend to form disulfides upon oxidation, whereas monothiols undergo reversible oxidation to sulfenic acid and mixed disulfides with low
molecular mass thiol chemicals, GSH, Cys, and homocysteine (HCy; left, inside box). Under highly oxidizing conditions, sulfenic acid is further oxidized to sulfinic
and sulfonic acids (left, below box). Other modifications also occur, such as S-nitrosylation, S-sulfhydration, and thiohemiacetal formation. These changes, as
well as Zn2� binding and acylation, can result in altered protein-protein interactions, DNA or RNA binding, or membrane interaction (right).
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reduces peptidyl-MetO back to peptidyl-Met (24). Genetic
manipulation of MsrA impacts longevity (25), suggesting the
importance of peptidyl-MetO in sensitivity to oxidative stress
but not excluding other redox functions of peptidyl-Met
oxidation.

Special Character of the Cys Proteome

Early research showed that about half of all enzymes are sen-
sitive to thiol reagents, and studies of protein structure revealed
contributions of disulfides to three-dimensional configuration
(26) and to protein processing and trafficking (27). Addition-
ally, x-ray crystallography andmolecular biology revealedwide-
spreadZn2� binding toCys in proteins (28, 29). The fundamen-
tal character of Cys as a “sulfur switch” (30), discussed below,
was recognized only more recently.
Oxidation of the Cys Proteome—The human Cys proteome

includes 214,000Cys residues encoded in the genome.Only the
thiol form is translated due to the specificity of the tRNACys

synthetase, so all modified forms represent post-translational
modifications. In cells and tissues, 5–12% of total protein Cys is
oxidized, and this can be increased to�40%by adding oxidants.
Oxidation occurs through 1e� or 2e� reactions, producing
thiyl radicals or sulfenic acids and disulfides, respectively (Fig.
1B). Introduction of sulfenic acids is termed sulfenylation (31);
this reaction and disulfide formation represent central compo-
nents of the reversible redox proteome. The most commonly
studied disulfide formation is S-glutathionylation (32), but
S-cysteinylation and protein-protein disulfide formation also

occurs. Successive oxidation produces sulfinic and sulfonic
acids (Fig. 1B).
Other Modifications of the Cys Proteome—Peptidyl-Cys

reactswith other biologicmolecules to support complementary
mechanisms, such as S-nitrosylation and S-sulfhydration (Fig.
1B). Inclusion of suchmodifications into systems biology mod-
els of the redox proteome requires a multidimensional descrip-
tion because some specific peptidyl-Cys residues can undergo
different modifications, i.e. a specific Cys may be glutathiony-
lated, cysteinylated, nitrosylated, or sulfhydrated (33–37).
S-Nitrosylation of proteins also occurs (38), and S-nitroso
groups can be transferred between protein thiols (39). Sulfhy-
dration of protein thiols by H2S also occurs (40, 41) and could
support a system of sulfane transfer (42) analogous to nitrosyl
transfer. How multiple modifications are integrated within the
proteome remains uncertain because global proteomic analysis
showed overlap between protein Cys undergoing S-nitrosyla-
tion and sulfenylation, but the extent of this overlap is limited
(43). Reversible reaction with aldehydes, including monosac-
charides, to form thiohemiacetals is also possible, but the
extent and biologic functions of such modifications are not
known. Thiol modifications that result from post-transla-
tional modifications of the proteome by electrophiles are
termed the adductome (44). These include a biochemical
signature of environmental exposure to reactive chemicals
(44) and also of endogenously generated reactive lipids and
lipid products from radical reactions of oxidative stress that
can function in signaling (12).

Sulfur Switches

Sulfur within the redox proteome has a fundamentally
important use as a structure-function switch. At the molecular
level, there is often no meaningful separation of structure and
activity related to redox effects on sulfur. At the macroscopic
level, however, structure and activity can be measured inde-
pendently. Because of this, we list types of switches (Fig. 3) as a
framework to consider redox links between metabolism, bio-
logic structure, and activity.
Types of Sulfur Switches—An “on-off” switch provides a qual-

itative activity change, such as inactivation of protein-tyrosine
phosphatases by oxidation in kinase signaling (45). An allosteric
switch adjusts activity, as occurs in regulation of enzymes, such
as Trx1 (46). An interaction switch provides a change in bind-
ing character. Examples include oxidation of Cys in the tran-
scription factorNF-�B,which prevents its binding toDNA (47),
and palmitoylation/myristoylation of endothelial nitric-oxide
synthase to enhance binding to membrane (48). Such changes
activate complex formation in cell signaling (49) and sequential
processing in protein maturation and secretion (50). Finally,
different thiolation at a specific Cys residue can change the
function of a protein. For example, a switch in cysteinylation of
Cys60 to glutathionylation results in a change from glycosyla-
tion-inhibiting factor activity (51, 52) tomacrophagemigration
inhibitory factor activity (53). Together, these sulfur switches
provide diverse capabilities for integration of biologic struc-
tures and functions. These sulfur switching mechanisms of the
redox proteome evolvedwith the genome to provide a common
system to coordinate and optimize complex biologic systems.

FIGURE 2. Non-equilibrium steady states of redox couples direct metab-
olism, structure, and macromolecular trafficking. Central thiol/disulfide
couples (left) serve as redox hubs and include small molecules of the redox
metabolome and redox-active proteins, such as Trx1 and Trx2. These exist
with a range of steady-state redox potentials (Eh, calculated with the Nernst
equation (see text)) spanning nearly 400 mV from mitochondrial NADPH/
NADP to plasma Cys/cystine (CySS). The difference between redox couples
(�Eh) is proportional to ��G, describing the energetics of electron transfer.
The ratio of (SH)2 to SS for a dithiol/disulfide couple with Eo � �210 mV
illustrates the relative abundance of the forms if the protein is equilibrated at
the respective Eh value. Upper right, kinetic limitation is shown for proteins in
the pathway from NADPH to NF-�B (p50) under both control and energy-
limiting conditions in cultured cells. Lower right, the Eh of cytosolic GSH/GSSG
becomes progressively oxidized in the life cycle of cells from proliferation to
differentiation to apoptosis. Such change could, in principle, impact proteins
via glutaredoxin-dependent S-glutathionylation (30) or reflect changes in
H2O2 generation and GSH peroxidase activity. Mito, mitochondria; nuc,
nuclear; cyto, cytosolic; ER, endoplasmic reticulum; TR1, Trx reductase 1. Cell
images are from Invitrogen and the Genetics Home Reference (http://
ghr.nlm. nih.gov).
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Operation of Sulfur Switches—The reversible nature of thiol
oxidation to sulfenate and disulfide makes the thiol a versatile
element for switching structure and function. Schafer (30)
defined sulfur switches in terms of stoichiometry of electron
transfer involving 1e� processes, such as glutathionylation, and
2e� processes, such as disulfide bond formation. The activity of
the former varies as a function of thiol/disulfide ratio, whereas
that of the latter varies as a function of [GSH]2/[GSSG] (19).
The latter is also expressed in terms of the corresponding Eh to
allow comparison with other redox-active systems. Several
physiologic mechanisms involving protein glutathionylation
occur (32), and hundreds of proteins are glutathionylated dur-
ing oxidative stress (54). Oxidation of a dithiol (Cys62–Cys69) in
a surface �-helix of human Trx1 provides an example of a 2e�

oxidation (20). The Keap1 control system for the transcription
factor Nrf2 has 26 Cys residues and appears to have Cys resi-
dues undergoing both 1e� and 2e� oxidation (55, 56). Some
active sites, e.g. kinase and phosphatases, are also considered to

be sulfur switches because they are reversibly inactivated by
oxidation.
Distinction of Redox Signaling and Redox Sensing—The con-

cepts of sulfur switching were derived from studies of redox
signaling, but most sulfur switches do not function in discrete
signaling pathways as described for analogous kinase signaling.
Redox-sensing Cys residues serve as sulfur switches to regulate
and integrate biologic functions (57). By operating through dis-
tinct Cys residues, redox-sensing Cys residues provide orthog-
onal control (Fig. 4A) for redox signaling and other activities by
changing structure and function without changing molecular
mechanisms.
Sulfur Switches and Evolution of the Cys Proteome—Based

upon comparison of the percentage of tRNACys among all
tRNAs (3.28%) and the percentage of Cys in proteins (�2.2%),
there is an evolutionary selection pressure against Cys in the
proteome (58). Despite this, the percentage of Cys has
increased from �0.5% in prokaryotes to 2.2% in mammals,

FIGURE 3. Types of sulfur switches. Sulfur switches can turn systems on and off, provide allosteric regulation, change the binding interactions, and/or have a
chameleon-like effect on the character of a protein (upper). Crystal structures are provided to illustrate each. In PTP1B (PTP), oxidation at the active site Cys215

residue turns off activity (middle left) (45). Oxidation of Cys38 in NF-�B (p65) or Cys62 in NF-�B (p50) results in loss of DNA binding (middle right). Formation of a
disulfide (Cys62–Cys69) in a surface �-helix in Trx1 (20) results in an allosteric-like decrease in interaction with Trx reductase (lower left). A switch in cysteinylation
of Cys60 (Protein Data Bank) to glutathionylation results in a change from glycosylation-inhibiting factor (GIF) activity to macrophage migration inhibitory
factor (MIF) activity (lower right).
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showing an increase in Cys with evolution of complexity (58).
This includes increased content of conserved/evolved Cys con-
tent (57). With an evolutionary selection against Cys, this
implies a function for the evolved Cys, such as more extensive
redox-signaling and redox-sensing activities. Analyses of con-
served Cys residues in mitochondrial proteins detected by MS
showed that �90% of the Cys residues were conserved among
vertebrates, whereas only �70% of other amino acids in the
same proteins were conserved (59).

Methods for Study of the Redox Proteome

Detailed methods for the study of the redox proteome are
available in the protein chemistry literature. Biologic studies
have often included global measurements, such as total protein
thiol measured by colorimetric methods; immunoassays, such
as redox Western blotting of reduced and oxidized forms of
specific proteins; and MS-based assays, such as the redox iso-
tope-coded affinity tag methods for thiols (59–61) or DAz-2
reagents for sulfenic acids (62). Global measurements of pro-
tein thiols during experimental challenge provide a basis to
evaluate the abundance of switchable redox elements in theCys
proteome. For instance, analysis of the rate of autoxidation of

thiols in isolated nuclei shows that �10% of protein thiols are
oxidized in 1 h and another 10% autoxidize more slowly, over a
period of several hours. Extrapolation from such data suggests
that 20,000–40,000 peptidyl-Cys residues are redox-sensitive.
These could function as redox sensors (57) as discussed above
or as decoy thiols to protect critical active sites from oxidants
and electrophiles (63).
RedoxWestern Blot Analysis—Immunoassays are useful to

measure oxidation of individual proteins in cell and tissue
extracts (20, 64, 65). Common methods include alkylation of
thiols for separation from other forms by electrophoresis,
followed by Western blotting (66). Labeling with thiol
reagents containing biotin allows selection and/or detection
with streptavidin to enhance flexibility in assay. Applications
show that oxidation of individual proteins differs among
compartments and varies with physiologic challenge and life
cycle (64, 65, 67). The methods are useful to detect changes
but can be difficult to calibrate because of multiple thiols in
proteins, nonlinear responses, and epitope changes with
thiol oxidation or alkylation. This is often a method of choice
because of the ability to specifically examine redox changes

FIGURE 4. Integrated function of the redox proteome. A, redox-sensing Cys residues provide an orthogonal control system to regulate and integrate biologic
systems without impacting mechanisms. Redox-signaling mechanisms are presented as pathways (diagonal right arrows) that serve to signal cell stress and
other responses. These include controlled H2O2 production by regulated NADPH oxidases and redox-signaling Cys. They function in parallel with other
signaling pathways, such as kinase signaling and ion-gated signaling (diagonal right arrows). These are viewed as providing relatively rapid and transient
signals. Redox-sensing Cys residues integrate these signaling pathways without impacting their mechanisms (diagonal left arrows). Although poorly defined
experimentally, the latter can be conceived as a background poise of the cellular H2O2 generation by mitochondria, Nox4, and other oxidases (lower left) and
opposed by reductant systems dependent upon Trx and GSH (upper right). These have slow kinetics relative to signaling mechanisms and thereby provide a
more long-term phenotypic control. This allows a single signaling mechanism to be used effectively in different cell types and states of cell division,
growth, differentiation, or apoptosis. These signaling and sensing Cys switches operate within the non-equilibrium states maintained by the central
redox hubs (Fig. 2) and together provide a versatile system for integrated spatial and temporal control of cell structure and function. ROS/RNS, reactive
oxygen and nitrogen species. B, broad ranges of protein thiol reactivity and abundance are known to occur in the redox proteome. These provide a
redox proteomic structure to support localized redox signaling within an inherently stable redox system. Upper left panel, protein abundance (C) is given
on the y axis from femtomolar to 10 �M, expressed as a function of each respective protein, listed in order of abundance on the x axis. Middle left panel,
a hypothetical condition is shown in which the second-order rate constant (k) for protein thiol reaction with H2O2, from 1 to 107

M
�1 s�1 (73), is varied

in opposition to abundance for the same proteins. Lower left panel, the product of the rate constant and concentration (k�C) for each protein under this
condition shows that all proteins contribute equivalently to the rate of H2O2 metabolism. Right, the rate constant (middle panel) is varied in proportion
to abundance (upper panel). The product (k�C) for this condition shows that the most abundant protein thiols contribute 14 orders of magnitude more
to the rate of H2O2 metabolism than the least abundant protein thiols (lower panel). This comparison shows that opposing co-evolution of abundance
and reactivity of specific Cys residues within the proteome can account for an inherent stability of the redox proteome while also having specialized
subsets of peptidyl-Cys for redox sensing and redox signaling.
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in most proteins with standard biochemical laboratory
equipment.
Mass Spectrometry-based Redox Proteomics—Adaptation of

differential labeling approaches to the evaluation of the redox
proteome has become increasingly popular (60–62, 68, 69). As
with immunoassays, labeling with thiol reagents containing
biotin allows detection or selection of peptides according to
thiol content. These are useful with both two-dimensional gel
electrophoresis coupled with MS/MS and two-dimensional
chromatography-MS/MS methods. Oxidation of up to 4000
specific peptidyl-Cys residues, or�2%of the entiremammalian
proteome, can be measured in a single experiment. Such data
are useful in identifying specific Cys residues in cells. Many
proteins are partially oxidized even under normal physio-
logic conditions (59), and possible functions of these Cys
residues can be inferred by examination of the positions in
x-ray crystal structures. Extensive application of these meth-
ods to Alzheimer disease, Parkinson disease, and other neu-
rodegenerative diseases, as well as other human diseases and
animal and cell models, has established the value of these
approaches in improving the mechanistic understanding of
redox biology and human disease (70).

Integrated Redox Function of the Cys Proteome

Integration of detailed information on large numbers of redox-
sensitive Cys residues requires systems biology approaches (46)
and systematic data on the reactivity of specific thiols, protein
abundance, spatial distribution, and organization into redox
networks. A current view is that the Cys proteome exists in a
dynamic steady state with organization into a branching net-
work structure in which oxidation of specific thiols by O2,
H2O2, and other oxidants is balanced by reduction by NADPH
through Trx- and/or GSH-dependent systems (71). The Eh val-
ues of Trx1 andGSH/GSSG couples are different, and neither is
equilibrated with NADPH/NADP. In analogy to the use of
regulons in genetics to describe groups of operons controlled by
common elements, intermediate hubs are termed redox regu-
lons (71). For instance, a Trx1 redox regulon and a GSH redox
regulon regulate different subsets of the Cys proteome. An
opposing set of oxidative redox regulons, operating in multiple
subcellular compartments with secondary hubs, provides a
bilateral redox network structure to accommodate specific
control of each of the 214,000 Cys residues in the proteome
(71). In this bilateral design, NADPH is used both to support
reductive redox regulons and to generate H2O2 to support oxi-
dative redox regulons. This provides an inherent stability by
linking rates of oxidation and reduction to a commonprecursor
(72).
Reactivity—The reactivity of peptidyl-Cys residues differs

considerably according to the specific location within the
three-dimensional structure of a protein. Measures of thiol
reactivity with H2O2 show that rate constants differ by �6
orders of magnitude (73). This range of reactivity forces critical
examination of the definition of network structure, as discussed
above, in which multiple redox elements have variable reactiv-
ity with other elements (71). Many possible variations in cir-
cuitry can occur, and more complete definition of reactivities,

as well as more complete measures of in vivo responses, will be
needed to define the networks.
Abundance—Measures of absolute protein abundance are

often not available, and lack of such data limits redox model
development. The importance of abundance is apparent from
the use of rate constants and abundance to calculate rate (Fig.
4B). Protein abundance varies by at least 7 orders of magnitude
(74), and there are two systematic ways that this can be com-
bined with rate constants to determine rates, either scaled pro-
portionally or scaled inversely. Using the experimentally deter-
mined range for second-order rate constants (k) for protein
thiol reaction with H2O2 (1–107 M�1 s�1) (73), one can see that
variation of the rate constant (Fig. 4B, middle left panel) in
opposition to abundance (C; upper left panel) results in the
product (k�C), such that all proteins have the same rate of H2O2
metabolism (lower left panel). If one considers variation of the
rate constant (Fig. 4B, middle right panel) in proportion to
abundance (upper right panel), the product shows that themost
abundant protein thiols contribute 14 orders of magnitude
more to H2O2 metabolism than the least abundant protein thi-
ols (lower right panel). Thus, co-evolution of mechanisms to
control abundance and reactivity can account for H2O2 signal-
ing by a subset of proteins while at the same time having an
overall system that is inherently stable to changes in H2O2
production.
Spatial Distribution—D’Autréaux (75) addressed spatial dis-

tribution of redox elements, which provides specificity in redox
signaling. As they discussed, compartment- and microcom-
partment-specific control through local concentrations of oxi-
dants and reductants may be a common biologic principle.
Directional movement through the secretory pathway involves
O2-driven oxidation of peptidyl-Cys by the endoplasmic retic-
ulumoxidizing system, thiol/disulfide exchange by protein-dis-
ulfide isomerases, and other sequential modifications during
protein processing (50). A similar oxidative system for protein
import into mitochondria occurs (76). Changes in extracellular
redox potential regulate intracellular metabolism, but also
changes in intracellular metabolism affect redox poise in the
extracellular compartment (77).
Partial Oxidation of Proteins under Normal Aerobic Condi-

tions—Early research on glutathionylation of actin at Cys374
(78) and redoxWestern analysis of protein-disulfide isomerase
(79) and Trx1 (20) showed partial oxidation under physiologic
conditions. MS studies on yeast extended this to show that
many peptidyl-Cys residues are oxidized under control condi-
tions (69), and studies with Escherichia coli (60), cultured cells
(43), developing Caenorhabditis elegans (80), mouse aortic
endothelial cells (81), and human colon carcinoma HT29 cells
(59) confirmed and extended this finding. Functional pathway
analysis showed that peptidyl-Cys mapped to functional net-
works according to percent oxidation (59). Proteins in cell reg-
ulation and actin cytoskeletal proteins appeared as different
functional modules (81). Tubulins and other cytoskeletal pro-
tein, as well as docking proteins, such as 14-3-3, heat shock
proteins, and many heteronuclear ribonucleoproteins, associ-
ate into functional networks (59). Many of these Cys residues
are highly conserved in vertebrate evolution, indicating that
this chemomorphic redox switching system contributes to the
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increased percentage of Cys in the proteome with evolution of
complexity.
Actin-associated Redox Proteome—Actin provides an exam-

ple of the complexity of redox systems and also illustrates the
importance of dynamic regulation in cell functions. Disulfide
bond formation (Cys285–Cys374) inhibits depolymerization of
filamentous actin in red blood cells of sickle cell disease (82).
Oxidation of cytoskeletal Cys causes protein aggregates, mem-
brane blebbing, and cell death in other cells (83). Actin and
other membrane-associated proteins (integrin �4 and myosin)
are targets of oxidation in human peripheral blood mononu-
clear cells (84), and oxidation of extracellular Eh increases F-ac-
tin formation (59), regulating actin (Cys257 and Cys285), several
actin-associated proteins, and integrins (81). Glutathionylation
of Cys374 by integrin-stimulated reactive oxygen species is
essential for F-actin formation in cell spreading (85). Trx1
(Cys62) interaction with actin controls actin dynamics and is
essential for anti-apoptotic function (86). Trx reductase is
responsible for actin denitrosylation in neutrophils for cyto-
skeletal control and integrin �2 function (87). The association
of Ref-1 (redox factor-1) with actin in thyroid nuclei modulates
proliferation and differentiation (88). Sulfiredoxin acts on
hyperoxidized peroxiredoxins (Prxs) (89, 90) to regulate deglu-
tathionylation of actin (91). Cyclophilin B interactionwith actin
improves Prx activity in synaptosomes (92), and cyclophilin
A (Cys161) controls glutathionylation/deglutathionylation of
GAPDH, cofilin, and Prx. The cell survival mediator serine/
threonine kinase Akt also functions in redox control of actin
(93, 94). The number and complexity of these interactions illus-
trate that sulfur switches evolved as a network of control ele-
ments to integrate structure and function.

Interactions with the Metabolome

The study of redox metabolism predates redox proteomics
especially in understanding the central hubs of the redox
metabolome. NADH/NAD is central to catabolism and ATP
production, whereas NADPH/NADP is central to anabolism
and control of the redox proteome (95). These hubs are not in
redox equilibriumwith each other and are not in redox equilib-
rium with low molecular mass redox hubs (GSH/GSSG and
cysteine/cystine) or with protein redox hubs (Trx1 and Trx2).
Nonetheless, as shown in Fig. 2, these hubs provide a context to
maintain organization of redoxmetabolism and function of the
redox proteome in which directionality is maintained by a sta-
ble non-equilibrium state. Temporal and spatial changes in the
hubs provide a system for polarity in growth, differentiation,
and other functions.
The recent development of high resolution metabolomics

using high resolutionMS and advanced data extraction (96, 97)
has provided the capability to measure �20,000 chemicals in
biologic extracts. Application to metabolomics of mitochon-
dria shows the effect of Trx2 overexpression on hundreds of
metabolites (98). Integration of metabolomics with redox pro-
teomics provides an approach to elucidate adverse and benefi-
cial interactions of diet and environment through the redox
proteome.

Summary

The redox proteome serves as an interface between genome-
directed biologic structure and functions and the environmen-
tal determinants of those structures and functions. As such, the
redox proteome is a central focus in biomedical research. The
Cys proteome is particularly important in that the thiol of Cys
serves as a versatile sulfur switch to link redox chemistry with
structure and function. Advances in understanding the net-
work structure of the redox proteome and interactions with the
metabolome can be expected to improve the mechanistic
understanding of redox signaling and oxidative stress impact-
ing many aspects of human health and disease.
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An emerging class of novel heme-based oxygen sensors con-
taining a globin fold binds and senses environmental O2 via a
heme iron complex. Structure-function relationships of oxygen
sensors containing a heme-bound globin fold are different from
those containing heme-bound PAS and GAF folds. It is thus
worth reconsidering from an evolutionary perspective how
heme-bound proteins with a globin fold similar to that of
hemoglobin and myoglobin could act as O2 sensors. Here, we
summarize the molecular mechanisms of heme-based oxygen
sensors containing a globin fold in an effort to shed light
on the O2-sensing properties and O2-stimulated catalytic
enhancement observed for these proteins.

What Is a Heme-based Oxygen Sensor?

Hb, the prototypical O2-binding heme protein, is the initial
binding site for external O2 molecules in the body and, as such,
is important for numerous important subsequent physiological
functions that use oxygen (1, 2).Mb,which has a similar protein
structure to Hb, acts as an O2 storage site (1, 2). Hb and Mb
additionally perform other functions, such as detoxification of
NO via dioxygenation to form nitrate (3, 4). The histidine (E7)
imidazole located at the heme distal side in the heme Fe(II)-O2
complex of Hb and Mb plays a significant role in preferentially
stabilizing bound O2 via hydrogen bonding and the resistance
of globin-O2 complexes to autoxidation (5, 6). An O2-binding
site is also present in other heme proteins, including heme-
based monooxygenases such as cytochrome P450 and heme

oxygenase. As such, many O2-binding heme proteins contain
the heme iron complex as their active site/center.
In an extension of this concept, an emerging class of heme-

based oxygen sensors uses the heme iron complex as the
O2-sensing site for intramolecular signal transduction. In gen-
eral, the heme-based oxygen sensors are composed of anN-ter-
minal heme-bound oxygen-sensing/binding domain contain-
ing globin, PAS (Per-Arnt-Sim), or GAF (cGMP-specific and
cGMP-stimulated phosphodiesterases, adenylate cyclases, and
Escherichia coli FhlA) folds and a C-terminal functional/cata-
lytic domain (Fig. 1) (7–13). O2 (the first signal) binds to/disso-
ciates from the heme iron complex and induces a structural
change (the second signal) in the heme-bound oxygen-sensing
domain of the protein. These induced structural changes in the
protein are then transduced to the functional domain, switch-
ing on (or off) the function of the C-terminal catalytic domain.
The C-terminal domain may have various catalytic functions,
such as diguanylate cyclase (DGC)5 activity, phosphodiesterase
(PDE) activity toward cyclic diGMP (c-diGMP), and histidine
kinase (HK) activity. A similar heme-based structural change
underlies the signal transduction function of methyl-accepting
chemotaxis proteins (MCPs) (Figs. 1 and 2 and Table 1).
In this minireview, we illustrate the concept of heme-based

oxygen sensors by 1) exploring the structure-function relation-
ships of globin-coupled oxygen sensors (GCSs), which contain
a heme-bound globin fold (14–16) or heme pocket that consti-
tutes the O2-sensing/binding site, and 2) comparing the heme
Fe(II)-O2 complex equilibrium dissociation constant (O2 affin-
ity) and autoxidation rate constant (stability of the heme
Fe(II)-O2 complex) of these GCSs with those of other heme-
based oxygen sensors containing heme-bound PAS or GAF
domains (Table 1).

The Globin-coupled Oxygen Sensor

Globins have been identified in 1185 of 2275 bacterial
genomes and 32 of 140 archaeal genomes (16) and further cat-
egorized into myoglobin-like globins with a 3/3 �-helix fold,
sensor globins with a 3/3 �-helix fold, and truncated globins
with a 2/2 �-helix fold. The sensor globins constitute GCSs,
protoglobins, and sensor single-domain globins (14–18). It
must be noted that not all sensor globins have enzyme function.
Moreover, numerous sensor globins involved in signaling have
unknown functions that remain to be established, such as GCS
fromGeobacter sulfurreducens (GsGCS) (Fig. 1) (19). GCSs are
defined as chimeric proteins composed of heme-bound globin
and functional domains (Fig. 1) (14–18). The globin domain of
GCS lacks the entire D-helix and part of the E-helices of Mbs
and Hbs, which have a common genetic ancestry with sensor
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globins. The resulting shortened globin fold is predicted to have
special characteristics that should be beneficial for heme-based
oxygen sensors that use the shortened globin fold for oxygen
sensing (14–16, 18).
Biochemical characterizations in reconstituted systems

using purified enzymes have been reported for only seven of the
420 previously reported putative bacterial GCSs (14–16).
Reports on the physicochemical characteristics of these pro-
teins have focused on the structure of the heme environment,
with only a few studies investigating biochemical reactions
involving specific substrates and products.

MCP-GCS: HemAT

HemAT is likely the MCP-GCS protein that controls the
movement direction of archaea and bacteria such as Halobac-
terium salinarum and Bacillus subtilis (HemAT-Bs) in an O2
gradient (20, 21). HemAT is the only MCP-GCS in which the
molecular characteristics of the heme-bound domain have
been well studied. Crystal structures of heme Fe(II) and heme
Fe(III)-CN (cyano) complexes of the isolated heme-bound
domain ofHemAT-Bshave been solved (Fig. 3) (22). The crystal
structures revealed that the tyrosine hydroxyl of Tyr-70(B10) in
one subunit of the dimer of the heme Fe(II)-bound domain
faces the protein surface. In contrast, the tyrosine hydroxyl in
the same subunit interacts with CN in the heme Fe(III)-CN
complex. Based on the structures of the heme Fe(II) and
Fe(III)-CN complexes of HemAT-Bs and amino acid sequence
alignment of GCSs, it is possible to speculate about the nature
of the O2-binding site (Fig. 3) (14, 15, 23). The O2-binding
kinetics of the isolated heme-bound domain of HemAT-Bs are
dramatically changed by mutations at Tyr-70(B10) (24). Thus,
it appears that the hydroxyl group of Tyr-70(B10) is important
for stabilizing bound O2 in the heme Fe(II)-O2 complex via
hydrogen bonding and inhibiting autoxidation of the heme
Fe(II)-O2 complexes. In contrast, resonance Raman and infra-
red spectral studies have suggested thatThr-95 should be either
at or near the O2-binding site (25–30). However, the crystal

structure of the protein suggests that global protein structural
changes are needed to explain the involvement of Thr-95 of the
E-helix in the O2 interaction (22, 30). Probably, a water mole-
cule(s) would significantly participate in the interaction
betweenO2 and Thr-95. Hydrogen bonds involving Tyr-70 and
Thr-95 have been implicated inO2 binding/sensing. It has been
suggested that a linker domain present between theN-terminal
heme-bound and C-terminal MCP signaling domains plays an
important role in intramolecular (and intermolecular) signal
transduction (21). Moreover, based on the crystal structure,
HemAT is proposed to utilize heterogeneity or negative coop-
erativity (or conversion from an asymmetrical to a more sym-
metrical formuponO2 binding) to expand the dynamic rage for
detecting O2 and to transfer structural information to down-
streamHK (22, 24).However, no concrete functional regulation
by O2 binding and/or change in redox status has been reported
in reconstituted systems in vitro, possibly because no specific
substrate (and thus, no product) of a HemAT-mediated reac-

FIGURE 1. Alignment of heme-bound oxygen-sensing and functional
domains of the heme-based oxygen sensors. Left, the C-terminal HK
domain in the two-component system containing N-terminal heme-bound
globin, PAS, or GAF domains. Right, the C-terminal functional domains asso-
ciated with MCP, c-diGMP homeostasis (DGC, synthesis; and PDE, degrada-
tion), and unknown functions (transmembrane (TM)) containing the N-termi-
nal heme-bound globin or PAS domain. GCSs are defined as chimeric proteins
composed of heme-bound globin and functional domains (14 –18). Note that
EcDOS and FixL have two tandem PAS domains; the heme iron complex is
bound to the first PAS domain in EcDOS and to the second PAS domain in FixL.
Similarly, DevS and DosT have two tandem GAF domains; in both cases, the
heme iron complex is bound to the first GAF domain. Note that globin folds
are not always localized at the N terminus but are inserted into diverse
regions, as predicted from the amino acid sequences of sensor globins that
are yet to be characterized (14 –18). AxPDEA1, A. xylinum PDEA1.

FIGURE 2. A, c-diGMP is an important second messenger in bacteria. Synthesis
(DGC) and linearization (PDE) of c-diGMP, an important second messenger in
numerous physiological functions (including biofilm formation), in E. coli are
conducted by the heme-based oxygen sensor enzymes YddV and EcDOS,
respectively. YddV is a GCS, whereas EcDOS is a heme-bound protein with a
PAS fold. O2 binding to the heme Fe(II) complexes of these enzymes enhances
catalysis to a significant extent. However, because the O2 affinities of the two
enzymes are markedly different (5–20-fold) from each other, each enzyme
functions to accommodate the local O2 concentration in response to stimuli
to maintain c-diGMP homeostasis. This figure is adapted from Ref. 72. B, sche-
matic mechanism of AfGcHK (a GCS) of a two-component system. O2 binding
to the heme Fe(II) complex, which is bound to the N-terminal domain via the
globin fold, significantly stimulates the C-terminal domain of HK, resulting in
autophosphorylation of AfGcHK. Once autophosphorylated, AfGcHK trans-
fers the phosphate group to the cognate response regulator. Although, the
enzyme is depicted here as a monomer for the sake of simplicity, all HKs
reported to date, including AfGcHK, are dimers (or tetramers). It has been
suggested that autophosphorylation is exerted “crosswise” such that the
kinase in one subunit phosphorylates the His residue of HK in the other sub-
unit of the dimer (or tetramer). aa, amino acids; Rec, receiver domain. This
figure is adapted from Ref. 44.
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tion has been identified. The C-terminal domain interacts with
the HK CheA, which is a component of the CheA/CheY two-
component signal transduction system in bacterial aerotaxis
(20, 21, 31).

DGC-GCS

c-diGMP is an important bacterial second messenger
involved in mobility, virulence, development, cell-cell commu-
nication, and biofilm formation (32–34). In E. coli, DGC-medi-
ated synthesis of c-diGMP is carried out by YddV (or E. coli
DosC (EcDosC)), one of the GCSs, whereas degradation of
c-diGMP is mediated by the PDE activity of another heme-
based oxygen sensor, E. coli DOS (EcDOS (direct oxygen sen-
sor); or EcDosP) (Figs. 1 and 2).
Azotobacter vinelandii GReg (AvGReg)—Both the full-length

and isolated heme-bound domains of GCS from A. vinelandii
were cloned, overexpressed in E. coli, and characterized (35).
Spectral and ligand-binding kinetic studies were conducted for
recombinant proteins. The heme Fe(III) complex of the full-
length enzyme was in the bis-histidine hexacoordinate form.
The heme Fe(II) complex of the full-length enzyme was also
hexacoordinatedwith bis-histidine, whereas that of the isolated
heme-bound domain was pentacoordinated. O2 affinities for
both proteins were high. The heme Fe(II)-O2 complex of the
isolated heme-bound domain remained stable over several
hours. Furthermore, examination of ligand (such as O2 and
NO)-binding kinetic properties suggested that AvGReg plays a
role in O2-mediated NO detoxification via dioxygenation of
NO to form nitrate (3, 4, 35). A characterization of the pheno-

types of Salmonella typhimurium cells overexpressingAvGReg
revealed that biofilm formation and swimming motility were
influenced by AvGReg (35, 36). Although the DGC activity of
AvGReg has not been characterized in vitro, these latter results
suggest that AvGReg is involved in c-diGMP synthesis in vivo.
Bordetella pertussis GReg (BpeGReg)—BpeGReg was cloned

and overexpressed in E. coli and was the first GCS that was
unequivocally proven to possess DGC activity (36). This study
showed that the catalytic activity of BpeGReg is significantly
stimulated by O2 binding to the heme Fe(II) complex. Binding
of NO and CO to the heme Fe(II) complex also enhances the
catalytic activity of this enzyme. The study provided an inter-
esting homology model based on the crystal structures of
HemAT-Bs and PleD, a DGC fromCaulobacter crescentus, and
proposed that c-diGMP binds to inhibitory sites, causing feed-
back inhibition of enzyme activity. More importantly, the mid-
dle domain between the heme-bound globin andDGCdomains
was suggested to be required for proper folding of the DGC
domain, but not the heme-bound domain. Relationships
between O2 binding, active dimer formation, and autophos-
phorylation were also implicated (36). The involvement of
BpeGReg in biofilm formation and bacterial motility was dem-
onstrated by protein overexpression in S. typhimurium or gene
knock-out in B. pertussis.
HemDGC—HemDGC from Desulfotalea psychrophila was

identified and characterized (37). It was shown that only the
heme Fe(II)-O2 complex of HemDGC exhibits DGC activity,
whereas heme Fe(II), heme Fe(II)-NO, heme Fe(II)-CO, and

TABLE 1
O2-binding sites, O2 equilibrium dissociation constants, and autoxidation rate constants of heme-based oxygen sensors and sperm whale Mb

Protein O2-binding site Kd kox Function Active species Inactive species Ref.

�M min�1

Globin (GCS) heme-bound
O2-binding domaina

HemAT-Bs Tyr-70, Thr-95 4.5, 100 0.001 MCP 22–25
AvGReg Tyr-44b 0.12 �0.001 Putative DGC 35
BpeGReg Tyr-43b 0.64 DGC Fe(II)-O2, Fe(II)-NO,

Fe(II)-CO
Fe(II) 36

HemDGC Tyr-55 0.025 DGC Fe(II)-O2 Fe(II), Fe(II)-NO,
Fe(II)-CO, Fe(III)

37

YddVc Tyr-43 14 0.0092 DGC Fe(II)-O2, Fe(II)-CO,
Fe(III)

Fe(II), Fe(II)-NO 32, 39

AfGcHK Tyr-45 0.077, 0.67 �0.0002 HK Fe(II)-O2, Fe(II)-CO,
Fe(III)

Fe(II) 44

SWMbd His-64 0.88 0.001 5, 6
PAS heme-bound

O2-binding domain
RmFixLd Arg-214 29 0.022 HK Fe(II), Fe(II)-NO,

Fe(II)-CO
Fe(II)-O2 41, 56–63

BjFixL Arg-220 140 0.045 HK Fe(II), Fe(II)-NO,
Fe(II)-CO

Fe(II)-O2 41, 56–63

EcDOSc Arg-97 74, 340 0.005 PDE Fe(II)-O2, Fe(II)-NO,
Fe(II)-CO

Fe(II), Fe(III) 38, 42, 43, 64–71

AxPDEA1 Arg-87b 12 �0.03 PDE Fe(II) Fe(II)-O2 95
Aer2 Trp-283 MCP 96, 97

GAF heme-bound
O2-binding domain

DevS (DosS) Tyr-171 0.58, 3.0 0.0002, 0.028 HK Fe(II), Fe(II)-NO,
Fe(II)-CO

Fe(II)-O2, Fe(III) 48–54

DosT Tyr-169 26 �0.0002 HK Fe(II), Fe(II)-NO,
Fe(II)-CO

Fe(II)-O2 49, 54, 55

a The helix of the Tyr residues in the O2-binding site common for GCSs is designated B10 based on the structures of sperm whale Mb and HemAT (Fig. 3) (14–16, 38, 98).
His-64 of sperm whale Mb is denoted E7 (5, 98).

b Amino acid numbers were predicted from the sequence alignment but were not experimentally confirmed.
c YddV and EcDOS are also designated EcDosC and EcDosP, respectively (38).
d SWMb, sperm whale Mb; RmFixL, Rhizobium meliloti FixL; BjFixL, B. japonicum FixL.
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heme Fe(III) complexes do not. A discussion of the protein
structure of the heme distal side emphasized the role of Tyr-
55(B10) at or near the O2-binding site (Fig. 3 and Table 1).
YddV (EcDosC)—In the first report of YddV, a heme-based

oxygen sensor DGC from E. coli (also designated EcDosC) (38),
it was shown that incubation of YddV in a solution containing
GTP (the substrate of YddV) and EcDOS (with PDE activity
toward c-diGMP) produced linear diGMP (pGpG) as the final
product, providing indirect evidence of DGC activity. A sepa-
rate study from our group (32) monitored the time-dependent
decrease in GTP and concomitant increase in c-diGMP in a
reconstituted system with the aid of HPLC. These studies
unequivocally demonstrated that O2 binding to the heme Fe(II)

complex of the N-terminal O2-sensing domain of the YddV
moleculemarkedly stimulatesDGCactivity (Fig. 2 andTable 1).
The heme Fe(III) and heme Fe(II)-CO complexes were also
active, whereas the heme Fe(II) and heme Fe(II)-NO complexes
were inactive. Analyses of the physicochemical properties of
mutant proteins suggested that Tyr-43(B10) is adjacent to the
O2-binding site on the heme distal side (Fig. 3) (32, 39). The
hydroxyl of Tyr-43(B10) appears to preferentially stabilize O2
bound to the heme Fe(II) complex via hydrogen bond donation,
as observed for other GCSs. The electron of O2 bound to the
heme Fe(II) atom is partially removed with a negative charge
and interacts strongly with proton donors or positive electro-
static fields induced by Tyr-43. However, the residues that are

FIGURE 3. A, heme environmental structures of GCSs and sperm whale Mb. Left, the heme Fe(III)-CN� complex of HemAT-Bs (Protein Data Bank code 1OR4) (22).
Center, the heme Fe(III) complex of GsGCS (code 2W31) (19). Right, the heme Fe(II)-O2 complex of sperm whale (SW) Mb (code 1A6M) (98). Note that HemAT-Bs
and GsGCS are GCSs, whereas sperm whale Mb is a vertebrate globin. The color of the helix corresponds to helix notification in Fig. 3B. Distal B- and E- and
proximal F-helices are shown in orange, green, and light blue, respectively. B, alignment of amino acid sequences of selected GCSs and sperm whale Mb with
helix notification. Helix notification was based on sperm whale Mb and HemAT (14 –16, 38, 98). The distal Tyr residue (B10), which binds to O2 in the heme
Fe(II)-O2 complex, and the proximal His residue (F8) as a heme-binding site of GCS are shown in blue and red, respectively. The distal His residue (E7) interacting
with O2 in the heme Fe(II)-O2 complex of sperm whale Mb is shown in green.
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situated at or near CO- or NO-binding sites in the heme distal
side possibly differ fromTyr-43, as suggested from ligand-bind-
ing kinetics and resonance Raman spectra of theTyr-43mutant
proteins. This structural difference in the ligand-bound heme
complex in YddV appears to reflect the variations in catalytic
regulation by CO and NO. The crystal structure of HemAT
suggests that the partial negative charge of Tyr-70(B10) on
bound O2 can “pull” hydrogen-bonding donors toward it,
whereas CO and NO would not be able to cause such a move-
ment of Tyr-70(B10) (22), similar to the case of the distal Arg
side chain for FixL (40, 41). Moreover, it has been speculated
that the environmental structure of the heme Fe(II) complex in
YddV is significantly different from that of the heme Fe(III)
complex, as observed for FixL (40, 41) and EcDOS (42, 43),
which are heme-based oxygen sensors with a PAS fold, result-
ing in heme redox-dependent catalytic regulation. Biofilm for-
mation by E. coli is significantly affected by overexpression of
YddV, suggesting again that YddV is involved in biofilm forma-
tion in vivo.

HK-GCS: Anaeromyxobacter sp. Strain Fw109-5
Globin-coupled HK (AfGcHK)

AfGcHK, isolated from the soil bacteria Anaeromyxobacter
sp. strain Fw109-5, is the first reported GCS with HK activity.
TheHK activity ofAfGcHK ismarkedly stimulated by the bind-
ing of anO2molecule to the heme Fe(II) complex (44). As noted
above, evolutionary considerations led to the discovery of GCS
enzymes involved in MCP and c-diGMP homeostasis (synthe-
sis), but GCS enzymes with other activities were not known
(14–16). On the basis of bacterial genomic sequences, it was
predicted that soil bacteria encode a protein containing an
amino acid sequence corresponding to the GCS globin fold. In
addition, it was thought that the same protein has an HK
domain similar to that of other heme-based oxygen sensor HKs
involved in two-component systems, such as FixL, DevS, and
DosT (Fig. 1, left).
As predicted, the autophosphorylation of AfGcHK at His-

183 and theAfGcHK-mediated phosphorylation of Asp-52 and
Asp-169 in the response regulator (via a phosphotransfer reac-
tion) were significantly stimulated by the binding of O2 to the
Fe(II) heme complex in theN-terminal sensor domain, whereas
the heme Fe(II) complex alone showed no catalytic activity. CO
binding to the Fe(II) heme complex also enhanced catalysis.
These gas-induced catalytic enhancements and the redox-de-
pendent catalytic regulation of AfGcHK are similar to those
observed for YddV (32).
Tyr-45(B10) appears to be at or near the O2-binding site in

AfGcHK based on an amino acid sequence alignment of GCSs,
the crystal structure of the heme Fe(III)-CN complex of
HemAT (Fig. 3), and physicochemical properties of mutant
proteins. Again, the hydroxyl of Tyr-45(B10) interacts with O2
in the heme Fe(II)-O2 complex and stabilizes the complex via
hydrogen bond donation, as observed for YddV (32).

GCSs with Unknown Function

The x-ray crystal structures and physicochemical properties
of the isolated heme-bound domain of GsGCS have been
reported (Fig. 3) (19). The heme Fe(III) complex of this protein

displays bis-histidyl hexacoordination, whereas the heme Fe(II)
complex is an admixture of penta- and hexacoordinated com-
plexes. Interestingly, distal heme coordination of the heme
Fe(III) complex in GsGCS is provided by a His residue unex-
pectedly located at the E11 topological side, distinct from that
at the E7 site of Hb, Mb, and other GCSs. Resonance Raman
spectral and ligand (O2, CO, and NO)-binding kinetic studies
were additionally conducted. Although no functional proper-
ties were examined, GsGCS is the only GCS reported to date
that has a C-terminal transmembrane signal transduction
domain.

Specific Characteristics of GCSs

Globin sensor domains that lack heme binding are known,
although their functions have not been determined (45, 46).
However, given the accumulating information about the
O2-mediated catalytic regulation and physicochemical proper-
ties of GCSs, it is worth summarizing specific characteristics of
GCSs in comparison with those of non-GCS heme-based oxy-
gen sensors. Note that the characteristics of non-GCS enzymes
are not described here in detail; instead, see Table 1 and refer-
ences therein.
O2 Binding to the Heme Fe(II) Complex Markedly Stimulates

Catalytic Activity—For all GCS catalytic reactions reported to
date, catalysis ismarkedly stimulated byO2 binding to the heme
Fe(II) complex in the GCS molecule (Fig. 2 and Table 1). This
O2-dependent catalytic enhancement appears to be specific for
GCSs because other heme-based oxygen sensors (with the
exception of EcDOS) behave differently in that their heme
Fe(II)-O2 complex is the inactive form, and dissociation of O2
activates catalysis (Table 1). For FixL and Acetobacter xylinum
PDEA1 (AxPDEA1), both of which have a heme-bound PAS
domain, the heme Fe(II)-O2 complex is the inactive form, and
the heme Fe(II) complex (O2-free form) is the active form. Sim-
ilarly, for the heme-based oxygen sensor two-component HKs
DevS and DosT, which contain the heme-bound GAF domain
as the O2-sensing site, the heme Fe(II)-O2 complex is the inac-
tive form, whereas the heme Fe(II) complex is the active form.
Although like FixL and AxPDEA1, EcDOS has a heme-bound
PAS domain, its PDE activity toward c-diGMP is markedly
enhanced by O2, NO, and CO. However, because the published
literature on characterization of GCSs is limited, it is possible
that O2-induced catalytic enhancement is not the general case
for all GCSs, which may come to light in future investigations.
GCS Active Sites Contain Distal Tyr and Thr Residues—On

the basis of amino acid sequence alignments of GCSs and crys-
tal structures of heme Fe(II) and Fe(III)-CN complexes of
HemAT-Bs, it was suggested that the side chain phenolate of
the Tyr residue (B10) is located in the heme distal side and is at
or near theO2-binding site formostGCSs (Fig. 3). Although the
crystal structure of the heme Fe(II)-O2 complex of GCSs has
not been determined, O2-binding kinetics and resonance
Raman studies of heme Fe(II)-O2 complexes of wild-type and
mutant HemDGC, YddV, and AfGcHK proteins suggest that
the Tyr residue could be located at or near the O2-binding site
(Table 1). The hydroxyl of the Tyr residue (B10) would stabilize
bound O2 in the heme Fe(II)-O2 complex via hydrogen bond
donation in GCSs. In all cases, O2 binds to the Fe(II) atom first
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and partially removes an electron to generate a negative charge,
which then interacts with proton donors or positive electro-
static fields induced by the Tyr or Thr residue. In contrast, for
HemAT-Bs, resonance Raman spectral studies suggest an
interaction between Thr-95 and the O2 molecule of the heme
Fe(II)-O2 complex probably via a water molecule(s) and impli-
cate a hydrogen-bonding network composed of Tyr-70 and
Thr-95 in O2 recognition.
The only crystal structure for the heme Fe(II)-O2 complex of

the sensor globin (but not GCS), protoglobin from Methano-
sarcina acetivorans, has been reported (47). TheO2molecule in
the heme Fe(II)-O2 complex is not stabilized by hydrogen
bonding to the protein. The residue closest to O2 (Phe-93(E11)
at 3 Å) is affected by conformational disorders. However, the
amino acid residue interacting directly with O2 bound to the
heme Fe(II) complex could not be unequivocally distinguished
in the structure.
DevS and DosT, which contain a heme-bound GAF domain,

have a Tyr residue adjacent to the active site in the heme
Fe(II)-O2 complex (48–55), whereas FixL (40, 41, 56–63) and
EcDOS (42, 43, 64–72), which contain a heme-bound PAS
domain, have an Arg residue at the corresponding position in
the sensing site (Table 1). Interestingly, although the protein
folding of the GAF domain is similar to that of the PAS domain,
the amino acid in the distal pocket adjacent to the ligand-bind-
ing site in the heme Fe(II)-O2 complex is different between the
GAF and PAS folds.
Thus, theO2-binding sites of heme-based oxygen sensors are

different from those of Hb and Mb, where O2 in the heme
Fe(II)-O2 complex interacts with a His residue (E7) in the distal
side. For the oxygen sensors, it is probably important for the O2
association/dissociation process to respond smoothly to O2
concentration in the environment without being influenced by
environmental pH or ionic strength. This is likely whyTyr, Thr,
or Arg, but not the His imidazole, is used for the oxygen-bind-
ing site of these heme-based oxygen sensors.
Note that the His (E7) side chain preferentially stabilizes O2

bound to the heme Fe(II) complex in all vertebrate Hbs and
Mbs. However, distal Gln (E7) and Tyr (B10) side chains stabi-
lize boundO2 inmany invertebrateHbs, particularly thosewith
extremely high O2 affinities (73). In contrast, the hydroxyl
group of Tyr (B10) can destabilize bound O2 by the non-bond
electrons or partial negative charge on the oxygen atom of the
side chain in Cerebratulus lacteus Hb (99).
High O2 Affinity—For the GCSs reported to date, the heme

Fe(II)-O2 complex is the active form, whereas the heme Fe(II)
complex is the inactive form. The equilibrium constants for the
dissociation of O2 from the heme Fe(II) complexes of GCSs are
low (between 0.077 and 14 �M) as shown in Table 1; thus, the
O2-binding affinity for the heme Fe(II) complex is very high.
These equilibrium dissociation constant values are in contrast
to those of heme-based oxygen sensors containing the heme-
bound PAS fold, such as FixL and EcDOS, where the corre-
sponding values are 140–340 �M. However, the value for DevS
(0.58 �M) is in the same range as that for GCSs. This suggests
that GCSs, as well as DevS/DosT, act under anaerobic or
semi-anaerobic (micro-aerobic) conditions and need to sense
changes in the concentration of trace amounts of environmen-

tal O2, whereas FixL and EcDOS operate under aerobic condi-
tions and sense a decrease in O2 concentrations from normal
levels. Because the O2-binding affinity of YddV (14 �M) is
higher than that of otherGCSs, itmay be thatE. coliYddVmust
work under semi-anaerobic, but not strictly anaerobic, condi-
tions in the large intestine. If it is assumed that only YddV and
EcDOS are involved in homeostasis of c-diGMP in E. coli in
specific organs (Fig. 2), the two enzymes would function dis-
tinctly and synergistically, depending on the O2 concentration,
to regulate the c-diGMP level in response to physiological
stimuli.
It should be noted thatMb andHb function by taking up and

releasing O2 for transport and delivery to respiring mitochon-
dria. PAS sensors discern the presence of O2 and activate genes
related to aerobic metabolism, and GCS sensors respond to
hypoxia and activate the associated genes. Therefore, the O2
affinities for these heme proteins differ to accommodate their
functional purposes.

Specific Characteristics of Heme-based Oxygen Sensors,
Including Non-GCSs

The increasing availability of information about the bio-
chemical and physicochemical characteristics of heme-based
oxygen sensors, including non-GCSs, has made it worthwhile
to compare the specific properties of these sensorswith those of
other heme proteins, such as Hb and Mb (Table 1).
The Heme Fe(II)-O2 Complex Is Stable with a Low Autoxida-

tion Rate Constant—The autoxidation rate of heme proteins is
controlled by several factors (5, 6). The hydrogen bond pro-
vided by the neutral imidazole side chain of the distal His resi-
due (E7) plays the most crucial role in the inhibition of Mb
heme iron autoxidation. This interaction prevents both disso-
ciation and protonation of bound oxygen. The pH dependence
of the rate observed at or above 7.0 may be attributable to pro-
tonation of the heme Fe(II)-O2 complex. In addition, the super-
oxide (the product of autoxidation of the heme Fe(II)-O2 com-
plex) dissociation pathway predominantly determines the rate.
Moreover, the accessibility of the distal pocket to solvent water
molecules increases protonation of the heme Fe(II)-O2 com-
plex, resulting in an increased rate.
The importance of the heme Fe(II)-O2 complex in catalytic

enhancement or suppression of oxygen sensors is evidenced by
the stability of the heme Fe(II)-O2 complex. In fact, the stability
of the heme Fe(II)-O2 complex of GCSs is such that the spec-
trum of the heme Fe(II)-O2 complex does not change for hours
to days at room temperature. This stability is reflected in the
very low GCS autoxidation rate constants, which are �0.025
min�1 (Table 1). It is reasonable to infer that the heme
Fe(II)-O2 complexes of other oxygen sensors, such as FixL and
EcDOS (which contain the heme-bound PAS domain) and
DevS (which contains the heme-bound GAF domain), are sim-
ilarly stable, given that the heme Fe(II)-O2 complex is the key
formof their functions. This stability of the heme-based oxygen
sensor is in contrast to that of other heme proteins, such as
cytochrome P450, where the O2 molecule is activated in the
heme active site; thus, the heme Fe(II)-O2 complex is not as
stable as that in heme-based oxygen sensors. The hydrogen
bond from Tyr, Arg, or Thr plays important roles in stabilizing
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the heme Fe(II)-O2 complex in heme-based oxygen sensors,
similar to that from the distal His residue (E7) in Hb and Mb
(Table 1).
Redox potential would also be expected to contribute to the

stability of the heme Fe(II)-O2 complex and autoxidation rate
constant. However, currently available data indicate that this
prediction is not always borne out for heme-based oxygen sen-
sors. For example, redox potential values of �17 and 45 mV
versus the standard hydrogen electrode for YddV (32) and
EcDOS (68), respectively, do not strictly correspond with the
associated stability and autoxidation rate constants (YddV,
0.0076 min�1; and EcDOS, 0.005 min�1) of these heme
proteins.
NO and CO Exhibit Divergent Functional Regulation, but

Selectivity among O2, NO, and CO Is Determined by a “Sliding
Scale Rule”—Other diatomic ligands, such as NO and CO, bind
to GCS as well, and it is likely that these are more important
during early evolution than O2 (14–16). As summarized in
Table 1, these gas molecules play divergent roles in the regula-
tion of catalytic function. For example, addition of NO to the
heme Fe(II) complex inhibits the catalytic activity of YddV and
HemDGC, whereas the same treatment enhances BpeGReg
activity. Similarly, addition of CO to the heme Fe(II) complex of
YddV, BpeGReg, and AfGcHK stimulates the catalytic func-
tions of these enzymes but has no effect on HemDGC. Ligand-
dependent functional regulation is similar for non-GCS oxygen
sensors. Specifically, FixL, EcDOS, DevS, and DosT accept NO
andCO in addition toO2, although the catalytic activities of the
ligand-bound complexes are variable (Table 1).
Regarding ligand specificity/discrimination of GCSs, the Kd

values of O2 binding are significantly higher than those of CO
binding, except in the case of AvGReg. Specifically, values of
4.5 or 100�M (O2) versus 0.20 or 0.72�M (CO) for HemAT (24,
25), 0.64�M (O2) versus 0.055�M (CO) forBpeGReg (36), 14�M

(O2) versus 0.095 �M (CO) for YddV (32), and 0.077 or 0.67 �M

(O2) versus 0.081�M (CO) forAfGcHK (44) have been reported,
in contrast to 0.12 �M (O2) versus 4 �M (CO) for AvGReg (35).
This tendency was also observed for non-GCS oxygen sensors:
140�M (O2) versus 4.8�M (CO) forBradyrhizobium japonicum
FixL (58, 74), 74 or 340 �M (O2) versus 3.1 �M (CO) for EcDOS
(38, 66), and 26 �M (O2) versus 0.94 �M (CO) for DosT (49).
Heme-based NO sensors, such as soluble guanylate cyclase
(75–79) and H-NOX (heme-nitric oxide/oxygen-binding NO-
regulated two-component system) (80–83), display stringent
NO selectivity. Similarly, the heme-based CO-sensing tran-
scriptional regulator CooA from Rhodospirillum rubrum
shows high CO selectivity (84–91).
The sliding scale rule described byTsai et al. (92, 93) provides

a thorough quantitative analysis of how O2, NO, and CO sen-
sors selectively bind specific diatomic ligands based on com-
bined graphical analysis of ligand-binding data for libraries of
heme sensors, globins, and a model heme. According to this
rule, linear logarithm plots of Kd(O2), Kd(CO), and Kd(NO) values
for heme proteins with a conserved neutral proximal histidine
reveal marked ligand discrimination, with the relative affinities
consistently in the order O2 �� CO �� NO, indicating charac-
teristic dependence of affinity on ligand type. It has been sug-
gested that factors such as 1) preferential stabilization of bound

O2 via hydrogen bonding, 2) destabilization of the heme
Fe(II)-O2 complex by negative electrostatic fields, 3) direct
steric inhibition of ligand binding, and 4) proximal coordina-
tion geometry are crucial in determining the affinities of
diatomic ligands for heme proteins. These factors, in combina-
tion with the intrinsic chemical differences between ligands,
lead to a remarkably wide range of ligand affinities and account
for why gas sensor, storage, and transport heme proteins main-
tain the neutral form of the proximal imidazole.
TheHeme Iron Complex Serves to Suppress Catalysis Because

Heme-free FormsHave Sufficient Catalytic Activities—Why the
heme iron complex is bound to heme-based oxygen sensors is
an interesting question. Contrary to expectations, heme-free
forms and heme-binding domain-truncated forms of YddV,
AfGcHK, and EcDOS have sufficient catalytic activity (32, 44,
72, 94). Instead of stimulating catalysis, the heme iron complex
on the heme-based oxygen sensor serves to suppress catalysis,
and oxygen association/dissociation releases this catalytic
suppression.
Full-length Enzymes Are Dimers or Tetramers—The DGC-

GCSs identified and characterized to date, such as HemAT-Bs
(22), AvGReg (35), BpeGReg (36), HemDGC (37), and YddV
(32, 38, 39), are dimers or tetramers. Such an arrangement sug-
gests that each subunit catalyzes the cyclization reaction possi-
bly in synergy with other subunits in the dimer/tetramer. The
autophosphorylation ofAfGcHKwould be expected to occur in
a crosswise manner.

Summary

GCSs appear to represent prototypical heme-based oxygen
sensors with a basic similarity to Hb and Mb, with which they
share a common genetic ancestry. O2 binding to the heme iron
complex in GCSs significantly enhances associated catalytic
activity, including DGC and HK activities, and MCP function;
thus, the heme Fe(II)-O2 complex inGCSs is the physiologically
relevant form, similar to the case for Hb and Mb. This charac-
teristic contrasts with that of non-GCS oxygen sensors, where
either O2 dissociation from or association with the heme iron
complex stimulates catalysis. The high O2 affinity for the heme
Fe(II) complex, the stability of the heme Fe(II)-O2 complex, and
the role of the Tyr residue (B10) of the distal site in the stability
of the O2 complex are essential contributors to the specific
characteristics of GCSs. The sliding scale rule accounts for
ligand discrimination of GCS, as well as other gas sensors
(92, 93).
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This minireview focuses on recent studies implicating class V
myosins in organelle and macromolecule transport within neu-
rons. These studies reveal that class V myosins play important
roles in a wide range of fundamental processes occurring within
neurons, including the transport into dendritic spines of organ-
elles that support synaptic plasticity, the establishment of neu-
ronal shape, the specification of polarized cargo transport, and
the subcellular localization of mRNA.

Class V Myosins Possess Features That Should Make
Them Efficient Organelle Motors

Eukaryotic cells, including neurons, use molecular motors to
transport and properly distribute their organelles. Indeed, the
demands placed on motor-dependent organelle transport are
greatly amplified in neurons relative to other cell types because
of the enormous lengths of their axon and dendrites (1). Neu-
rons use microtubule-dependent motors (i.e. kinesins and
dynein) to drive long-range bidirectional transport of organ-
elles within these processes. In contrast, short-range organelle
movements in the periphery, such as within dendritic spines,
appear to be driven by actin-based motors, i.e.myosins.

Among the �14 myosin classes in vertebrates, the class V
myosins have so far received the most attention with regard to
short-range organelle and macromolecule transport within
neurons, as well as within other cell types (reviewed in Ref. 2).
Mice and humans possess three class Vmyosin genes (MYO5A,
MYO5B, andMYO5C), which encode the heavy chains of myo-
sins Va, Vb, and Vc, respectively. Of these three, myosin Va is
the most widely expressed isoform in the CNS, being present
throughout virtually the entire CNS, including the cerebrum,
hippocampus, and cerebellum (AllenBrainAtlas) (3, 4).Myosin
Vb is present at significant levels in the hippocampus, as well as
in other brain regions (5, 6). In contrast,myosinVc is essentially
undetectable in the CNS, consistent with the conclusion that it
is epithelial cell-specific (7).
Importantly, myosins Va and Vb possess three features that

should allow them to serve as effective organelle motors within
neurons (Fig. 1A). First, both proteins are very processive (8),
which should allow them to move organelles efficiently even

when present at very low density on the organelle surface, the
likely situation in vivo. Second, like other class Vmyosins, myo-
sins Va and Vb possess very long lever arms, corresponding to
their calmodulin-binding neck domains (Fig. 1A). This feature
allows them to take an exceptionally large step (Fig. 1,A and C)
(8). Moreover, because the size of their step (36 nm) matches
the half-helical repeat of the actin filament, they canwalk across
the “top” of the actin filament rather than having to spiral
around it. This feature may facilitate the transport of bulky
cargos within crowded cellular environments. Third, both
myosins Va and Vb exist in an equilibrium between two con-
formations (reviewed in Refs. 9 and 10). One is a folded confor-
mation, in which the myosin cargo-binding globular tail
domains are bound to their motor domains (Fig. 1, B andD). In
this compact conformation, which is favored in the absence of
cargo, the ATPase activity and actin affinity of their motor
domains are strongly suppressed. Importantly, cargo addition
drives both myosins into an extended, mechanochemically
active conformation, either by trapping the myosin in the
extended state and/or by inducing this state (Fig. 1A). This
stunning feature, which is shared by processive organelle
motors of the kinesin family (11), allows cargo availability to
control themechanochemical properties ofmyosinsVa andVb.
In this way, cargo-free versions of these two myosins are pre-
vented from walking for no purpose, and their recycling via
diffusion upon completion of the transport step is promoted.
Here, we review the current state of knowledge regarding the
functions of myosins Va and Vb within neurons (for other per-
tinent recent reviews, see Refs. 2, 10, and 12–14).

Myosin Vb Transports Recycling Endosomes into
Dendritic Spines to Support Synaptic Plasticity

Studies in generic cells have established a close physical and
functional connection betweenmyosin Vb and recycling endo-
somes (REs),2 which function to return endocytosed plasma
membrane proteins, such as receptors and channels, to the
plasma membrane (15–17). Consistently, myosin Vb binds to
Rab11, a RE-specific Rab GTPase that plays a critical role in
regulating RE morphology and dynamics, and to FIP2, a Rab11
effector. Furthermore, the expression of a dominant-negative
version ofmyosin Vb dramatically impairs RE organization and
function.
Importantly, REs also exist at the base of andwithin dendritic

spines, where they function to return endocytosed AMPA
receptors (AMPARs) to the plasmamembrane (18, 19). Indeed,
AMPARs continuously undergo endocytosis from lateral
regions of the spine head, transit through the RE compartment,
and return to the spine plasmamembrane via exocytosis. This is
especially interesting because the control of the number of
AMPARs at the spine postsynaptic density (PSD) is at the heart
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of synaptic plasticity and memory formation. Specifically, the
stable insertion of additional AMPARs at the PSD drives an
increase in synaptic strength (long-term potentiation (LTP)),
whereas the stable reduction in AMPAR number at the PSD via
receptor endocytosis drives a decrease in synapse strength
(long-term depression (LTD)).
Several studies have provided strong support for the idea that

exocytosis from a large pool of AMPARs present within
intraspinal REs serves as a major source of AMPARs for LTP
(18, 19). Moreover, the enlistment of these REs as an AMPAR
source involves their translocation from the base of the spine
into the spine head immediately following strong, LTP-induc-
ing spine stimulation. Most importantly, a series of experi-
ments demonstrated unequivocally thatmyosin Vb powers this
translocation step (20). These included a chemical genetic
approach using a transgenic mouse expressing myosin Vb that
can be switched conditionally to rigor binding, which showed
that the acute inhibition of myosin Vb motility and/or tightly
linking the myosin to actin abolishes LTP (20). Finally, other
experiments have shown that the myosin Vb-dependent trans-
location of REs into spines and the subsequent exocytosis from
this compartment drive not only synaptic plasticity but also
activity-dependent structural remodeling of the spine by pro-
viding lipid membrane and membrane proteins required for

spine growth (20). In thisway, REs serve to couple the structural
and functional plasticity of spines.
Interestingly, the spike in intraspinal calcium concentration

that occurs upon strong spine stimulation appears to unfold
myosin Vb, thereby enhancing its interaction with Rab11 and
FIP2 on the RE surface (20). This in turn enhances the fre-
quency and robustness with which the myosin transports REs
into the spine. Thus, myosin Vb appears to act as a calcium
sensor to convert increases in spine calcium concentration pro-
duced by LTP-inducing stimuli into postsynaptic membrane
transport required to generate LTP. It remains unclear, how-
ever, how the calcium-dependent activation of myosin Vb can
avoid the dissociation of neck calmodulins and the concomi-
tant loss of mechanochemical integrity that is seen in vitro
when myosin V is exposed to micromolar calcium (9).
In another study, which used RNAi and the expression of

dominant-negative constructs to abrogate myosin V function,
the authors argued that it is in fact myosin Va and not myosin
Vb that translocates REs into the spines of hippocampal neu-
rons to support LTP (21). These findings are somewhat surpris-
ing, as previous studies in generic cells have identified a role
only for myosin Vb in RE function. Moreover, extensive char-
acterization of the electrophysiological properties of hip-
pocampal neurons from dilute-lethal (dl; myosin Va-null) mice
identified no defects (22). Perhaps myosin Va plays a more
important role in driving LTP within cortical neurons, where it
might be the predominant isoform. Efforts to define the relative
contributions of myosins Va and Vb to RE dynamics in cortical
neurons would be greatly facilitated by the development of a
mouse model for microvillus inclusion disease, a rare human
disorder caused by loss-of-function mutations in myosin Vb
(23).

Myosin Va Transports the Endoplasmic Reticulum into
the Dendritic Spines of Cerebellar Purkinje Neurons to
Support Synaptic Plasticity

As themaster neuron in the cerebellum, the Purkinje neuron
is crucial for the control of both voluntary and involuntary
motor coordination (24). An extensively studied form of synap-
tic plasticity that might contribute to cerebellar motor learning
is LTD at parallel fiber-Purkinje neuron synapses. The reduc-
tion in synaptic strength that underlies LTD is created by the
endocytosis of AMPARs following strong synaptic stimulation
(25). The signaling pathway leading to AMPAR endocytosis
requires the production of inositol trisphosphate (IP3), which
occurs downstream of activation of G-protein-coupled metabo-
tropic glutamate receptors (mGluRs) located at the edges of the
PSD (26). IP3 is critical for LTD generation because it triggers,
via the IP3 receptor, the release of calcium from tubules of the
smooth endoplasmic reticulum (ER) that are present in all of
the spines of the Purkinje neuron. The resulting rise in spine
calcium concentration activates PKC, which phosphorylates
AMPARs, thereby promoting their endocytosis. Importantly,
the extension of the ER into the spines of this neuron does not
occur in dl Purkinje neurons (27). Without this intraspinal cal-
cium store, the local signaling pathway that drives LTD within
the spine and LTD itself are abolished (28).
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FIGURE 1. Structure of myosin Va and its regulation by cargo binding. A,
schematic depicting myosin Va, which consists of a pair of heavy chains (blue;
N and C termini are indicated) and six calmodulin light chains (yellow) per
heavy chain. Each heavy chain harbors a head/motor domain for ATP hydrol-
ysis and actin binding, as well as a neck domain/lever arm with associated
calmodulins. The C-terminal tail domain comprises a coiled-coil region for
heavy chain dimerization (alternatively spliced exons B, D, and F lead to inser-
tions within this region) and a globular tail domain. Both the globular tail
domain and exons D and F have been implicated in cargo binding. The
extended, mechanochemically active conformation of cargo-bound myosin
V is shown (cargo is indicated in gray). B, schematic of cargo-free myosin Va in
its folded conformation. Black arrows indicate that myosin Va is in equilibrium
between the folded and extended conformations and that cargo binding
leads to myosin Va unfolding and activation. C, myosin Va attached to an actin
filament as visualized via electron microscopy followed by image averaging.
The image was adapted from Ref. 68 with permission. The head and neck
regions are visible. D, myosin Va in its folded conformation as visualized via
electron microscopy followed by image averaging. The myosin is shown in
the same orientation as in B. The image was adapted from Ref. 69 with
permission.
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The absence of the ER in the spines of dl Purkinje neurons
indicates a requirement for myosin Va in ER translocation into
the spine. Indeed, a recent study provided clear evidence that
myosin Va acts as a point-to-point organelle transporter to pull
ER tubules into Purkinje neuron spines at a maximum velocity
of 0.45 �m/s (29). Myosin Va was shown to concentrate at the
tip of the ER tubule as it moves into the spine, and the rescue of
dl Purkinje neurons with slow walking versions of myosin Va
results in corresponding decreases in the velocity of ER move-
ment into spines. This latter experiment has been argued to
represent the acid test for proving that a particular motor
moves a particular membrane organelle in vivo (2). In keeping
with the paradigm mentioned above, the short-range, myosin
Va-dependent transport of the ER into spines occurs down-
stream of long-range, microtubule-dependent transport of the
ER within neuronal dendrites. Finally, this study showed that
the myosin Va-mediated transport of the ER into spines is
indeed required for the local rise in intraspinal calcium levels
that is downstream of mGluR activation and required for LTD
(29).
Interestingly, the neurological phenotype of the dl mouse

(ataxia, opisthotonus, seizures, and juvenile lethality) is essen-
tially identical to that of mice lacking the IP3 receptor (30). In
contrast, mutant mice that only lack LTD at parallel fiber-Pur-
kinje neuron synapses do not display such severe symptoms,
and deficits in cerebellum-dependentmotor learning could not
be detected (31). These observations, together with the wide-
spread expression of myosin Va in the brain, suggest that the
myosin Va-dependent translocation and positioning of the IP3
receptor-laden ER might be of general importance for IP3
receptor-mediated calcium signaling throughout the CNS.
Obtaining anatomical evidence for this may be difficult given
that CNS neurons other than Purkinje neurons employ the
spine apparatus to anchor the ER within spines (32). However,
very short-range, myosin Va-dependent movements of the ER
from the spine apparatus to the spine plasma membrane may
occur. Such transport events could be important for gating
TRPC (transient receptor potential cation) and/or Orai chan-
nels in the spine plasma membrane by STIM (stromal interac-
tionmodule) in the ERmembrane, analogous to the situation in
non-neuronal cells (33, 34). The gating of these ion channels by
the spine ERwould likely impact synaptic plasticity throughout
much of the CNS. Future studies should address these exciting
possibilities and could be facilitated by further analyses of
dilute-neurological (dn) mice, which harbor a missense muta-
tion in myosin Va that greatly reduces the amount of the pro-
tein in tissues (35). These mice initially exhibit the same phe-
notype as dl mice but survive weaning to become slightly
uncoordinated adults. Careful analyses of juvenile and adult
dn mice have further underscored the direct correlation
between myosin Va protein levels, ER localization to Pur-
kinje neuron spines, LTD, and cerebellum-dependent motor
coordination (36). Moreover, the dl and dn mice have shed
further light on the pathophysiology of Griscelli syndrome
type 1, a rare autosomal recessive disease in humans caused
by MYO5A mutations (37).

Myosin Va and Other Forms of Synaptic Plasticity

Recent work has implicated myosin Va in the homeostatic
scaling of synaptic strength by linking the myosin to the trans-
port into the spines of guanylate kinase-associated protein
(GKAP), a scaffold protein that links NMDA receptor-PSD-95
to Shank-Homer complexes and that controls homeostatic
scaling (38). Interestingly, the interaction between myosin Va
and GKAP is proposed to be bridged by DLC2 (DYNLL2), a
small light chain that associates with the brain spliced isoform
of myosin Va, with GKAP, and with several other proteins,
including dynein (38–41). We note, however, that other stud-
ies are not consistent with this dimeric light chain serving as a
cargo adaptor, instead indicating that it controls the local sec-
ondary structure of intrinsically dimeric proteins, such as myo-
sin Va and the dynein intermediate chain (39–41).
Interestingly,myosinVa is also important at the postsynaptic

side of neuromuscular junctions, where it functions in the recy-
cling of nicotinic acetylcholine receptors required for plasticity
(42) and in the targeting of PKA to the postsynaptic microdo-
main of these junctions (43). Finally, recent results obtained
using the natural dominant-negative myosin Va mouse flailer
reveal roles formyosinVa in the delivery of PSD components to
the synapse and the regulation of LTD in cortical neurons (44).

Myosin Va Facilitates the Targeting of Transmembrane
Proteins to Neuronal Dendrites

The establishment of the distinct structural and functional
properties of axons and dendrites is driven by the specific trans-
port of vesicles into these two compartments (1). With regard
to how such specific transport is established, Arnold and co-
workers (45) have shown that interfering with the function of
myosin Va in cultured cortical neurons blocks dendritic target-
ing of several resident dendritic transmembrane proteins, such
as the AMPAR subunit GluR1. This effect is specific to myosin
Va, as interfering with the function of myosin Vb did not dis-
rupt the dendritic targeting of GluR1.
Aworkingmodel for howmyosinVa steers transport vesicles

into the dendrite was proposed based on two assumptions (45):
(i) vesicles destined for the axon possess only kinesin, whereas
those destined for the dendrite possess both kinesin andmyosin
Va; and (ii) the organization of actin filaments in the axon initial
segment is unusual in that most barbed ends (the direction in
which myosin Va moves) are pointing toward the cell body/
soma. Given these assumptions, vesicles harboring axonal
cargo that venture into the axon along microtubule tracks
would be expected to proceedwithout interruption to the distal
axon, whereas those harboring dendritic cargo would become
disengaged from the microtubule track within the axon initial
segment by the action of vesicle-bound myosin Va and would
then transported back to the soma along the uniquely oriented
actin filaments for another try at the dendrite. The net effect of
this mechanism would be to prevent vesicles destined for the
dendrite from proceeding beyond the axon initial segment,
thereby biasing their movement toward the dendrite. More-
over, the absence within the dendrite of an actin organization-
dependent “vesicle filter,” such as the one hypothesized to exist
in the axon initial segment, would allow vesicles carrying den-
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dritic cargo to proceed into the dendrite. Consistent with this
model, dendritic cargo is present in the axon initial segment but
not in the distal axon. Nevertheless, the strength of this model
clearly rests on future efforts directed at testing its two main
assumptions (46).
Arnold and co-workers (45) also showed that fusing channel-

rhodopsin-2 to the myosin Va-binding domain of melanophi-
lin, a Rab27a effector that links myosin Va to Rab27a on the
surface of melanosomes, causes this hybrid protein to target to
the dendrites of pyramidal neurons in living mice. This inter-
esting result is somewhat surprising, however, given that the
tight interaction ofmelanophilinwithmyosinVa requires alter-
natively spliced exon F, a 27-residue exon that is absent in the
spliced myosin Va isoform expressed in brain (47). Finally, it
should be noted that the gross organization of the brain is nor-
mal inmyosinVa-nullmice. This observation argues either that
another dendritic targetingmechanism compensates for loss of
myosin Va or that defects in dendritic targeting caused by the
loss of myosin Va are somehow not reflected in gross brain
organization. Future studies should address these and other
aspects of this model.
Interestingly, a recent study has revealed a role formyosinVb

in axon development (48). Knockdown/replacement experi-
ments showed that the myosin Vb isoform containing alterna-
tively spliced exon D is important for axon development in
cultured hippocampal neurons and in neocortical neurons in
vivo. Exon D promotes the binding of myosin Vb to Rab10, a
small GTPase present on post-Golgi vesicles destined for the
plasma membrane. Importantly, evidence suggests that the
myosin Vb isoform containing exon D supports polarized axon
development by promoting the fission of Rab10-positive carri-
ers from the trans-Golgi network (48).

Myosin V Controls Neuronal Cell Size by Translocating
PTEN to the Plasma Membrane

PTEN is a lipid phosphatase that antagonizes the myriad
growth-promoting activities of PI3K by catalyzing the conver-
sion of phosphatidylinositol 3,4,5-triphosphate in the plasma
membrane, which is generated from phosphatidylinositol 4,5-
bisphosphate by PI3K back to phosphatidylinositol 4,5-bispho-
sphate (49). Previous studies have established that the loss of
PTEN function inmany cell types, including neurons, causes an
increase in cell size. Using immunoprecipitations and FRET,
Eickholt and co-workers (50) showed that PTEN interacts
directly with the myosin Va C-terminal cargo-binding domain.
Dominant-negative inhibition of myosin Va function in wild-
type hippocampal neurons by overexpression of the myosin
cargo-binding domain resulted in an increase in soma size, i.e. it
phenocopies the loss of PTEN function. Importantly, control
experiments demonstrated that this effect was mediated by
increased PI3K signaling. An increase in soma size was also
observed in hippocampal neurons from dl mice but only after
myosinVbwas knocked down, arguing that these twomyosinV
isoforms act redundantly to support PTEN function (note that
the myosin Va tail domain would be expected to inhibit the
function of both myosins Va and Vb in wild-type neurons in a
dominant-negative fashion). Finally, introduction of the myo-
sin Va tail domain into the brains of living mice by in utero

electroporation resulted in neurons with larger somas. These
core results suggest that class V myosins play a major role in
supporting PTEN function in neurons, and Eickholt and co-
workers (50) suggested that this role is the transport of PTENby
myosin V to its site of action at the plasma membrane. In the
absence of myosin V, PTEN localization at the plasma mem-
brane would be reduced, leading to unchecked PI3K signaling
and cell hypertrophy.
Another interesting aspect of this study involves the specifics

of myosin V interaction with PTEN (50). PTEN undergoes reg-
ulatory intramolecular folding, with the folded conformation
exhibiting decreasedmembrane association, lower activity, and
higher protein stability comparedwith the extended conforma-
tion. Phosphorylation of several residues within the PTEN
C-terminal tail enhances folding. Intriguingly, myosin V
interacts preferentially with the phosphorylated form of
PTEN and so can compete effectively with the intramolecu-
lar folding reaction. One potential consequence of this is that
myosin V can simultaneously translocate and unfold/activate
PTEN, although evidence that the myosin Va-PTEN complex
has increased lipid phosphatase activity was not presented.
Interestingly, two kinases that phosphorylate PTEN (CK2 and
GSK3�) were shown to act upstream of myosin V-mediated
PTEN function and cell size regulation (50). Finally, residues in
the myosin Va globular tail domain that are required for its
interaction with the phosphorylated tail of PTEN were identi-
fied. Importantly, mutagenesis of these residues blocks the
dominant-negative effect on soma size of the myosin cargo-
binding domain (50).
Several aspects of this story merit further investigation. One

question is why a myosin V-dependent mechanism for getting
PTEN to the plasma membrane would be necessary because
simple diffusion, coupled with the known PTEN membrane
interaction domains, should be sufficient to achieve this. Con-
sidering that myosin Va-dependent movements in typical cor-
tical regions of cells exhibit little directional persistence owing
to the isotropic organization of the cortical actin cytoskeleton
(51), one interesting possibility is that myosin V may serve pri-
marily to tether PTEN at the membrane and possibly to regu-
late its conformation and hence activity there. This idea is con-
sistent with the FRET results presented by Eickholt and
co-workers (50), who notably did not provide direct evidence of
myosinVa-driven PTEN transport. Alternately (or in addition),
myosin V-dependent PTEN transport might take place in den-
dritic spines, where actin appears to be organized for efficient
transport by this myosin. Because PTEN loss has also been
shown to alter the migration of neurons and to increase den-
dritic arborization and spine density (49), it would be interest-
ing to determine if the loss of myosin Va alters these neuronal
properties as well. Relevant to this, however, the dendritic
arborization of cultured Purkinje neurons (29) and the density
of spine-like protrusions of cultured hippocampal neurons (52)
are decreased rather than increased upon interferingwithmyo-
sinVa function. The latter study further showed thatmyosinVa
binds the Rac1 activator RILPL2, which exhibits, in a myosin
Va-dependent manner, a positive effect on the formation of
spine-like protrusions in hippocampal neurons (52).
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Myosin Va and Neuronal mRNA Transport

Studies have shown unequivocally that the yeast class V
myosin Myo4p transports mRNAs (in a complex with
mRNA-binding proteins) from the mother cell to the bud tip
(reviewed inRefs. 2 and 53). Evidence is growing thatmyosinVa
may serve a similar function in vertebrate cells (54), including
neurons, where mRNA transport and localization could be
especially important for establishing polarity and creating func-
tionally distinct internal compartments. The best indication of
this to date is the work of Yoshimura et al. (55), who presented
evidence that myosin Va facilitates, in a calcium-regulated
manner, the transport of the mRNA-binding protein TLS
(translocated in liposarcoma) and its associated mRNA Ndl-1
(which encodes an actin-stabilizing protein required for den-
dritic spine development) into the spines of cultured hip-
pocampal neurons. Tagged versions of myosin Va and TLS co-
localized significantly within spines, and TLS accumulation in
spines was suppressed by RNAi-mediated knockdown of
endogenous myosin Va, as well as by overexpression of a dom-
inant-negative myosin Va tail construct. Moreover, TLS trans-
location into spineswas impeded in dl neurons, albeit to a lesser
extent than in knockdown cells. Interestingly, TLS and its
bound mRNA are translocated into spines in response to
mGluR activation, and this response is impaired in neurons
with compromised myosin Va function (55). These observa-
tions suggests that the myosin Va-dependent transport of TLS
and its bound mRNA may play a significant role upstream of
localized protein synthesis in regulating synaptic function, includ-
ing plasticity. Finally, as with several other myosin V cargos
(reviewed in Ref. 2), the long-range transport of mRNA-protein
complexeswithindendrites thatprecedes the local,myosinVa-de-
pendent transport within actin-rich spines is driven by microtu-
bule-dependent motors.
Interestingly,myosinVamayalsoregulate, inanegative fashion,

themicrotubule-dependent transport of themRNA-binding pro-
tein ZBP1 (zipcode binding protein 1) within axons (56). Spe-
cifically, myosin Va was shown to interact and co-localize with
ZBP1 in hippocampal neurons, and the abrogation of myosin
Va function by RNAi-mediated knockdown or the overexpres-
sion of a dominant-negative myosin Va tail construct resulted
in enhancement of the anterograde transport and accumula-
tion of ZBP1 within axons. One interpretation of this result is
that the myosin controls a pool of ZBP1 within the actin-rich
cortex that supplies the protein for its kinesin-dependent
axonal transport (56).

Other Functions Attributed to Myosin V in the Nervous
System

MyosinVhas also been implicated in a range of other cellular
functions in neurons. For example, myosin Va modulates the
axonal transport of neurofilaments (57), tetanus-containing
endosomes (58), large dense-core vesicles (LDCVs) (59), and
synaptic vesicles (60). In Drosophila axons, myosin V acts to
decrease microtubule-based transport of mitochondria (61).
Moreover, myosin Va is involved in oligodendrocyte morpho-
genesis and myelination (62). Finally, myosin Va has been
linked to the maturation and exocytosis of neuropeptide-con-

taining LDCVs (63, 64). Importantly, Váradi and co-workers
(65) recently presented evidence that the brain spliced isoform
of myosin Va is recruited to LDCVs via receptor complexes
containing Rab27a and either granuphilin-a/b or rabphillin-3A.
This further underscores the widespread role played by Rab
GTPases in the recruitment of class Vmyosins to organelles (2).
Taken together, a picture emerges in which myosins Va and

Vb each support multiple distinct functions within neurons
that together encompass a diverse array of fundamental pro-
cesses, including neuronal development, axonal transport, den-
dritic spine structure, and synaptic plasticity (Fig. 2). Notably,
these two class V myosins are capable of multitasking because
they are able to interact with multiple cargos. Importantly,
patients with Griscelli syndrome type 1 suffer from severe neu-
rological impairment due to MYO5A mutation (37), and the
MYO5B gene might be associated with an increased suscepti-
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FIGURE 2. Myosin V functions in neurons. In A, sites of myosin V function are
indicated by boxes overlaid on the schematic view of a neuron: red, myosin Va;
green, myosin Vb; blue, both isoforms. The letters refer to the physiologic roles
attributed to myosin V, which are listed in B. The specific isoform involved is
indicated in parentheses in B. AIS, axon initial segment. See text for references.
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bility to bipolar disorder (66) and schizophrenia (67). Given
this, it is very important to continue efforts to dissect the neu-
ronal functions of these two myosins, as such efforts should
help explain how these motors contribute to brain function in
both health and neurological/psychiatric disease.
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DNA methylation, which occurs predominantly at CpG
dinucleotides, is a potent epigenetic repressor of transcription.
BecauseDNAmethylation is reversible, there ismuch interest in
understanding the mechanisms by which it can be regulated by
DNA-binding transcription factors. We discuss several models
that, by incorporating sequencemotifs, CpG density, andmeth-
ylation levels, attempt to link the binding of a transcription
factor with the acquisition or loss of DNA methylation at pro-
moters and distal regulatory elements. Additional in vivo
genome-wide characterization of transcription factor binding
patterns and high-resolution DNA methylation analyses are
clearly required for stronger support of each model.

DNA methylation is a potent epigenetic repressor of tran-
scription; promoters and enhancers that display high levels of
methylation are essentially inactive (1, 2). Patterns of DNA
methylation are tightly regulated in a tissue-specific manner,
resulting in epigenetic specification of gene expression. Addi-
tionally, widespread genomic DNA hypomethylation in con-
junctionwith local promoter-specific hypermethylation (which
leads to inappropriate gene silencing) is centrally implicated in
a myriad of human diseases from immunodeficiency-centro-
meric instability-facial anomalies syndrome to cancer (3–7).
DNA methylation is potentially reversible (8), and there is
much interest in understanding the mechanisms by which
DNA methylation patterns are established. In this review, we
focus on regulation of methylation patterns at mammalian
genomic elements such as promoters and enhancers; for a sum-
mary of the regulation of large scale changes in methylation
during development, we suggest a recent review by Smith and
Meissner (9). It has been proposed that site-specific regulation
of DNA methylation is mediated by DNA-binding transcrip-
tion factors (TFs)3 that interact with specific promoter or

enhancer regions (10–14). The functional relationship between
DNA methylation and TF binding has been a subject of much
interest for decades. Several models have been put forth that
attempt to integrate the ability of a TF to bind to hyper- or
hypo-methylatedDNAwith the acquisition and/or loss ofDNA
methylation at regulatory elements (Fig. 1). These include (a)
protection from acquisition of DNAmethylation upon binding
of a TF to unmethylated DNA, (b) promotion of DNA methyl-
ation upon binding of a TF to unmethylated DNA, (c) reversal
of DNAmethylation upon binding of a TF to a region contain-
ingmethylatedDNA, and (d) reinforcement of repression upon
binding of a TF to methylated DNA.
In mammalian genomes, DNA methylation occurs predom-

inantly at CpG dinucleotides. Regions of the genome are gen-
erally classified as those that have high CpG density (e.g. pro-
moters) versus low CpG density (most of the genome).
Additionally, the genome can be divided into categories based
onCpGmethylation levels: lowmethylation (promoters), inter-
mediate methylation (distal regulatory elements), and high
CpG methylation (most of the genome) (15). Both the CpG
density and the methylation status of a region can have impor-
tant implications with respect to the influence of DNAmethyl-
ation on TF binding. For example, the interaction of TFs that
contain a CpG dinucleotide in their recognition motif with
DNAwill be influenced bymethylation status in regions having
both high and low CpG density, whereas TFs that do not have a
CpG in their motif may interact differently with genomic
regions that have sparse or dense methylation levels. In addi-
tion, some factors specifically recognize methylated versus
unmethylated CpGs in the absence of an extended DNAmotif.
These issues, DNA recognition sequence, CpG density, and
methylation levels, are considered in each of the models
described below.

Model A: Protection from Acquisition of Methylation
upon Transcription Factor Binding to Unmethylated
DNA

Approximately 70% of promoters in the human genome are
classified as CpG island promoters, having a high density of
CpG dinucleotides. However, although CpG dinucleotides are
the substrate for DNA methylation in mammalian genomes,
they are largely protected from methylation events at CpG
island promoters, which are characterized by active, unmeth-
ylated chromatin in most cell types. It has been proposed that
CpG island promoters can be protected from acquisition of
DNA methylation by binding of TFs. For example, proteins
having a CXXC zinc finger domain have been identified that
bind to unmethylated CpGs in a sequence-independent man-
ner. The first factor discovered with these properties was
CXXC1,4 which binds to clustered, unmethylated CpGs (16–
18). CXXC1 (which is also sometimes called CFP1) can recruit

* This work was supported, in whole or in part, by National Institutes of Health
Grant HG006996 through the United States Public Health Service.

1 Supported in part by National Institutes of Health Predoctoral Training Fel-
lowship F3100HG6114.

2 To whom correspondence should be addressed: Norris Comprehensive
Cancer Center, 1450 Biggy St., NRT 6503, University of Southern California,
Los Angeles, CA 90089-9601. Tel.: 323-442-8015; E-mail: peggy.farnham@
med.usc.edu.

3 The abbreviations used are: TF, transcription factor; MBD, methyl CpG-bind-
ing domain; DNMT, DNA methyl transferase; TET, Ten-eleven-transloca-
tion, 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; ZNF, zinc
finger; KRAB, Krüppel-associated box; ChIP-seq, ChIP sequencing.

4 The official HUGO gene symbol has been used to refer to all transcription
factors and other genes; the full name of each gene can be found on the
HUGO Gene Nomenclature Committee web site.
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a histone H3 lysine 4 (H3K4) methyltransferase and protect
bound regions fromDNAmethylation (18).Other proteins that
have a CXXC domain, such as mixed lineage leukemia family
members, can also recognize unmethylated CpGs (17). Inter-
estingly, the methyl CpG-binding domain (MBD) protein
MBD1 (see Model D) has a CXXC domain that is responsible
for low levels of methylation-independent DNA binding, sug-
gesting that it may have multiple roles in genome regulation
(19). DNA methyltransferase (DNMT) 1 is also a CXXC
domain-containing protein. Binding to unmethylated CpGs
may seem contradictory for a factor whose role is to maintain
DNAmethylation through DNA replication. However, the tar-
geting specificity of DNMT1 is largely dictated by its interac-
tion with UHRF1, which recognizes hemi-methylated DNA.
Studies suggest that when DNMT1 binds to unmethylated
DNA via the CXXC domain, it is catalytically inactive (20).
Therefore, the CXXC domain may help to limit the activity of
DNMT1 to hemi-methylated, as opposed to unmethylated,
DNA. CXXC domain-containing proteins require access to
both the major and the minor grooves and therefore must
either bind to nucleosome-free regions or bind to the linker

DNA between nucleosomes because the physical association of
DNA with histone octamers can prevent simultaneous access
to the major and minor groove (21). This suggests that CXXC
domain-containing proteins may help to block de novo DNA
methylation at unmethylated, nucleosome-free regions. Rever-
sal of new methylation events at an unmethylated region may
be anothermechanismbywhichCXXCproteins function. Ten-
eleven-translocation (TET)1 andTET3 areCXXCproteins that
can generate 5-hydroxymethylcytosine (5hmC) by oxidation of
5-methylcytosine (5mC); TET proteins can further oxidize
5hmC to 5-formylcytosine and 5-carboxylcytosine, but no
enzyme has been found that can completely convert 5mC to C
(22). TET1 has been shown to localize to unmethylated promot-
ers, suggesting that it may reverse inappropriate de novomethyla-
tion at a nearby CpG by converting newly formed 5mC to 5hmC.
Because 5hmC is not a good binding substrate forMBD proteins,
this could help to keep promoter regions unmethylated.However,
due to lack of sequence specificity and the need to access both the
major and theminor grooves, it is likely that interactionwithother
DNA-binding factors is required forTETproteins to access highly
methylated regions (seeModel C).

FIGURE 1. The effect of site-specific factors on DNA methylation. A, site-specific factors, such as SP1, bind unmethylated DNA, preventing DNA methyl-
transferases from accessing the promoter or enhancer. B, site-specific factors, such as NR6A1, can recruit DNA methyltransferases to unmethylated DNA,
resulting in CpG methylation (meCpG). C, site-specific factors such as PPARG, which do not have a CpG in their motifs, can bind between methylated CpGs
within a methylated region, recruiting TET proteins that oxidize 5-methylcytosine and reverse DNA methylation. D, site-specific factors, perhaps ZNF proteins,
bind methylated motifs, recruiting histone methyltransferases and other repressive machinery.
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Certain site-specific DNA-binding TFs have been shown to
bind to unmethylated regulatory regions and protect them
frommethylation by blocking de novomethylation events (Fig.
1A). One such factor is SP1, which binds the consensus motif
CCGCCC, a sequence that is overrepresented in CpG islands
(23–25). Lienert et al. (26) showed that mutating SP1-binding
sites within the Gtf2a1l promoter resulted in increased DNA
methylation of the region and silencing of the Gtf2a1l gene.
CTCF has also been shown to block methylation of a bound
region (27, 28). CTCF binds the Igf2/H19 imprinting control
region and acts as a boundary element for the control of
imprinted expression of maternal and paternal copies of Igf2
and H19 genes (29, 30). Schoenherr et al. (27) showed that
introducing mutations at the four CTCF-binding sites within
the imprinting control region resulted in loss of CTCF binding
and a substantial increase in methylation. Thus, binding of fac-
tors such as SP1 and CTCF can protect regulatory regions from
gaining methylation. Binding of transcription factors to pro-
moter regions can also influence DNA methylation by causing
active transcription. Active transcription of GC-rich promoter
regions results in the formation of DNA-RNA hybrids
(R-loops), which protect the promoter-proximal transcribed
region from the action of DNMTs (31).

Model B: Promotion of Methylation upon Transcription
Factor Binding to Unmethylated DNA

Several DNA-binding factors have been shown to associate
withDNMTs and promote themethylation of an unmethylated
genomic region (32, 33). For example, in vitro experiments by
Brenner et al. (33) showed that MYC can interact with
DNMT3B, forming a ternary complex with MIZ1, which can
bind to the CDKN1A promoter, and Velasco et al. (34) showed
that E2F6 can recruit DNMT3B to a set of promoters, resulting
in their methylation and subsequent repression. Similarly,
Suzuki et al. (35) demonstrated an interaction of DNMT3B
with SPI1 (commonly known as PU.1), and ChIP experiments
confirmed that DNMT3A and DNMT3B bind a reporter pro-
moter only in the presence of SPI1; repression of the reporter
gene occurredwhen SPI1was co-transfectedwithDNMT3Aor
DNMT3B. Experiments by de la Rica et al. (36) confirm that
SPI1 interacts with DNMT3B and show that the factors co-lo-
calize at promoters that gain DNA methylation during oste-
oclastogenesis. Sato et al. (37) showed that NR6A1 (commonly
known as germ cell nuclear factor (GCNF)) interacts with
DNMT3A and DNMT3B and that co-expression of NR6A1
with DNMT3A is sufficient to drive DNA methylation of an
engineered promoter containing an NR6A1-binding site. In
addition to site-specific factors that can directly interact with
DNMTs, there are several examples of indirect recruitment of
DNMTs to the genome by TFs involved in the deposition of
repressive histone modifications. Recent studies have demon-
strated a spatial relationship between DNA methylation and
the trimethylation of histone H3 lysine 9 or 27 (H3K9me3,
H3K27me3) (38, 39). TheH3K9methyltransferase SETDB1 is a
known component of heterochromatin maintenance machin-
ery and works in conjunction with MBD1, HP1, and histone
deacetylase proteins to silence gene expression (40–42). Li (43)
showed that the N-terminal domain of SETDB1 can directly

interact with both DNMT3A and DNMT3B and that SETDB1
and DNMT3A co-localize at the RASSF1 promoter. Although
SETDB1 is not a DNA-binding protein, it does associate with
the TRIM28 (commonly known as KAP1) repression complex
(44) and is recruited along with TRIM28 to specific genomic
sites by KRAB domain-containing zinc finger proteins (KRAB-
ZNFs) such as ZNF274 (44–47). There are over 300 KRAB-
ZNFs, representing the largest class of TFs encoded in the
human genome. Cell type-specific expression of KRAB-ZNFs
could provide a mechanism by which DNMTs are targeted to
promoters in a tissue-specific manner. However, very few
KRAB-ZNFs have been functionally characterized due to their
relatively low expression in most tissue types. Therefore, the
importance of these factors in specifyingDNAmethylation pat-
terns remains to be seen. Finally, Viré et al. (48) showed that the
H3K27methyltransferase EZH2, a component of the polycomb
repressive complex PRC2, can interact with DNMT1,
DNMT3A, andDNMT3B. EZH2does not directly interactwith
DNA, but rather is recruited to its binding sites by factors such
as JARID2 (49) and by long noncoding RNAs (50). EZH2 bind-
ing to the MYT1 promoter is required for the recruitment of
DNMTs, suggesting that EZH2may be involved in establishing
DNA methylation at promoter regions (48). However, other
studies have shown that DNA methylation is retained at pro-
moters upon the depletion of EZH2 (51). Although it is possible
that EZH2 plays a role in the recruitment of DNMTs at some
genomic loci,more information is necessary to elucidate its role
in regulating DNAmethylation. In summary, although recruit-
ment of a DNMT to an unmethylated regulatory element by
interactionwith a site-specific DNA-binding factor is an attrac-
tive model to explain methylation of specific promoters and
enhancers, most of the studies to date have focused on a single
promoter. ChIP-seq experiments have not yet identified a TF
whose genome-wide binding sites show a large degree of over-
lap with the binding of a DNMT.

Model C: Reversal of Methylation upon Transcription
Factor Binding to Methylated DNA

A small number of studies have shown that TFs can bind to a
methylated region and mediate the reversal of DNA methyla-
tion. Stadler et al. (15) used homologous recombination to
insert an in vitro methylated DNA fragment into mouse cells
and measured its methylation at a later time point. They found
that a fragment containing a wild-type, but not mutated, CTCF
motif showed loss of methylation. This seems to be contradic-
tory to in vitro studies showing that methylation of the CTCF
motif abrogates binding (52).However, theDNAregionused by
Stadler et al. (15) had low CpG density and only partial methyl-
ation; perhaps in that study, CTCF binding occurred between
methylated CpGs. In a similar experiment, genomic regions
corresponding to REST-binding sites were analyzed in wild-
type and REST knock-out embryonic stem cells. Regions sur-
rounding the REST-binding sites were unmethylated in wild-
type cells, but those same locations were methylated in the
knock-out cells. Rescue of REST expression in the knock-out
cells resulted in loss ofmethylation at the binding sites, suggest-
ing that REST could bind to themethylated region andmediate
a loss of methylation. Again, this study analyzed low CpG den-
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sity and partially methylated genomic regions, suggesting that
REST may have bound to an unmethylated motif within a par-
tially methylated domain (15). In fact, the REST consensus-
binding motif does not contain a highly conserved CpG, indi-
cating that DNA methylation likely does not play a role in its
physical interaction with DNA, allowing the protein to bind in
regions containing methylated CpGs (15). The mechanism by
which the binding of factors such asCTCF andREST could lead
to demethylation of once methylated regions is not yet clear. A
possible mechanism could be via interaction with TET pro-
teins. However, a direct interaction of CTCF or REST with a
TET protein has not yet been demonstrated. Recent studies by
de la Rica et al. (36) have shown that TET2 can interact with
SPI1 and that both factors bind promoters that loseDNAmeth-
ylation during osteoclastogenesis. This link between SPI1 and
low DNAmethylation levels is in agreement with data showing
that SPI1-binding sites are unmethylated in acutemyelogenous
leukemia cells that highly express SPI1.5 As noted above, SPI1
can also interact with DNMT3B. Thus, SPI1 may play multiple
roles in regulatingDNAmethylation. TheDNA-bindingmotifs
for the activator protein 1 (AP-1) complex and NFKB1 were
also found to be enriched within regions that become demeth-
ylated during osteoclastogenesis, suggesting that these proteins
may also play a role in TET protein recruitment. Another
recent study has identified a TF that can indirectly recruit TET
proteins to a methylated enhancer region (53). PPARG is a
nuclear hormone receptor that interacts with co-activators to
regulate the expression of adipocyte-specific genes. The
PPARG co-activator complex is poly(ADPribosyl)ated when
recruited to the DNA. The TET proteins can bind to the poly-
(ADPribosyl)ated complex and catalyze the conversion of 5mC
to 5hmC, thereby inducing region-specific demethylation (53).
The bZIP protein CEBPA has been shown to bind methylated
DNA in vivo and in vitro, andRishi et al. (54) found that 15–25%
of CEBPA-binding sites are methylated in keratinocytes and
adipocytes. Binding of CEBPA resulted in enhanced expression
of target promoters. However, contrary to Model C, the
CEBPA-bound promoters, which are enriched for the sequence
TGACGTCA, remainedmethylated. It is not clear how the pro-
moters of CEBPA-bound genes are expressed when meth-
ylated, but perhaps these regions have low CpG density and
therefore cannot effectively recruit repressive machinery.
Another possibility is that at a subset ofCEBPA-boundpromot-
ers, one allele is unmethylated and expressed whereas the other
allele is methylated and repressed. This phenomenon has been
observed for a small number of human promoters in a recent
study (55).

Model D: Reinforcement of Repression upon
Transcription Factor Binding to Methylated Binding
Motifs

InModel C, TFs bind tomethylated regions but not to meth-
ylated CpGs. However, proteins have been identified that bind
methylated CpGs with varying degrees of specificity, with or
without use of an extended recognitionmotif (56, 57). Although
it is unlikely that factors that bind to methylated CpGs in the

absence of an extended motif are involved in site-specific reg-
ulation of DNA methylation, they may be important for main-
taining global patterns of methylated and unmethylated
domains. Members of the MBD family, including MBD1,
MBD2, MBD4, and MECP2, contain specific domains respon-
sible for recognition of methylated sequences (58–60). MBD3,
another member of the MBD family, does not have the same
affinity for methylated DNA. A study using biotin-taggedMBD
proteins demonstrated that this family binds methylated DNA
in vivowith the highest affinity in regions with high concentra-
tions of methylated CpGs, whereas methylated regions with
lowCpG content dictate lower levels ofMBDbinding (19). This
affinity for binding to regions densely populated with meth-
ylated CpGs, along with the fact that MBDs can recruit repres-
sive histone modifying complexes to their binding sites (61–
63), could reinforce silencing of methylated CpG island pro-
moters, perhaps after methylation has been initiated by the
binding of site-specific factors.
Some site-specific TFs recognize a sequence that contains a

CpG within an extended DNA recognition motif. Because
methylation of the cytosine causes a major structural change in
the nucleotide, it is likely that DNA-protein interactions will be
influenced (either positively or negatively) by methylation of
the CpG. An analysis of the JASPAR motif database revealed
that 25% of all characterized motifs contain a CpG within the
recognition sequence.Of course, not all CpG-containingmotifs
have the CpG dinucleotide sequence at a critical position that
would influence DNA-protein interactions. However, there are
a few motifs for which the CpG is located in a critical position
(Fig. 2). One would predict that changes in the methylation
state of thesemotifs would impact protein binding. To date, the
influence of DNA methylation on protein-DNA interactions
has mainly been investigated in vitro using binding methods
such as gel mobility shift assays and structural methods such as
x-ray crystallography. Using such techniques, proteins have
been characterized as belonging to three classes: those that pre-
fer to bind to unmethylated DNA (27, 64), those that prefer to
bind tomethylated DNA (12, 14), and those that are agnostic to
the presence of DNA methylation (65, 66). For example, Cam-
panero et al. (67) showed that CpG methylation differentially
regulates the response of certain E2F elements to different E2F
family members. The E2F consensus motif can contain two
CpGs (TTTSSCGC can be TTTCGCGC); when unmethylated,
these are the strongest E2F recognitionmotifs. However,motifs
having two CpGs cannot be bound by E2F1–5 when the sites
are methylated. In contrast, methylation of an E2F-binding site
that contained only one CpG did not affect binding of E2F2–5,
but abrogated E2F1 binding (67). The helix-loop-helix DNA-
binding proteins MYC, USF1, and TFE3 can all bind to a
CACGTG motif. Methylation of the central CpG strongly
affected MYC, but not USF1 or TFE3, binding in vitro (65).
bZIP proteins bind to palindromic CREmotifs that have a cen-
tral CG dinucleotide; in vitro studies show that methylation
enhances CEBPA and CEBPB binding but inhibits binding of
CREB1, ATF4, JUN, JUND, CEBPD, and CEBPG (11, 54, 68).
Harrington et al. (66) found that methylation of the CpG in the
motif CCGCCC did not affect DNA binding by SP1, whereas
other studies have shown that methylation of the first C of the5 B. P. Berman, personal communication.
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motif in combination with the C of the CpG abrogates SP1
binding (64).
Whether methylation of a CpG within a motif has the same

effect on DNA binding in vivo has not yet been investigated for
most TFs. However, several TFs with CpG-containing motifs
have been studied by ChIP-seq in the same cells for which
genome-wide DNA methylation patterns are known. ZBTB33
(commonly known as Kaiso), ZBTB38, and ZBTB4 are highly
related proteins that have three tandem C2H2 zinc finger
(ZNF) domains responsible for methyl-DNA recognition in
vitro. A recent study showed that ZBTB33 binds unmethylated
promoters in vivo (69), indicating that in vitro analyses may not
reflect the binding properties of proteins in the context of a
chromatin environment. Methylation of CpG-dense regions
creates a highly condensed heterochromatin structure that can
prevent factors from accessing a methylated motif. Thus,
although a factor such as ZBTB33 may prefer binding to a
methylated motif, it is not found at methylated promoters in
vivo. A similar analysis of the binding patterns of Kaiso and five
other CpG motif-binding factors reveals an absence of DNA
methylation at the center of the binding sites, suggesting that in
general methylation is inhibitory to in vivo binding of these TFs
(Fig. 2).
Several proteins, such as KLF4, ZFP57, and CEBPB, have

been implicated in binding to methylated DNA in vivo. Using
ChIP-seq and whole genome bisulfite sequencing data, Spruijt
et al. (71) showed that �18% of the genomic regions bound by
KLF4, one of the four pluripotency factors identified by Taka-
hashi and Yamanaka (70), are highly methylated in mouse
embryonic stem cells. However, when the analysis was
restricted to the binding motif, the levels of DNA methylation

dropped significantly. Using a proteinmicroarray, Hu et al. (57)
also identified KLF4 in a set of 47 proteins (approximately half
of which were ZNFs) that can bind tomethylated DNA in vitro.
Interestingly, the methylated sequence bound by KLF4 was dif-
ferent from the preferred unmethylated motif. The authors
tested a small number of genomic sites and showed that KLF4
could bind tomethylated sequences in vivousingChIP followed
by bisulfite sequencing (57). However, the functional signifi-
cance of these binding sites is not yet clear. Quenneville et al.
(12) showed that the zinc finger protein ZFP57 can bind to a
methylated TGCCGC motif in vitro and used bisulfite treat-
ment of ChIP DNA to show that ZFP57 can bind to the meth-
ylated allele of three imprinted mouse genes. However, the
DNA methylation status of the other 11,000 ZFP57 ChIP-seq-
binding sites was not analyzed. CEBPB is a bZIP protein that
can bind to the 8-mer TTGCGCAA, and it has been shown that
methylation enhances in vitro binding to this motif (11). How-
ever, this motif is not a preferred binding motif in vivo, and the
few sites that do contain this motif are not in the top ranked
peak list as determined by ChIP-seq. The authors (12) suggest
that perhaps, similar to ZBTB33 (69), access of CEBPB to highly
methylated regions is prevented at condensed, heterochro-
matic regions. However, the study did identify �200 places in
the genome where CEBPB bound that had greater than 50%
methylation frequency. It is likely that CpG density, percentage
of methylation, and nucleosome density of a genomic region
greatly affect the ability of factors such as ZBTB33, KLF4,
ZFP57, or CEBPB to access a methylated motif in the genome
(69, 72, 73).
As described above, to date there are very few documented

cases of a site-specific factor binding robustly to a methylated

FIGURE 2. Site-specific transcription factors containing CpG dinucleotides within their recognition motif. An analysis of HOMER v4.3 and FactorBook
motif databases (78, 79) identified a small number of motifs having at least one CpG dinucleotide at a critical position. These included motifs bound by
members of the ATF family (ATF1, ATF3), EGR1, members of the ETS family (ETS1, ELF1, ELK4, GABPA), SP1, the MYC family (MYC, MAX, NMYC, USF1, BHLHE40),
ZBTB33, CRE-binding factors, HIF1A, NRF1, and members of the E2F family. Shown are examples of the motif for a member of each family that has a critical CpG
in its recognition sequence. ChIP-seq data for ATF3, EGR1, ELF1, SP1, USF1, and ZBTB33 produced by the ENCODE consortium (77) was compared with whole
genome bisulfite sequencing data (A. Blattler and P. J. Farnham, unpublished data); all data are from HCT116 colorectal cancer cells. On the right, the degree of
DNA methylation of a region �1500 from the center of each ChIP-seq peak is plotted for those TFs. In all cases, DNA methylation is absent from the center of
the TF-binding sites. To determine the in vivo relationship between TF binding and DNA methylation, experiments such as this must be performed comparing
ChIP-seq data with whole genome DNA methylation data in matched cell types.
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motif within a CpG-dense, highly methylated region. However,
Liu et al. (74) made the observation that both ZBTB33 and
ZFP57 contain zinc finger domains with a conserved arginine
preceding the first zinc-binding histidine residue (termed the
RH motif) and that this arginine interacts with the methyl
group of the 5mC. They postulate that this RH motif may be a
feature of zinc finger proteins that bindmethylatedDNA. If this
is true, 224 of the 330 human KRAB ZNFs may have the ability
to recognize methylated DNA, at least in vitro (74). Impor-
tantly, KRAB-ZNFs interact with repressive transcription com-
plexes. Perhaps a subset of these factors will have the ability to
bind tomethylated DNA and recruit DNMTs or repressive his-
tone-modifying complexes to the genome.

CONCLUSIONS

The models described above present four mechanisms by
which binding of TFs might promote or inhibit DNAmethyla-
tion and influence transcription. Unfortunately, it is not yet
possible to predict whether a TF will promote or inhibit meth-
ylation when bound to a specific regulatory element. TFs have
multiple protein interaction domains and can interact with
both co-activators and co-repressors; for example, SPI1 can
interact with both DNMT3B and TET2 (35, 36). It is likely that
the effect a TF has on DNA methylation at a given regulatory
element will be influenced by other proteins recruited to that
site. Therefore, it is extremely important that the relationship
between TFs and DNA methylation be examined in a relevant
physiological context. Much of the experimental evidence in
support of the four models has been collected using reporter
assays or single endogenous elements as a model system. For-
tunately, with the advent of new technologies that allow inves-
tigation of the genome-wide in vivo binding patterns of TFs
(75–77), along with comprehensive gene expression and DNA
methylation analyses, it is now possible to investigate the rela-
tionship between DNA methylation, TF binding, and gene
expression on a global scale in a variety of cell types under
diverse physiological and developmental conditions. Future
studies that intersect TF-binding sites with binding sites of
DNMTs or repressive histone-modifying complexes may iden-
tify factors that help establish or reinforce DNA methylation.
Conversely, intersection ofTF-binding siteswith sites boundby
the TET proteins may identify site-specific factors that are
important in blocking or reversing DNA methylation. The
recent introduction of experiments that combine traditional
chromatin immunoprecipitation with bisulfite treatment and
sequencing of the ChIP DNAmay also shed light on the meth-
ylation state of TF-boundDNA (38, 39). In conclusion, we hope
that the models described within this review will provide a use-
ful framework with which to interpret the expanding amounts
of genome-scale data and contribute to amore complete under-
standing of the transcriptional dysregulation that results in a
wide array of human diseases.
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Evidence for central regulation of glucose homeostasis is
accumulating from both animal and human studies. Central
nutrient and hormone sensing in the hypothalamus appears to
coordinate regulation of whole body metabolism. Central sig-
nals activate ATP-sensitive potassium (KATP) channels, thereby
down-regulating glucose production, likely through vagal effer-
ent signals. Recent human studies are consistent with this
hypothesis. The contributions of direct and central inputs to
metabolic regulation are likely of comparable magnitude, with
somewhat delayed central effects and more rapid peripheral
effects. Understanding central regulation of glucose metabolism
could promote the development of novel therapeutic approaches
for suchmetabolic conditions as diabetesmellitus.

The estimated global prevalence of Type 2 diabetes (T2DM)2
is 347 million (1). Because glycemic control is achieved in only
�40% of patients, additional therapeutic strategies are needed
(2). Increased endogenous glucose production (EGP) is the
main source of fasting hyperglycemia (3, 4), contributing�80%
of diurnal hyperglycemia in T2DM (5). Apart from insulin,
there is no treatment targeting basal EGP. Better understanding
its regulation would have important therapeutic implications.
We will examine the evidence for central sensing of nutritional
and hormonal signals in animal models and humans, focusing
on CNS regulation of glucose metabolism.

Evidence for CNS Nutrient and Hormone Sensing in
Animals

Unlike other organs, the brain is an obligate consumer of
glucose (6). Central regulation of EGP would therefore be tele-
ologically advantageous. Since the first demonstration by
Claude Bernard (7) that lesions in the floor of the fourth ven-
tricle altered blood glucose levels, the ability of central glucose
sensing to regulate peripheral glucose homeostasis has been
extensively examined in animal models. There are glucose-
sensing neurons in many areas of the brain (8), particularly the

hypothalamus (9). Specifically, the ventromedial hypothalamus
(VMH) and arcuate nucleus (10) integrate hormonal and nutri-
ent signals impacting peripheral metabolism (Fig. 1). Central
signals appear to activate hypothalamic ATP-sensitive potas-
sium (KATP) channels (9, 11, 12) composed of an inward recti-
fier potassium ion channel Kir6.2 subunit and a sulfonylurea
receptor (SUR) subunit. Pharmacologic compounds including
diazoxide activate and thereby close hypothalamic KATP chan-
nels, whereas sulfonylureas inhibit and thereby open them, ulti-
mately modulating EGP (12).
Glucose—Elegant studies in rats showed that direct infusion

of D-glucose into theVMH inhibited counterregulatory hormo-
nal responses to systemic hypoglycemia during a hypoglycemic
clamp, indicating that VMH glucose sensing is needed for the
systemic response to peripheral hypoglycemia (13). VMH infu-
sion of L-lactate, a byproduct of glucose metabolism and an
alternate fuel source for neurons in conditions of glucose defi-
ciency, produced similar suppression of the counterregulatory
hormonal response to systemic hypoglycemia (14). In mice,
intracerebroventricular (ICV) injection of glucose suppressed
hypothalamic AMP-activated protein kinase (AMPK), an evo-
lutionarily conserved serine/threonine kinase that regulates
energy consumption and food intake (15).
Other key studies have examined the role of central glucose

sensing in regulating EGP. In conscious rats, ICV glucose infu-
sion decreased peripheral glucose and insulin levels (16). Fur-
thermore, under clamp conditions with replacement of basal
insulin, ICV glucose suppressed EGP via inhibition of hepatic
glucose-6-phosphatase expression, causing decreases in plasma
glucose. Similar findings were reported with ICV infusion of
lactate. Because lactate is converted to pyruvate by glial cells,
this supported the hypothesis that glial cells provide essential
nutritional support to neurons, which in turn generate signals
that modulate peripheral glucose handling (17). Importantly,
ICV infusion of the KATP channel blocker glibenclamide abol-
ished the effects of ICVglucose and lactate, showing that EGP is
ultimately impacted by central conversion of glucose to lactate
to pyruvate, via hypothalamic KATP channel activation (16).
Hypothalamic infusion of glucose similarly suppressed EGP, an
effect negated by hypothalamic coinfusion of glibenclamide,
further supporting the ability of glucose to regulate EGP via
central KATP channel activation. In addition, peripheral hyper-
glycemia in rats increased hypothalamic glucose levels and sup-
pressed EGP, whereas inhibiting central metabolism of lactate
partially abolished suppression of EGP by hyperglycemia (16).
Further studies showed that transgenicmicewith impaired glu-
cose sensing by pro-opiomelanocortin (POMC) neurons due to
expression of a mutant Kir6.2 subunit developed impaired glu-
cose tolerance (18). Additionally, obese mice on a high fat diet
developed similarly impaired firing of POMC neurons in
response to glucose (19). Together, this suggests that the nor-
mal physiology of central glucose sensing can be disrupted
under certain nutritional and metabolic conditions.
Insulin—Since the first study reporting that impairment of

central insulin sensing causes peripheral glucose intolerance
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(20), there has been extensive research into the role of central
insulin in the regulation of glucosemetabolism.Mice with neu-
ron-specific disruption of the insulin receptor gene developed
diet-induced obesity, mild insulin resistance, elevated fasting
plasma insulin levels, and hypertriglyceridemia (20). The role of
hypothalamic KATP channels in modulating the effects of cen-
tral insulin has been well documented in rodents. In hypotha-
lamic glucose-sensing neurons obtained from lean rats, insulin
stimulated firing of KATP channels, but this effect was impaired
in neurons from obese rats, with coadministration of the KATP
channel inhibitor tolbutamide or coadministration of phos-
phatidylinositol 3-kinase (PI3K), the downstream signaling
molecule of insulin (19).
Infusion of an insulin receptor antagonist into the third cer-

ebral ventricle decreased insulin receptor content in themedial
arcuate nucleus of the rat hypothalamus, with subsequent
development of hyperphagia, increased fat mass, and failure to
suppress EGP during hyperinsulinemic clamps (21). Moreover,
ICV infusion of insulin or a small-molecule insulin mimetic
enhanced peripheral insulin action within 6 h when insulin was
maintained at basal levels and the pancreas was “clamped” with
somatostatin (i.e. “pancreatic-euglycemic clamp” conditions)
(22). Of note, these clamp studies were of relatively short (2-h)
duration, but central insulin infusionswere initiated 4 h prior to
the start of the clamp. Because pancreatic insulin secretion was
blocked by somatostatin infusion, the improvement in periph-
eral insulin action demonstrated in these studies was attributed
to suppression of EGP by central insulin or its mimetic. Fur-
thermore, inhibition of central insulin action (by ICV coinfu-
sion of insulin receptor antibodies or inhibitors of PI3K)
impaired the ability of central insulin to suppress EGP by
�50%, suggesting comparable degrees of regulation by central
versus peripheral inputs (22). No such impairment was
observed when an alternate insulin signaling pathway, medi-

ated by mitogen-activated protein kinase (MAPK), was
blocked, suggesting that the PI3K branch of the insulin signal-
ing pathway is the key player in central suppression of EGP.
Decreased PI3K signaling inmurine hypothalamic POMCneu-
rons was also shown to impair whole body glucose regulation,
whereas increased PI3K activity improved insulin sensitivity
(23). ICV coinfusion of KATP channel blockers tolbutamide or
glibenclamide blunted the acute effect of central insulin on
EGP, showing that central insulinmediates itsmetabolic effects
via hypothalamicKATP channel activation in vivo (22). The abil-
ity of central insulin to activate PI3K was subsequently con-
firmed in rats. Hypothalamic insulin infusion activated insulin
receptor substrate (IRS)-1 and IRS-2, PI3K, and its downstream
target Akt with consequent decreased food intake (24). These
effects were blocked by coinfusion of PI3K inhibitors into the
ICV. Further studies also showed that intrahypothalamic insu-
lin administration suppressed pancreatic glucagon release
under hypoglycemic clamp conditions in rats (25).
As discussed, central KATP channel activation impacts EGP

andwhole body glucosemetabolism. ICV or intrahypothalamic
infusion of the KATP channel activator diazoxide reduced
peripheral glucose levels and suppressed EGP within 4 h (12).
Specifically, gluconeogenesis was inhibited, with decreased
hepatic expression of gluconeogenic enzymes, whereas glyco-
genolysis was not affected (12). Further, ICV coinfusion of the
KATP channel blocker glibenclamide abolished the effect of
central insulin on EGP, as did hepatic efferent branch vagot-
omy. In addition, clamp studies in SUR1 null mice showed that
these mice had hepatic insulin resistance with dramatically
increased EGP. Thus, the above work defined the role of hypo-
thalamic SUR1-containing KATP channels in modulating
hepatic gluconeogenesis and suggested that central insulin
mediates its effect on EGP via vagal nerve efferent signaling to
the liver (12). Recent work has also implicated extra-hypotha-

FIGURE 1. Schematic representation of brain-liver signaling. Hypothalamic KATP channels are activated or inhibited by a variety of nutritional and hormonal
signals (inset), ultimately modulating hepatic glucose production via vagal efferent signals.
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lamic brain regions, such as the dorsal vagal complex, in regu-
lating whole body glucose and lipid handling, and identified
novel signaling pathways (26, 27).
The mechanism whereby central insulin suppresses EGP

appears to be via phosphorylation of hepatic signal transducer
and activator of transcription 3 (STAT3) (28–30). Mice with
liver-specific STAT3 deficiency are insulin-resistant with
increased gluconeogenic enzyme expression, whereas constitu-
tive hepatic STAT3 activation improves glucose tolerance in
diabetic mice (29). Clamp studies in mice showed that rises in
peripheral insulin promote hepatic STAT3 phosphorylation
in a time-dependent fashion (28). Mice deficient in hepatic
STAT3 also displayed blunted effects of ICV insulin infusion on
EGP and gluconeogenic enzyme expression. Intriguingly, insu-
lin failed to induce STAT3 phosphorylation in cultured hepa-
tocytes (29), suggesting that insulin mediates this effect inde-
pendent of its hepatic signaling. In addition, interleukin-6
(IL-6) appears to activate STAT3 and inhibit gluconeogenic
enzyme expression (29). ICV insulin infusion also failed to
increase hepatic STAT3 phosphorylation in mice lacking IL-6
(28), suggesting that central insulin may function via IL-6-me-
diated hepatic STAT3 activation to suppress EGP. The impor-
tance of hepatic STAT3 was further shown in mice with induc-
ible insulin receptor inactivation, either in the whole body or in
peripheral tissues only (30). Mice with brain insulin receptor
inactivation had worse hyperglycemia and failed to increase
hepatic STAT3 phosphorylation or up-regulate IL-6 expres-
sion. Furthermore, control mice given chronic ICV insulin had
increased fat mass and adipose tissue lipoprotein lipase expres-
sion (30). Thiswork highlights the importance of central insulin
in regulating peripheral glucose and lipid metabolism via
hepatic STAT3 activation.
Other important work has established specific features of the

signaling pathways whereby central insulin suppresses EGP in
rodents. ICV insulin infusion failed to suppress EGP in mice
lacking hepatic Irs1 and Irs2 (double knock-out mice) during
hyperinsulinemic-euglycemic pancreatic clamps (31). In addi-
tion, agouti-related peptide (AgRP)-expressing neurons of the
arcuate nucleus of the hypothalamus were identified as the spe-
cific neurons responsive to central insulin and driving suppres-
sion of EGP in mice (32). This was confirmed by additional
studies in mice establishing the key role of insulin action in
AgRP neurons in suppressing EGP (33), as opposed to POMC
neurons in which constitutive PI3K activation led to hyperpha-
gia and diet-induced obesity in femalemice (33, 34). The role of
melanocortin receptor activation was also elucidated in rats, in
studies showing that ICV �-melanocyte-stimulating hormone
infusion accentuated the peripheral action of insulin (35). Con-
versely, hypothalamic S6 kinase seems to have an inhibitory
effect on hypothalamic insulin action. After only 1 day of high
fat diet, the ability of hypothalamic insulin to suppress EGPwas
blocked, an effect likely mediated by hypothalamic S6 kinase
activation (36).
The relevance of central insulin action to the treatment of

diabetes has been a subject of extensive study,with some animal
models suggesting that impaired central insulin action contrib-
utes to the metabolic defects of diabetes. Hypothalamic signal-
ing via the IRS-PI3K pathway was reduced in rats with uncon-

trolled streptozocin-induced diabetes. Enhancement of central
insulin action via hypothalamic overexpression of IRS-2 or a
downstream mediator of PI3K action improved the glucose-
lowering effect of peripheral insulin by 2-fold (37). The benefit
of central insulin action in improving peripheral glucose
metabolism was shown both in the acute setting and over sev-
eral days of insulin therapy, suggesting both acute and chronic
roles for hypothalamic insulin signaling in diabetes treatment
(37). Furthermore, diabetic rats receiving ICV infusions of insu-
lin or insulin plus glucose for 4weeks had decreased food intake
and body weight and reduced EGP during hyperinsulinemic
clamps (38). This work highlighted the crucial role of central
insulin on whole body glucose and nutrient handling in rats,
opening the possibility of future diabetes treatments directed at
central targets.
A key area of controversy has been translating evidence for

central regulation of EGP from rodents to the physiology of
larger mammals. Short duration pancreatic clamp studies in
conscious dogs failed to show an acute impact on EGP when
insulin delivery to the head was increased 4-fold (39). Further
work in dogs confirmed the ability of ICV insulin infusion to
increase hepatic STAT3 phosphorylation and suppress hepatic
gluconeogenic enzyme expression (40). Although glucose pro-
duction was not affected in this acute setting, net hepatic glu-
cose output did slowly decrease over the course of these clamps.
Given the reduction in gluconeogenic enzyme gene expression,
longer duration studies might have revealed an effect on EGP.
This possibility was raised by follow-up clamps in dogs showing
a trend toward decreased EGP in the setting of ICV insulin
infusion, which was not significant in the acute (�4 h) setting,
but may have required a longer duration clamp to detect (41).
Of note, the rodent studies discussed above were of longer
duration and in some cases involved chronic models. Indeed,
although the maximal effects of insulin on tissue signaling are
seen shortly after administration (42), an extended duration of
about 5 h of hyperinsulinemia is needed to demonstrate its
maximal whole body effects on glucose handling (43), high-
lighting the potential importance of more prolonged central
signaling on the regulation of glucose production. Importantly,
no studies to date have evaluated the time-dependent effect of
CNS insulin on glucose production in rodents, and such studies
would add important insights to the field. Furthermore, it is
possible that some metabolic endpoints may be rapidly
impacted by central pathways (44), whereas others may require
more prolonged central pathway activation to manifest their
full effects.
Fatty Acids—Fatty acids are another key modulator of EGP,

and accumulating evidence shows that the hypothalamus
senses circulating nutrients, including fatty acids, with conse-
quent effects on food intake and whole body glucose handling
(45). ICV infusion of the long-chain fatty acid (LCFA) oleic acid
in rats led to rapid reductions in food intake, gluconeogenic
enzyme expression, and EGP, whereas ICV infusion of a short
chain fatty acid had no effect on these parameters (46). Central
effects of LCFA infusion were completely abolished after only a
few days of high fat feeding, highlighting the potential for dys-
regulation of centralmonitoring of nutrient intake in the patho-
genesis of obesity and insulin resistance (47). Furthermore,
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inhibition of LCFA breakdown via selective inhibition of hypo-
thalamic carnitine palmitoyltransferase (CPT1) also led to
decreased food intake and EGP in rats, highlighting the role of
the hypothalamus as a nutrient sensor and the role of LCFAs as
a signal of nutrient abundance (48). Of note, hypothalamic
CPT1 inhibition in overfed rats restored hypothalamic lipid
sensing and suppression of EGP, suggesting potential therapeu-
tic avenues in obese and overfed models (49).
Furthermore, in rats, hypothalamic KATP channels are acti-

vated by central lipid fluxes, and efferent vagal input from the
brainstem to the liver is required for hypothalamic lipids to
impact expression of gluconeogenic enzymes and EGP (50). A
key study integrating the above findings confirmed in rats that
physiologic increases in circulating LCFAs lead to suppression
of EGP, and blocking hypothalamic KATP channels with ICV
glibenclamide abolishes this effect, as does inhibition of fatty
acid esterification by ICV infusion of an acyl-CoA synthetase
inhibitor, genetic deletion of hypothalamic KATP channels, or
hepatic vagotomy (51). Thus, hypothalamic KATP channels
were established as a common pathway for central insulin, glu-
cose, and fatty acid sensing in rat models. Some of the molecu-
lar mechanisms of hypothalamic KATP channel lipid sensing
were later clarified; hypothalamic protein kinase C (PKC) acti-
vation was necessary for central lipid administration to modu-
late EGP in rats (52). Conversely, central insulin also seems to
modulate peripheral lipid metabolism because central insulin
administration restrains lipolysis in white adipose tissue,
whereas mice lacking central insulin receptors have unre-
strained white adipose tissue lipolysis (53). Thus, a complex
interplay between central and peripheral lipid metabolism has
been established in rodent models.
Central Sensing of Nutritional Status—Extensive studies sug-

gest that the CNS, specifically the hypothalamus, is a sensor of
overall nutrient status, modulating food intake and glucose
metabolism (45). Malonyl-CoA, the intermediate molecule in
fatty acid biosynthesis, is a hypothalamic indicator of whole
body nutritional status inmice (54) and rats (55). Themamma-
lian target of rapamycin (mTOR) is also an important hypotha-
lamic fuel sensor in rats, colocalizing with anorexigenic POMC
neurons and increasing in response to both central leucine and
leptin administration to decrease food intake and body weight
(56). Additionally, constitutive hypothalamic expression of
AMPK leads to increased food intake and bodyweight, whereas
its suppression has an anorexigenic effect (15). Indeed, hypo-
thalamic AMPK is suppressed in response to central insulin,
glucose, and leptin in mice, and stimulated in response to ICV
infusion of the orexigenic agouti-related protein (15). mTOR
and AMPK may in fact change in tandem to control energy
status because ICV leucine administration causes decreased
hypothalamic AMPK activity and increased mTOR activity in
rodents (10), suggesting a complex balance between neural
molecular signals. Another hypothalamic signal of nutrient sta-
tus is I�B kinase � (IKK�)/NF�B, a mediator of inflammation
normally quiescent in the hypothalamus, but activated in the
setting of overnutrition (57). Finally, �-melanocyte stimulating
hormone is a product of POMC production and cleavage that
binds to CNS melanocortin receptor 4 (MCR4) and inhibits
feeding (58). This evidence supports the ability of central nutri-

ent sensing to affect whole body glucose handling and energy
balance.
Leptin—Since the identification of the murine obese (ob)

gene and its product, leptin (59–61), extensive work has dem-
onstrated the central effects of leptin on whole body glucose
and nutrient metabolism. Initial studies suggested that leptin
mediates its effects on food intake and body weight at least
partly via its ability to suppress expression of hypothalamic
neuropeptide Y, an orexigenic molecule (62, 63). Like glucose
and insulin, leptin hyperpolarized hypothalamic KATP channels
in neurons from lean, but not obese, rats (64). In vivo, the cen-
tral effects of leptin in rats were dependent on hypothalamic
STAT3 signaling (65, 66). Indeed, the ability of systemic leptin
to activate hypothalamic STAT3 was abolished in mice fed a
high fat diet for 15 weeks, suggesting a mechanism for leptin
resistance (67). Although leptin stimulates hypothalamic
POMCneurons, causing decreased food intake andweight loss,
leptin deficiency inhibits anorexigenic POMC neurons and
stimulates orexigenic neuropeptide Y/AgRP neurons, resulting
in hyperphagia and insulin resistance (15, 68). Like nutrients,
ICV leptin inhibits AMPK, stimulates acetyl-CoA carboxylase,
and up-regulates malonyl-CoA in the rat hypothalamus (69).
The central effects of leptin also appear to be mediated at least
in part via PI3K-dependent pathways, again demonstrating
similarities with the hypothalamic insulin signaling pathway
(70, 71). Of note, at least some of the hypothalamic actions of
leptin depend onmelanocortin receptor activation, particularly
its central effects on EGP (15, 72), and loss of hypothalamic
leptin signaling is sufficient to promote obesity or T2DM (65,
73). Furthermore, low doses of ICV leptin improved insulin
resistance in lipodystrophic mice, whereas similar doses given
peripherally were ineffective (74). Additionally, mice lacking
hypothalamic POMC neuron receptors for insulin and leptin
are insulin-resistant (75). The therapeutic potential of central
leptin to regulate glucose fluxes inmodels of obesity and insulin
resistancewas highlighted by the observation that central leptin
inhibited glucose production in rats with hepatic insulin resis-
tance following short term high fat feeding (76).

Evidence from Human Studies Supporting CNS
Regulation of Metabolism

The presence of glucose-sensing neurons and insulin recep-
tors in the human brain is well documented (9, 77), and recent
evidence has demonstrated a potential role for central regula-
tion of EGP. Consistent with findings in rodents that ICV infu-
sion of the KATP channel activator diazoxide decreased EGP
(12), our group recently reported the first studies in humans
suggesting central regulation of EGP (78). We performed eug-
lycemic “pancreatic clamp” studies, using somatostatin to
inhibit endogenous insulin secretion along with replacement of
basal insulin and glucoregulatory hormones following admin-
istration of diazoxide in healthy subjects. Because diazoxide
markedly inhibits pancreatic insulin secretion (79), the pancre-
atic clamp technique allowed us to examine the extrapancreatic
effects of diazoxide. Our studies demonstrated an �30%
decrease in EGP during the final hours of the clamp, �6–7 h
after oral administration of diazoxide. Of note, complementary
studies in rats (78) showed that diazoxide crosses the blood-
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brain barrier and confirmed the suppression of EGP during
euglycemic pancreatic clamp studies following oral diazoxide,
along with decreases in glucose 6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK) expression and
increased hepatic STAT3 phosphorylation. When the KATP
channel blocker glibenclamide was administered ICV in rats,
the effects of oral diazoxide on EGP, gluconeogenic enzyme
expression, and hepatic STAT3 phosphorylation were com-
pletely abolished (78). Together, these studies strongly suggest
that hypothalamic KATP channels regulate EGP, at least in part,
in humans as well as in rodents.
Consistent with the above work, a number of other studies

suggest that the brain plays a regulatory role in glucose home-
ostasis in humans. Human subjects with an activating variant of
the Kir6.2 subunit of the KATP channel (E23K variant) are at
increased risk of developing T2DM over their lifetimes,
although studies of E23K homozygotes with normal glucose
tolerance raised an intriguing conundrum as these subjects
appeared more insulin-sensitive than control subjects. E23K
homozygotes underwent oral glucose tolerance tests and
hyperinsulinemic-euglycemic clamp studies, showing reduced
insulin secretion but enhanced insulin sensitivity (80). Indeed,
E23K subjects were�40%more insulin-sensitive than controls,
and therefore had normal glucose tolerance despite reduced
insulin secretion. The authors hypothesized that as insulin
resistance develops later in life, the effects of reduced insulin
secretion are manifested by development of T2DM. Another
study of subjects with Type 1 diabetes (T1DM) also supports a
potential clinically important role for central KATP channels:
metabolic control improved in T1DM subjects after a 6-month
course of low dose diazoxide, with initial improvement after
just 3 months of therapy, despite no measurable effect on insu-
lin secretion (81). The improved homeostasis model assess-
ment of insulin sensitivity (HOMA-S%) scores of the subjects
suggested that this effect was due to improved insulin sensitiv-
ity. Although the study was not designed to clarify the precise
time course of the central effects of diazoxide on whole body
glucose handling, the results suggest that diazoxide exerted its
beneficial metabolic effects via activation of central pathways.
Studies of extrapancreatic effects of glucagon-like peptide

(GLP-1) also support a role for the brain in regulating periph-
eral glucose metabolism. Sandoval et al. (82) demonstrated
decreased EGP in rats whenGLP-1was infused into the arcuate
nucleus. In healthy humans, Prigeon et al. (83) reported
decreased EGP with intravenous GLP-1 infusion for 60 min
under pancreatic clamp conditions, which prevented any
GLP-1 effects on islet hormones. Therewas no effect on periph-
eral glucose uptake. Because GLP-1 receptors have been shown
in various human brain regions (84, 85), these studies suggest
that central GLP-1 signaling may regulate EGP in humans.
Several brain imaging studies have implied that the brain

serves as a metabolic sensor impacting whole body energy
homeostasis in humans. Functional MRI scans detecting blood
oxygen level-dependent signals showed hypothalamic signaling
changes in response to glucose infusions (86–88). These
changes were diminished or absent in obese (89) and T2DM
subjects (88). In addition, a link between CNS insulin and
peripheral glucose metabolism was suggested by studies of

intranasal insulin. Insulin effectively crosses the blood-brain
barrier and appears in the CNS in significant concentrations
within 30 min of intranasal administration, without significant
elevations in circulating insulin levels (90). Therefore, intrana-
sal insulin enables examination of central insulin effects on
peripheral metabolism in humans. Benedict et al. (91) showed
reduced postprandial serum insulin levels in healthy men fol-
lowing intranasal insulin administration, suggesting enhanced
postprandial peripheral insulin sensitivity, and also reported
decreased food intake in men after a single dose of intranasal
insulin (92). The same group subsequently reported reduced
body weight, body fat, and leptin levels in healthy male subjects
following 8 weeks of intranasal insulin administration as com-
pared with placebo (93). Interestingly, the above effects were
not observed in human female subjects, consistent with noted
gender differences in peripheral responses to central insulin
administration in some rodent studies (94, 95).
Thus, supporting previous work in animal models, a growing

body of evidence strongly suggests that central pathways play a
key regulatory role in glucose and lipid homeostasis in humans.
Given the growing global diabetes epidemic, identifying new
therapeutic targets is imperative. The paucity of human data
concerning regulation of glucose homeostasis highlights this as
an important area of future research with the potential to sub-
stantially impact the clinical outcomes of people with diabetes.
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RhoA GTPase is a key intracellular regulator of actomyosin
dynamics and other cell functions, including adhesion, prolifer-
ation, survival, and gene expression. Most of our knowledge of
RhoA signaling function is from studies in immortalized cell
lines utilizing inhibitors or dominant mutant overexpression,
both of which are limited in terms of specificity, dosage, and
clonal variation. Recent mouse gene targeting studies of rhoA
and its regulators/effectors have revealed cell type-specific signal-
ingmechanisms in the context ofmammalianphysiology.Thenew
knowledge may present therapeutic opportunities for the rational
targeting of RhoA signaling-mediated pathophysiologies.

RhoA is a founding member of the Rho GTPase family and
serves as an intracellular molecular switch, cycling between a
GTP-bound active formand aGDP-bound inactive form. RhoA
activity and intracellular localization are regulated primarily by
guanine nucleotide exchange factors (GEFs),2 GTPase-activat-
ing proteins (GAPs), and guanine nucleotide-dissociation
inhibitors (GDIs). GEFs catalyze the release of GDP fromRhoA
and thereby promote GTP binding to RhoA. GAPs stimulate
the intrinsic GTPase activity of RhoA, causing the hydrolysis of
GTP and RhoA inactivation. GDIs inhibit the dissociation of
GDP from RhoA and also extract RhoA from the membrane
where RhoA executes its biological functions. Through direct
interaction with downstream effectors, activated RhoA trans-
duces signals and regulates multiple cellular processes (1).
RhoA is critical for several fundamental cell functions, includ-
ingmigration, adhesion, survival, cell division, gene expression,
and vesicle trafficking (Fig. 1) (1).
In this minireview, we describe the recent progress in study-

ing RhoA signaling in mammalian physiology using mouse
genetic models, especially conditional rhoA knock-out mice

and RhoA regulator or effector gene-targeted mice. Similar to
what we have learned by mouse gene targeting studies of other
Rho GTPase family members such as Cdc42 and Rac (2–4), the
mouse model studies of RhoA signaling confirm some conclu-
sions of earlier in vitro studies, but more importantly, it sheds
light on novel cell type-specific signaling roles of RhoA under
diverse physiologic conditions.

Conventional in Vitro Strategies for Studying RhoA

The cell function and mode of regulation of RhoA have been
intensively studied over the past 2 decades to help establish a
biochemical signalingmodule of RhoA (Fig. 1) (1). Themajority
of the cell functional studies were carried out in tissue culture
and, inmany cases, depended on immortalized cell lines, which
may behave differently from the primary cells that they origi-
nated from. In addition, tissue culture conditions cannot fully
recapitulate the physiologic environment. Importantly, the cell
signaling network can be altered in immortalized cells and by in
vitro conditions.
In addition, the tools used in cell culture systems to studyRhoA

signaling also have limitations. A commonly used approach to
manipulate RhoA activity is through dominant mutant overex-
pression. The use of the mutants may elicit off-target effects, as
they are often overexpressed over endogenous RhoA levels and
can tie up multiple regulatory GEFs or GAPs to affect other
related Rho GTPase signaling activities or to affect the dynam-
ics of effector interactions at precise intracellular locations.
Another tool for studies of RhoA signaling has been the Clos-
tridium botulinum C3 exoenzyme toxin, which ADP-ribo-
sylates the conserved Asn-41 residue of Rho GTPase subfamily
members (RhoA, RhoB, and RhoC), thereby inactivating their
effector-binding domain (5, 6). Although it shows reduced abil-
ity in inactivating other RhoGTPases (e.g.Rac1 and Cdc42), C3
toxin is not useful for dissecting the RhoA function from that of
RhoB or RhoC (5, 6), which might be involved in distinct sig-
naling functions (7), and may affect non-Rho signaling such as
JNKandp38 (8)with a toxic effect (9). Thus, cautionneeds to be
applied in interpreting cell biological results obtained by these
approaches.

Signaling Role of RhoA Revealed by Gene Targeting
in Mice

Considering the limitations of conventional methods in
studying RhoA signaling function, genetic manipulation of
RhoA is superior in understanding the bona fide role of RhoA in
individual tissue/cell types. Recently, several laboratories have
generated conditional RhoA knock-out mouse models. These
RhoA loss-of-function mouse models help confirm some pre-
viously observed RhoA cell functions. Significantly, they have
also revealed some unexpected roles of RhoA in specific cell
types under varying physiologic conditions (Table 1).
Mouse Embryonic Fibroblasts (MEFs)—Significant knowl-

edge about RhoA cell function derives from earlier studies in
fibroblast cell lines. Dominant RhoAmutant overexpression or
C3 toxin treatment showed that RhoA is essential for the orga-
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nization of the actomyosin network and for focal adhesion (1).
Subsequent rhoB or rhoC mouse knock-out studies found no
such phenotypes (10, 11); therefore, it has been postulated that
RhoA is the major regulator of actomyosin and focal adhesion
dynamics among Rho GTPases. Surprisingly, recent studies of
rhoA null MEF cells found no actomyosin or focal adhesion
defects (12). Consistently, deletion of rhoA did not alter the
activity of downstream signaling targets, the actomyosin
machinerymyosin light chain (MLC) and cofilin, orMAL/SRF-
mediated transcription, a pathway known to depend on F-actin
dynamics (1). A significant increase in RhoC expression and
activity was observed in rhoA null MEF cells. Furthermore,
deletion of rhoC in combination with knockdown of RhoB in
rhoA null MEF cells fully disrupted the formation of stress
fibers and focal adhesion, indicating a redundancy of RhoA,
RhoB, and RhoC in the regulation of cytoskeletal organization
and cell-extracellular matrix interaction (Fig. 2A).
RhoAwas found to be required for cell cycle progress inG1/S

phase transition and cytokinesis (13, 14) and for controlling
p21Cip1 and p27Kip1 cell cycle regulator expression and stability
(15, 16). In rhoA null MEF cells, cell cycle G1/S phase progres-
sion and p21Cip1 and p27Kip1 expression appeared normal, but
cytokinesis was defective, despite the unaltered MLC activity
(12). Therefore, RhoA seems to control cytokinesis by utilizing
a signaling pathway parallel to MLC activity. In addition,
despite a high degree of conservation in sequence and subcel-
lular localization among RhoA, RhoB, and RhoC (7), a RhoA-
unique pathway must regulate cytokinesis (Fig. 2A). It will be
interesting to pinpoint such a mechanism.
Skin Development and Maintenance—Mutant overexpres-

sion and inhibitor studies in cultured keratinocyte cell lines
have shown that RhoA signaling is essential for regulating skin

cell proliferation and differentiation (17) and cell-cell contacts
(18). Different from that inMEF cells (12), keratin-5Cre-driven
rhoA deletion in keratinocytes in vivo was sufficient to reduce
phosphorylation of MLC and cofilin (19). Primary keratinocyte
culture showed additional defects upon rhoA deletion: impaired
junction maturation, a mild cytokinesis defect, and decreased
directional migration. However, rhoA deletion did not affect
development of the epidermis or hair follicles or the formation
andmaintenance of cell-cell contacts, including adherens junc-
tions and tight junctions, in vivo. Furthermore, no cytokinesis
defects were detected in rhoA null keratinocytes in vivo (19),
and functionally, the rhoA-deficient epidermis displayed no
defects in wound healing. The discordance between in vivo
and in vitro knock-out studies may be attributable to com-
pensation by the related RhoB because rhoA deficiency
increased RhoB expression in keratinocytes. These data, along
with the observed differences betweenMEFs and keratinocytes,
indicate that RhoA signaling and function are cell context-de-
pendent, thereby emphasizing the influence of environment on
cell signaling mechanisms.
Cardiovascular Regulation—The role of RhoA in regulat-

ing cardiac physiology and pathophysiology remains largely
unclear.Onone hand, RhoAactivity is increased by insults such
as H2O2, glucose deprivation, and ischemia/reperfusion (I/R)
(20). Modest expression of constitutively active RhoA activates
PKD, which appears to be beneficial to protect against injuries
(i.e. I/R) (21). On the other hand, overexpression of RhoA in
cardiomyocytes induces apoptosis by up-regulating Bax (22).
Furthermore, prolonged expression of active RhoA during
development results in hypertrophy (21), and pharmaceutical
inhibition of its effector Rho kinase (ROCK) suppresses hyper-
trophy induced by pressure overload (23). Knock-out studies
implicate the cardio-supportive function of RhoA. Hearts of
cardiac-specific rhoA knock-out mice, driven by �-myosin
heavy chain-Cre, had significantly increased lactate dehydro-
genase (LDH) release and infarct size after I/R challenge (21).
Similarly, PKD phosphorylation was diminished. Thus,
RhoA protects the heart against I/R damage through PKD
and is important to prevent LDH release and heart infarction
(Fig. 2B).
Eye Development—Apical constriction of epithelial cells,

which is commonly observed during development processes,
including gastrulation, neural tube folding, and lens placode
invagination (24), is driven by polarized contraction of the acto-
myosin cytoskeleton at the apical side of epithelial cells (25).
RhoA and its downstream signaling components such as ROCK
andMLC were shown to be apically enriched during the apical
constriction of epithelial tissues such as the lens placode, and
inhibition of the RhoA pathway via inhibitors reduced apical
constriction (26). Consistently, Le-Cre-driven deletion of rhoA
in the lens epithelium impaired apical constriction (27). In the
apical half of the cell, rhoA deletion led to decreasedMLCactiv-
ity and decreased the contraction force necessary for constric-
tion. In the basal half, distribution of Rac1 and its downstream
effector Arp2/3 was expanded, leading to protrusion of actin fila-
ments and cell elongation (27). Thus, RhoA regulates lens epithe-
liummorphology by activatingMLCand actomyosin contractility

FIGURE 1. Biochemical model of the regulation and signaling function of
RhoA. RhoA cycles between the GDP-bound inactive form and the GTP-
bound active form under the tight control of regulatory GEFs, GAPs, and GDIs.
GEFs induce the release of GDP from RhoA and promote GTP binding to RhoA;
GAPs stimulate the GTPase activity of RhoA and cause the hydrolysis of RhoA-
bound GTP; and GDIs inhibit the dissociation of GDP from RhoA and also
extract RhoA from plasma membranes, preventing RhoA from executing its
cell functions. Upon activation, RhoA can interact with multiple downstream
effectors and affect a number of cell behaviors. An important feature of RhoA
signaling is that RhoA activity can be regulated by multiple GEFs, GAPs, and
GDIs, and the physiologic function of RhoA may be mediated through one or
several effectors under defined biological contexts.
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in the apical half and restricting Arp2/3 activity and polymeriza-
tion of protrusive actin in the basal half (Fig. 2C).
Another aspect of eye development regulated by RhoA is

transient closure of eyelids. Normally, mice are born with
closed eyelids, and this is maintained up to postnatal day 12
(28). Deletion of ROCK-I or ROCK-II or mutation of MAP3K1
(a downstream target of RhoA-ROCK) resulted in an eyes-
open-at-birth (EOB) phenotype (29, 30). Interestingly, deletion
of rhoA in the eyelid epitheliumdriven by Le-Cre did not impair

eyelid development. However, in the Map3k1 hemizygotic
background, conditional deletion of rhoA delayed eyelid clo-
sure, possibly through regulation of MAP3K1 expression (31).
Nervous System—Neural development is a complex process

involving the proliferation, differentiation, and migration of
neurons and their supporting glia (32–34), and RhoA may be
involved in all of these functions (1). To form proper neural
circuits, neurons must also form axons, which extend over
sometimes long and complicated paths to connect with specific

TABLE 1
Summary of tissue-specific rhoA gene targeting studies in mice
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target cells (35). Actin cytoskeletal dynamics plays a key role in
axon growth and guidance, and in vitro studies have shown that
RhoA activity increases actomyosin contractility and induces
collapse of the growth cone and repulsion of the axons (36).
The function of RhoA in regulating adherens junctions in the

central nervous system has been studied using several cell type-
specific Cre transgenic models, e.g. driven by Wnt1-Cre in the
mesencephalon, Foxg1-Cre and Brn4-Cre in the forebrain, and
Olig2-Cre in the spinal cord. Deletion of rhoA results in dyspla-
sia and disrupts the distribution of adherens junction compo-
nents such as N-cadherin, �E-catenin, �-catenin, and F-actin
(37–39). In rhoA knock-outs, rosette-like structures, seen previ-

ously in N-cadherin null mutants (40), were observed in the brain
and spinal cord, and cells were found to invade the lumen of the
neural tube (38), suggesting a disturbance of adherens junctions
and a disruption of cell-cell contact in the neuroepithelium.
Although RhoA appears to have a similar role in regulating

cell-cell contact in the brain and spinal cord, it has differential
functions in regulating the proliferation of these two central
nervous system tissues. Brain-specific deletion of rhoA (driven
byWnt1-Cre or Foxg1-Cre) caused expansion of neural progen-
itor cells as a result of increased proliferation and reduced cell
cycle exit (37); this is similar to �E-catenin knock-out brains
(41). In sharp contrast, spinal cord-specific deletion of rhoA
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FIGURE 2. Cell type-specific RhoA signaling function revealed by mouse gene targeting. A, RhoA signaling is involved cytokinesis and adhesion of MEF
cells. RhoA, RhoB, and RhoC are redundantly involved in regulating actomyosin signaling and cell adhesion in MEF cells, whereas RhoA is uniquely required for
cytokinesis and proliferation. B, RhoA protects the heart against I/R damage. RhoA is essential for the autophosphorylation of PKD in response to I/R damage,
and this is important to prevent LDH release and heart infarct. C, RhoA regulates lens epithelium morphology. RhoA is activated in the apical half of lens
epithelial cells, and its activity is essential for apical constriction by activating MLC and therefore actomyosin contractility. RhoA activity is also important in
restricting Arp2/3 activity, which induces the polymerization of protrusive actin and cell elongation. D, RhoA regulates left-right locomotor circuitry in the
developing spinal cord. RhoA is essential for the expression of ephrin B3 in the midline of the developing spinal cord, which in turn is critical for preventing
EphA4-expressing corticospinal neurons and spinal interneurons from crossing the midline. E, RhoA regulates HPC survival and differentiation. Through the
ROCK-MLC cascade and mDia, RhoA controls HPC cytokinesis. Deletion of rhoA in HPCs caused cytokinesis failure, and this further induces cell necrosis and a
blockade of differentiation. Undefined effectors of RhoA signaling are labeled as Effector1 and Effector2.
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(driven by Brn4-Cre) reduced neuron proliferation and caused
precocious cell cycle exit, perhaps as a result of premature dif-
ferentiation of neural progenitor cells (38). Interestingly, phos-
phohistone 3-labeled mitotic cells dispersed throughout the neu-
roepithelium in rhoA-deficient brain and spinal cord, instead of
the tight luminal localization in the wild-type neural tube (37, 38),
suggesting an alteration of the neural progenitor niche.
The function of RhoA in regulating neural circuit organiza-

tion has also been intensively investigated. Deletion of rhoA in
ventral or dorsal spinal cord motor neuron progenitors by
Olig2-Cre orWnt1-Cre resulted in a rabbit-like hopping gait, a
typical locomotor circuitry disruption phenotype. Hopping
phenotypes were also documented in mutant mice for axon
outgrowth repellant ephrin B3 or its receptor EphA4 (42–44).
Ephrin B3 is highly expressed at the midline of the developing
spinal cord, and it prevents the axon expressing its EphA4
receptor from crossing the midline (43, 45). The axons do in
fact cross the midline in ephrin B3 or EphA4 mutant mice,
leading to a disruption of locomotor circuitry (42, 44). Axons of
rhoA-deficient corticospinal neurons and interneurons display
a similar midline-crossing phenotype, as well as a loss of ephrin
B3 expression at the spinal cordmidline, causing a deficiency in
ephrin B3-EphA4 signaling (Fig. 2D) (38). In contrast to corti-
cospinal neurons or interneurons, the central and peripheral
projections of rhoA null (driven byWnt1-Cre) dorsal root gan-
glion (DRG) neurons appear normal (46). Consistently, Sema3-
mediated axon repulsion, a process previously described as
RhoA-dependent behavior (47), was maintained in rhoA null
DRG neurons in vitro. This could be due to a compensation by
RhoC, the expression of which was significantly increased in
rhoA null DRG neurons.

During neocortical development, neurons are sorted into six
horizontal layers, and neurons generated in the proliferative
zones migrate to their destinations in the cortex (33). Deletion
of rhoA in the cerebral cortex (driven by Emx1-Cre) resulted in
two migrational phenotypes by two different mechanisms. In
the first, rhoA null neuronsmigrated faster thanwild-type cells,
with some mutant cells migrating to the pial surface, and
resembled the cobblestone lissencephaly phenotype. In the sec-
ond phenotype, the heterotopic cortex was generated under-
neath the normatopic cortex, as in subcortical bandheterotopia
(SBH) (48). This SBH phenotype appears to be due to cytoskel-
etal defects within radial glia rather than neurons themselves.
rhoA null neurons transplanted into the wild-type cortex
migrated normally, but not the other way around. The radial
glial scaffold was severely disrupted after loss of rhoA cell
somata were scattered rather than tightly aligned, and pro-
cesses were disorganized and no longer connected the upper
and lower halves of the cerebral cortex. Furthermore, severe
disruptions in both actin and microtubule cytoskeletons were
observed in radial glial cells, and this might be the underlying
mechanism for the SBH phenotype.
Hematolymphoid System Regulation—The hematolymphoid

system is derived from primitive hematopoietic stem and pro-
genitor cells (HSPCs). Inhibition of RhoA activity by overex-
pressing dominant-negative mutant RhoA enhanced HSPC
proliferation and engraftment (49). In contrast, increasing
RhoA activity by knocking out of one of the major RhoA GAPs

in the primitive HSPCs (p190B) also enhanced HSPC engraft-
ment (50). These observations made it difficult to interpret the
role of RhoA in regulating HSPCs in the suppression-of-func-
tion and gain-of-function models. In contrast, loss of rhoA in
hematopoietic lineages driven byMx1-Cre resulted in complete
disruption of hematopoiesis and pancytopenia. Interestingly,
only blood progenitors, rather than hematopoietic stem cells
(HSCs), were severely affected by the loss of rhoA. rhoA null
HSCs retained the ability to compete with wild-type coun-
terparts, whereas the progenitors could not. Consistently,
rhoA�/� hematopoietic progenitor cells (HPC), rather than
HSCs, displayed a significantly increased TNF�-mediated
necrosis and cytokinesis failure (Fig. 2E) (51). Within the blood
progenitor populations, rhoA knock-out reducedMLC activity,
which is thought to be indispensable for cytokinesis (14); how-
ever, it remains to be determined whether this contributes to
the cytokinesis failure phenotype.
G-protein-coupled receptor agonists (e.g. thrombin, ADP,

and thromboxane) are important in regulating the behavior of
the megakaryocyte-platelet lineage (52). G13, a major RhoA
activator (53), is critical for the shape change of platelets, and
theG13-RhoA-ROCK axis is involved in platelet activation (54).
Deletion of rhoA byPF4-Cre led to accumulation ofmegakaryo-
cytes and reduction of platelets, indicating a blockage of the
final step of thrombopoiesis (55). rhoA-deleted platelets dis-
played reduced responses to agonists of G13 and, to a lesser
extent, Gq signaling. However, no defects in actin assembly
were observed in rhoA-depleted platelets, which resembled the
case of rhoA-deleted keratinocytes or MEFs. However, in con-
trast to keratinocytes or MEFs, in which a compensatory
increase in RhoB or RhoC expression was observed after dele-
tion of rhoA (19), RhoA is the major Rho subfamily protein
expressed in platelets (56), and it is unlikely that RhoB or RhoC
can compensate for the deletion of rhoA. rhoA-deleted platelets
also displayed reduced integrin-mediated clot retraction but
normal spreading on fibronectin, an interesting result, given
that both functions are downstream of integrin outside-in sig-
naling. It is not surprising that the PF4-Cre-driven rhoA-de-
leted mouse model showed prolonged tail bleeding and
decreased vulnerability to ischemic brain infarction. Thus,
RhoA may be a valid target for preventing and/or alleviating
thrombus formation.
B cells are also derived from HSCs through a common

lymphoid progenitor cell, progenitor B (proB) cell, precursor B
(preB) cell, and immature B cell hierarchy. In the spleen, imma-
ture B cells give rise to transitional B cells and finally mature
non-circulating marginal zone and circulating follicular B cells
(57). Deletion of rhoA in the entire hematopoietic lineages
(driven by Mx1-Cre) increased common lymphoid progenitor
cells but significantly reduced proB, preB, and immature B cells
in bone marrow (58), resembling the blockage of megakaryo-
cyte-platelet differentiation (55). In contrast, deletion of rhoA
from the B cell lineage by CD19-Cre did not alter the numbers
of proB, preB, or immature B cells in bonemarrow, possibly due
to the poor deletion efficiency of CD19-Cre in bone marrow
(58, 59). In the spleen, rhoA deficiency resulted in significant
reductions inT cells andmarginal zone and follicular B cells not
because of impaired proliferation but instead reduced survival.
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Indeed, deletion of rhoA decreased transcription of the recep-
tor for the B cell survival factor BAFF and thus blunted the
response to BAFF-induced inhibition of apoptosis (58).

Signaling Function of RhoA Revealed by Gene-targeting
Regulators or Effectors in Mice

Complementing the rhoA gene targeting studies, recent
work specifically deleting selected RhoA regulator or effector
genes in mice have also contributed to our understanding of

RhoA signaling function in vivo (Table 2). RhoA activity is reg-
ulated primarily by three classes of regulators, i.e.GEFs, GAPs,
and GDIs. Although expression of some RhoA regulators is
ubiquitous (e.g.DLC-1 (60) and p190 (61)), many are tissue and
cell type-specific (e.g. Rgnef (62), mgcRacGAP (63), and p190B
(64)). RhoA activity in a given cell may result from a combined
effect of the various regulators expressed in the cell. In addition,
whereas some GEFs and GAPs may signal specifically through
RhoA, others may regulate multiple Rho GTPase family mem-

TABLE 2
Selected gene targeting studies of RhoA regulators and effectors in mice
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bers (53, 65, 66). Thus, depending on the expression pattern of
various regulators and potential cross-talk with other Rho
GTPases, deletion of a given RhoA regulator may or may not
result in a similar phenotype as the rhoA knock-out. For exam-
ple, knocking out the GEF ect2 in MEF cells led to a cytokinesis
failure (67) similar to that of rhoA gene deletion (12), but no
detectable cytokinesis defects were seen in other GEF knock-
out MEFs. Interestingly, deletion of the GAPmgcRacGAP also
caused cytokinesis failure (63, 68), indicating that RhoA activity
is tightly controlled by the mgcRacGAP and Ect2 GAP/GEF
pair during cytokinesis. In another example, deletion of the
GAP p190 blocked callosal axons from crossing the midline
(69), which is consistent with the aberrant midline crossing of
axons of corticospinal neurons and interneurons in rhoA-de-
letedmice (39), suggesting that the p190-regulated RhoA activ-
ity controls this axon behavior. In contrary, some knock-out
models of RhoA regulators also display distinct phenotypes
from rhoA knock-out mice. For example, in contrast to rhoA
knock-out in MEF cells (12), deletion of the GEF rgnef blocked
focal adhesion formation (62). As mentioned above, deletion of
the GAP p190B a major negative regulator of RhoA, led to
increased long-term HSC activity and reduced progenitor
activities (50), whereas rhoA knock-out resulted in a differenti-
ation block from HSCs to blood progenitors. It is possible that
in a complex process such as hematopoiesis, RhoA activity is
tightly regulated by the interplay of multiple regulators. Fur-
thermore, in addition to RhoA, the regulators may also control
the activities of other Rho GTPases or signaling components in
a defined cell lineage. Gene targeting studies of specific RhoA
regulators can be complementary to rhoA knock-out studies for
delineating the cell type-specific signaling module of RhoA.
Activated RhoA executes its function by recruiting down-

stream effectors (Fig. 1). Like RhoA regulation by multiple reg-
ulators, engagement of the effectors by RhoA may be compli-
cated by the expression pattern of effectors and possibly a
shared involvement by related Rho GTPases. Not surprisingly,
effector knock-out and rhoA knock-out mouse models have
been reported to show both consistent and discordant pheno-
types. For example, neuroepithelial integrity was impaired in
both rhoA and mDia knock-outs (37, 38, 70), suggesting that
the RhoA-mDia axis might be critical in regulating adherens
junctions in the developing central nervous system. In contrast,
although the rhoA-deleted central nervous system showed no
obvious cytokinesis defects, knocking out citron kinase in mice
caused a severe cytokinesis blockage (71). Similarly, deletion of
rhoA in the hematopoietic lineage caused pancytopenia and
blockage of differentiation at the HPC stage, whereas mDia
deletion resulted in a reduced T cell lineage and myeloprolifer-
ative phenotype (72, 73). Deficiency in Rho kinases, a major
class of effectors of RhoA, can also cause different phenotypes
compared with rhoA knock-out in mice. For example, in con-
trast to the rhoA knock-out eyelid epithelium, in which an EOB
phenotype was evident only in the Map3k1 hemizygotic back-
ground (31), deletion of either ROCK-I or ROCK-II induced
EOB (29, 74), suggesting that other signaling input to ROCKs,
in addition to RhoA, is important for regulating eyelid closure.
In blood monocytes, ROCK-I binds directly to the tumor sup-
pressor PTEN to regulate the PTEN-mediated phosphatidyl-

inositol 3,4,5-triphosphate, Akt, and cyclinD1 pathway and cell
migration (75). Therefore, in addition to the possibility of com-
bined activities of multiple RhoA effectors in a certain tissue,
interactions among different effectors, which can also be sub-
ject to RhoA-independent signal regulation, may play a com-
pensatory or combinatory role downstream from RhoA. It
remains a challenge to sort out which effector pathway(s), e.g.
RhoA-ROCK, RhoA-mDia, and/or RhoA-citron, is engaged by
RhoA tomediate a signaling function. The gene targeting stud-
ies also suggest that the potential therapeutic effects of effector
inhibition, such as by ROCK inhibitors, do not necessarily phe-
nocopy RhoA inhibition in applications.

Conclusions

In addition to previous cell biological studies, genetic studies
in lower organisms such as the yeast Saccharomyces cerevisiae
and the fruit flyDrosophilamelanogasterhave implicatedRhoA
orthologs in key processes of organismal viability and morpho-
genesis (76–78). The recently developed geneticmousemodels
of RhoA, coupled with RhoA regulator/effector mouse gene
targeting efforts, help establish RhoA as an essential signal
transducer required for the survival and several fundamental
behaviors of mammalian cells. Importantly, the mouse model
studies indicate that RhoA can play an essential non-redundant
role in one signaling function in a given cell type while being
dispensable for a similar function or involved in a different
function in another cell type. The cell-type specificity may
reflect a pathway-specific nature of the RhoA signaling module
and its cross-talkwith other relatedRhoGTPases, similar to the
case with Cdc42 and Rac (2–4).
Despite potential concerns associated with the mouse gene

targeting approach due to compensatory signaling, the mouse
knock-out studies offer an improvedmethod in deciphering the
physiologic function of RhoA in mammal tissues. Future stud-
ies will better define the interaction between RhoA and its spe-
cific regulators and effectors in vivo in formulating amore com-
prehensive RhoA signalingmodule in each unique cell type and
tissue environment. In addition, themouse genetic studies may
reveal information about the possible involvement of RhoA sig-
naling in human diseases, and RhoA and its regulator/effector
knock-outmice will be useful for evaluating the contribution of
RhoA signaling in pathophysiology. To this end, abnormal
RhoA signaling has been associated with human cancer, neuro-
nal disorders, and asthma (20, 79, 80), and the rational design
and targeting of the RhoA signaling pathway (81–84) may bear
therapeutic value.
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48. Cappello, S., Böhringer, C. R., Bergami, M., Conzelmann, K. K., Ghanem,
A., Tomassy, G. S., Arlotta, P., Mainardi, M., Allegra, M., Caleo, M., van
Hengel, J., Brakebusch, C., andGötz,M. (2012)A radial glia-specific role of
RhoA in double cortex formation. Neuron 73, 911–924

49. Ghiaur, G., Lee, A., Bailey, J., Cancelas, J. A., Zheng, Y., andWilliams, D. A.
(2006) Inhibition of RhoA GTPase activity enhances hematopoietic stem
and progenitor cell proliferation and engraftment. Blood 108, 2087–2094

50. Xu, H., Eleswarapu, S., Geiger, H., Szczur, K., Daria, D., Zheng, Y., Settle-
man, J., Srour, E. F., Williams, D. A., and Filippi, M. D. (2009) Loss of the
Rho GTPase activating protein p190-B enhances hematopoietic stem cell
engraftment potential. Blood 114, 3557–3566

51. Zhou, X., Florian,M. C., Arumugam, P., Chen, X., Cancelas, J. A., Lang, R.,
Malik, P., Geiger, H., and Zheng, Y. (2013) RhoA GTPase controls cytoki-
nesis and programmednecrosis of hematopoietic progenitors. J. Exp.Med.
210, 2371–2385

52. Offermanns, S. (2006) Activation of platelet function through G protein-
coupled receptors. Circ. Res. 99, 1293–1304

53. Rossman, K. L., Der, C. J., and Sondek, J. (2005) GEFmeans go: turning on
RHO GTPases with guanine nucleotide-exchange factors. Nat. Rev. Mol.
Cell Biol. 6, 167–180

54. Moers, A., Nieswandt, B., Massberg, S., Wettschureck, N., Grüner, S.,
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