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Thiol-Based Redox Switches and Gene Regulation
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Abstract

Cysteine is notable among the universal, proteinogenic amino acids for its facile redox chemistry. Cysteine
thiolates are readily modified by reactive oxygen species (ROS), reactive electrophilic species (RES), and reactive
nitrogen species (RNS). Although thiol switches are commonly triggered by disulfide bond formation, they can
also be controlled by S-thiolation, S-alkylation, or modification by RNS. Thiol-based switches are common in
both prokaryotic and eukaryotic organisms and activate functions that detoxify reactive species and restore thiol
homeostasis while repressing functions that would be deleterious if expressed under oxidizing conditions. Here,
we provide an overview of the best-understood examples of thiol-based redox switches that affect gene ex-
pression. Intra- or intermolecular disulfide bond formation serves as a direct regulatory switch for several
bacterial transcription factors (OxyR, OhrR=2-Cys, Spx, YodB, CrtJ, and CprK) and indirectly regulates others
(the RsrA anti-s factor and RegB sensory histidine kinase). In eukaryotes, thiol-based switches control the yeast
Yap1p transcription factor, the Nrf2=Keap1 electrophile and oxidative stress response, and the Chlamydomonas
NAB1 translational repressor. Collectively, these regulators reveal a remarkable range of chemical modifications
exploited by Cys residues to effect changes in gene expression. Antioxid. Redox Signal. 14, 1049–1063.

Introduction

Cells continually monitor their environment and
adapt to their changing surroundings by coordinated

changes in gene expression. Environmental sensing is gener-
ally the purview of proteins, including, in the simplest cases,
proteins that bind DNA and directly control the expression of
target genes. Proteins are notable for their propensity to bind
many ligands with high affinity and specificity, as evidenced
by the remarkable repertoire of enzymes and antibodies, and
ligand binding is one important method of signal detection. In
addition, many proteins bind cofactors (metal ions, heme,
pigments), which significantly expands the range of signals
that can be sensed. Finally, some proteins directly react with
chemical signals, although this type of signaling is more
limited because of the available range of amino acid func-
tional groups. Here, we focus on the ability of sensory pro-
teins to take advantage of the complex redox chemistry of
cysteine to sense reactive chemical species and coordinate the
expression of appropriate adaptive responses.

Thiol Modifications Caused by ROS, RNS, and RES

In most cells, the cytoplasm is a reducing environment, and
protein thiols are maintained in their reduced state. Respon-
sibility for maintaining cytosolic proteins in their reduced

form rests with thiol-redox buffers such as glutathione (GSH).
GSH is the major thiol reductant in eukaryotic and many
prokaryotic cells, and it, in turn, is reduced by glutathione
reductase at the expense of NADPH (57). Some bacteria lack
GSH and rely instead on alternative low-molecular-weight
(LMW) thiol reductants such as mycothiol (MSH) or ba-
cillithiol (BSH), which are widely distributed among the ac-
tinobacteria and the Firmicutes, respectively (23, 66, 68).

The ability of the cell to maintain properly the redox state of
the cytoplasm can be compromised by reactive oxygen spe-
cies (ROS), reactive nitrogen species (RNS), and reactive
electrophilic species (RES). ROS include hydrogen peroxide
and other peroxides, superoxide anion, hypohalous acids, and
the highly reactive hydoxyl radical (33). ROS may be gener-
ated endogenously from the incomplete reduction of molec-
ular oxygen during respiration and from the autooxidation of
reduced molecules in the cell. Exogenous sources of ROS
also are widespread and are generated by the oxidative burst
of macrophages and as part of plant defense responses (33).
RNS include nitric oxide (NO), peroxynitrite (NO3

-), and
S-nitrosothiols (RSNOs) and lead, directly or indirectly, to
protein S-nitrosylation. RES are reactive species that have
electron-deficient carbon centers and include quinones, alde-
hydes, and epoxides. RES react with the nucleophilic cysteine
thiol, leading to Cys-S-adducts. RES can be produced dur-
ing metabolism or as secondary reactive intermediates in
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response to ROS or RNS. For example, the highly toxic a,b-
unsaturated aldehyde methylglyoxal accumulates as a con-
sequence of imbalanced glycolysis.

ROS, RNS, and RES can damage many different cellular
components including proteins, nucleic acids, lipids, and
metal cofactors. As a result, specific detoxification pathways
and defense mechanisms have evolved to destroy the reactive
species or to repair the resulting damage (2, 34). These
adaptive responses are typically induced by one or more
specific stressors, and this regulation is often mediated by
redox-sensitive transcription factors. In the majority of those
systems in which the response has been defined biochemi-
cally, sensing of ROS, RNS, and RES involves redox-active
cysteine residues, which are targets for posttranslational
modification by the corresponding reactive molecules (Fig. 1)
(75). This leads to structural changes and concomitant alter-
ation of transcription factor activity. Sensing is not always
mediated by Cys residues: ROS=RNS also can be sensed by
metal centers. For example, Bacillus subtilis PerR senses H2O2

by iron-catalyzed histidine oxidation (49), E. coli SoxR senses
superoxide anion by oxidation of a [2Fe-2S] center (13), and
Escherichia coli NorR senses NO by nitrosylation of a nonheme
Fe center (11).

Transcription factors that sense ROS, RNS, and RES with
reactive cysteine residues take full advantage of the complex
chemistry of the thiol (RSH) moiety. Although Cys thiol
groups often have a pKa near 8, this can be significantly re-
duced, depending on the protein environment, and many
reactive Cys residues are ionized to the more reactive
thiolate (RS-) anion at physiologic pH. The thiol modifications
known to regulate transcription factor activity can be either
reversible (thiol-disulfide switches, S-nitrosylation) or effec-
tively irreversible (overoxidation to the sulfonic acid, thiol-
S-alkylation).

Oxidation of protein thiols by ROS leads initially to the
cysteine sulfenic acid (R-SOH). Although sulfenic acids may
be transiently stabilized in some protein environments (77),
they more commonly react rapidly with other thiols or by
further oxidation (Fig. 1). Further oxidation leads to the higher
and generally irreversible formation of cysteine sulfinic (R-
SOOH) or sulfonic acids (R-SO3H). Cys sulfenates are also an

important intermediate in the formation of protein–protein
disulfides, which may be either intramolecular (disulfide
linkage between two Cys residues of the same subunit) or
intermolecular (disulfide bond formation between proteins).
Alternatively, the sulfenic acid may react with LMW thiols
such as GSH, Cys, MSH, or BSH by S-thiolation. S-Thiolation,
including the well-characterized S-glutathionylation reaction,
is a reversible modification that can protect Cys residues
against irreversible overoxidation to the sulfinic and sulfonic
acids (31, 57). Although reduction of sulfinic acids within
peroxiredoxins may be catalyzed by sulfiredoxins, this repair
pathway is not known to operate with thiol-based sensor
proteins.

A more recently appreciated product of protein thiol oxi-
dation is the cyclic sulfenamide produced by condensation of
the sulfenate with a neighboring backbone amide nitrogen.
Although first detected in structural studies of protein tyro-
sine phosphatases (82, 90), sulfenamide formation has also
been observed with B. subtilis OhrR (50).

RNS also lead to reversible thiol-modifications, such as S-
nitrosothiol (RS-NO) formation caused by NO, or S-nitrothiol
(R-SNO2) formation caused by peroxynitrite (NO3

-) (Fig. 1).
Formation of S-nitrosothiols in proteins can result from the
one-electron oxidation of an initially formed thiol S-nitroxide
radical anion (RS-NO-) formed from the thiolate anion and NO.
Alternatively, transnitrosation by a LMW S-nitrosothiol (e.g.,
GSNO) can lead directly to protein S-nitrosothiol formation. A
role for a transient (and rapidly reversible) S-nitroxide radical
anion was recently proposed for the regulation of soluble
guanylate cyclase (in addition to the well-characterized regu-
lation exerted by NO sensing at the heme site) (19).

RES such as aldehydes and quinones react with thiol-
containing proteins and LMW thiols largely through thiol-S-
alkylation (56) (Fig. 1). In contrast to these alkylating RES
species, the electrophilic azocompound diamide leads to
‘‘disulfide stress’’ by catalyzing disulfide-bond formation in
thiol-containing proteins. RES can have both direct effects on
protein activity and indirect effects mediated by the modifi-
cation or depletion or both of the LMW thiol pool of the cell.

Cysteine-containing regulators take full advantage of the
diverse chemistry of the thiol group to sense ROS, RNS, and

FIG. 1. Post-translational cysteine modifica-
tions involved in redox-sensing mechanisms.
Cysteine can be reversibly oxidized by ROS
to the unstable Cys sulfenic acid (R-SOH; a),
which can then form an intramolecular dis-
ulfide (b), an intermolecular disulfide (c), an
S-thiolated adduct with a LMW thiol (RSH)
(d), or a cyclic sulfenamide with a polypep-
tide backbone amide (e). Irreversible Cys
modifications include overoxidation to Cys
sulfinic (R-SO2H) (f) and sulfonic acids (R-
SO3H) (g). RNS, such as nitric oxide (NO)
or peroxynitrite (ONOO�), modify Cys by S-
nitrosothiol formation (R-SNO) (h) or S-
nitrothiol formation (R-SNO2) (i). RES with
partial positively charged carbon centers
(dþ), such as quinones or aldehydes, lead to
thiol-(S)-alkylation of cysteine, resulting in
quinone-S-adducts (j) by benzoquinone or S-
hydroxymethylthiol modification by formal-
dehyde (k). This figure is modified from (71).
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RES. We here focus on the best-characterized thiol-containing
sensors from both prokaryotic and eukaryotic organisms,
with an emphasis on those for which the chemical modifica-
tions that elicit the regulatory response are reasonably well
known.

Prokaryotic Thiol-Based Regulatory Switches

Thiol-based, redox-responsive switches are common in
bacteria and most frequently coordinate the transcription of
adaptive responses to chemical stresses that either modify or
deplete cellular thiol pools. High-resolution structural infor-
mation is now available for many of these proteins both in
their reduced and modified forms and, in some cases, bound
to their DNA target sites.

OxyR: An LysR-family sensor of ROS and RNS

Salmonella typhimurium OxyR was the first-described tran-
scription factor with a dedicated role in sensing ROS. OxyR is
a member of the LysR family of DNA-binding proteins and
positively regulates a large, peroxide-inducible regulon, in-
cluding the catalase KatG, the alkylhydroperoxide reductase
AhpCF, the DNA-binding ferritin-like protein Dps, glutar-
edoxin Grx, the glutathione reductase GorA, the ferric ho-
meostasis regulator Fur, the MntH manganese transporter,
and the small regulatory RNA OxyS (34). Collectively, the
OxyR regulon, as defined in E. coli, mediates adaptation to
peroxides by multiple mechanisms. KatG and AhpC degrade
H2O2, Grx and GorA help maintain protein thiols in their
reduced state, whereas induction of Dps, Fur, and MntH
modulates the metal ion environment of the cell to reduce
deleterious Fenton chemistry. Fur represses iron import, and
Dps functions as a miniferritin to sequester iron. MntH im-
ports Mn(II) to displace adventitiously bound ferrous iron
and thereby protects macromolecules from metal-catalyzed
oxidation (1).

Activation of E. coli OxyR in response to peroxide stress is
mediated by disulfide-bond formation. OxyR has six Cys
residues, and two of these, C199 and C208, are conserved and
essential for redox sensing, as shown by mutational and
structural analyses (47). On exposure to ROS, C199 is oxidized
to a sulfenic acid intermediate, which then forms an in-
tramolecular disulfide bond with C208 in each subunit of the

OxyR tetramer (Fig. 2) (10, 47). The formation of a C199-C208
disulfide on peroxide stress has been verified in vivo (10).
OxyR can also be activated under other conditions that de-
plete the cellular pool of reduced LMW thiols, thereby pre-
venting the efficient reduction of protein thiols: a condition
generically referred to as disulfide stress.

Activation of OxyR has been visualized by determination
of the crystal structures of the reduced, sulfenate intermedi-
ate, and disulfide forms of OxyR (Fig. 9A) (10). In reduced
OxyR, C199 is located at the N-terminus of a a-helix and is 17
Å apart from C208. Cys199 is located on an extended loop
between the a-helix and the b8 strand. Formation of the C199-
C208 disulfide results in unwinding of the a-helix and
movement of the a-helix=b8 loop (4). This results in a large
structural change in the oligomeric interfaces and relative
rotation among the OxyR subunits (10). Oxidation alters the
interaction of the OxyR tetramer with DNA sites upstream
from OxyR-regulated genes, thereby leading to productive
interactions with RNA polymerase (RNAP) and enhanced
gene expression.

Although OxyR can be activated by intramolecular dis-
ulfide-bond formation, the Stamler group has shown that
other modifications of Cys199 may also be sufficient to effect
regulation, including C199 oxidation to the sulfenate, S-
nitrosylation, or S-glutathionylation (44). These observations
led to a proposal in which different modified forms of OxyR
might have differential abilities to activate gene expression.
Whereas reduced and glutathionylated C199 of OxyR result in
noncooperative binding, the sulfenate and S-nitrosylated
forms bind cooperatively. These results led to the hypothesis
that OxyR may experience a diverse set of modifications, and
that these may constitute a "code" for coordinating distinct
genetic responses. Although this is an attractive idea, the
in vivo relevance of these alternative Cys modifications re-
mains to be determined, and subsequent studies of the E. coli
stress responses elicited by RNS failed to reveal a significant
role for OxyR (61).

OxyR is widely conserved among both Gram-negative and
Gram-positive bacteria and numerous othologues have been
shown to coordinate the expression of antioxidant functions
in response to peroxide stress. Collectively, these studies im-
plicate OxyR orthologues in the regulation of oxidative stress
responses, virulence, biofilm formation, fimbrial synthesis,

FIG. 2. The disulfide-switch model for
transcriptional activation of OxyR in Es-
cherichia coli. OxyR responds to hydrogen
peroxide (H2O2) in E. coli and other bacte-
ria. The conserved C199 and C208 residues
are essential for redox-sensing activity.
C199 is initially oxidized to the sulfenic
acid intermediate that rapidly reacts fur-
ther to form an intramolecular disulfide
with Cys208. Oxidized OxyR binds as a
tetramer to promoter regions to activate
transcription of genes encoding proteins
with antioxidant functions, including
GrxA, which is involved in the reduction of
oxidized OxyR.
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and intestinal or urinary tract colonization in pathogenic
bacteria. All characterized OxyR proteins use cysteine resi-
due(s) for sensing, but the details differ between species. Most
OxyR orthologues appear to function, like E. coli OxyR, as
transcriptional activators in response to oxidative stress. In-
terestingly, Deinococcus radiodurans OxyR has only one Cys
residue (C210) and is oxidized to the Cys sulfenate in vitro (7).

Streptomyces RsrA: An anti-s factor regulating
a disulfide stress response

The sensing of ROS by protein thiols typically involves a
protein environment that stabilizes a reactive thiolate anion.
In some proteins, this is accomplished by coordination to
Zn(II), which increases the reactivity of one or more thiolate
ligands. One of the best-understood Zn(II)-dependent thiolate
switches is the Streptomyces coelicolor RsrA anti-sigma (71).
RsrA sequesters the sR transcription factor in an inactive
complex (38). However, oxidation of two Cys residues in
RsrA to a disulfide destroys the Zn(II)-binding site, leading to
metal ion loss, a significant structural change in RsrA, and
release of active sR (Fig. 3) (3, 55). The coordination environ-
ment of Zn(II) in RsrA has been controversial: most data
support a model in which Zn(II) is coordinated to C11, H37,
C41, and C44 (94). These four residues are conserved in RsrA
orthologues, and substitutions at these sites affect anti-sigma

activity. On oxidation, RsrA forms a disulfide bond between
C11 and either C41 or C44. The resultant release of sR acti-
vates the sR regulon, which includes functions to restore thiol
homeostasis.

Oxidation of RsrA is elicited in vivo by oxidizing agents that
deplete the pool of reduced thiols in the cell (e.g., diamide).
Such disulfide stress conditions are physiologically distinct
from peroxide-stress and, in S. coelicolor, the disulfide stress
response is regulated by RsrA=sR (38). The sR regulon in-
cludes genes encoding thioredoxin, thioredoxin reductase,
and for the biosynthesis of the low-molecular-weight thiols
cysteine and MSH, both of which would be depleted under
disulfide stress (67, 74). The sR factor is also positively auto-
regulated and activates synthesis of an unstable sR’ protein
that differs from sR by the presence of an N-terminal exten-
sion of 55 amino acids (42). The sR regulon is thus controlled
by both positive (autoregulation) and negative feedback
loops. The major negative feedback loop is the induction of
thiol-disulfide reducing systems that reduce oxidized RsrA.
The rapid degradation of induced sR‘ by the stress-induced
ClpP1=P2 proteases provides a second negative feedback
loop.

Spx: A thiol-based activator and sensor
of ROS and RES

Spx is a redox-sensing regulator originally described in B.
subtilis, where it controls a large regulon of genes that function
in maintenance of the thiol-redox balance of the cell and in the
utilization of organosulfur compounds (95). Spx is a struc-
turally atypical transcription activator and is most closely
related in sequence to the ArsC (arsenate reductase) family of
enzymes. Whereas ArsC proteins couple thiol oxidation to the
reduction of arsenate to arsenite, Spx has adopted this same
active site to serve as a sensor of disulfide stress by formation
of a disulfide bond within a conserved C10XXC13 motif (96).

Exposure to thiol-depleting electrophiles (diamide, qui-
nones, aldehydes) or oxidative-stress conditions (paraquat,
peroxides) oxidizes Spx, leading to the activation of Spx reg-
ulon genes (63). Target genes for Spx include those encoding
the thioredoxin=thioredoxin reductase system (trxA, trxB), a
thiol-dependent peroxidase (tpx), FMN-dependent oxidore-
ductases (nfrA, yugJ), methionine sulfoxide reductase (msrA),
and a DJ1=PfpI-family cysteine proteinase (yraA) (63).

The activation of the Spx regulon in response to oxidants
and electrophiles involves complex transcriptional and post-
translational control mechanisms (Fig. 4). Transcription of spx
is initiated at four promoters, and involves the sM, sB, and sA

containing holoenzymes at sites upstream of the bicistronic
yjbC-spx operon and the sA RNAP from a site (spx P3) im-
mediately upstream of spx (96). Induction of spx transcription
in response to electrophiles (diamide, quinones) involves in-
activation of the peroxide regulon repressor PerR and the
MarR-type=DUF24 family repressor YodB that repress the spx
P3 promoter (52).

Spx also is a target of post-translational control. Notably, the
activity of Spx is directly regulated by thiol oxidation, leading
to disulfide bond formation as well as by its interaction with
sulfate (46, 65). Oxidized Spx interacts with the a-C-terminal
domain (aCTD) of RNAP that binds to DNA sites adjacent to
the trxA and trxB promoters (Fig. 4). Unlike most transcription
activators, Spx does not interact strongly with specific DNA-

FIG. 3. Redox regulation of the Zn-binding antisigma
factor RsrA of Streptomyces coelicolor. RsrA is a zinc-
binding, redox-sensitive anti-s factor that sequesters sR

under reducing conditions. Diamide treatment causes in-
tramolecular disulfide-bond formation in RsrA, resulting in
the release of Zn(II) and active sR. Free sR activates tran-
scription of sR regulon genes, including trxBA and trxC
(thioredoxin and thioredoxin reductase), mshA (a glycosyl-
transferase catalyzing the first step in MSH synthesis), and
mca (mycothiol-S-conjugate amidase). Collectively, these
thiol-reducing systems function in reduction of oxidized
RsrA and restore the thiol redox balance. sR and the unstable
sR0protein (with a destabilizing N-terminal extension) are
positively autoregulated (see text).
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binding sites upstream of target genes, although specific
binding interactions likely do occur when co-bound with
RNA polymerase. Two structures of the Spx=aCTD complex
have been resolved, one in the sulfate-bound and one in the
sulfate-free conformation, which together reveal the details of
protein–protein contact (Fig. 9B) (46, 65).

Spx levels can be elevated under oxidative stress conditions
by a reduction in proteolytic turnover. Proteolysis of Spx is
normally mediated by the ClpXP protease system. Indeed, spx
was originally identified as a suppressor of clpP and clpX
mutations, as it accumulates in clpX or clpP mutants to a high
level and is responsible for several of the phenotypes associ-
ated with loss of ClpXP (96). The proteolytic degradation of
Spx is regulated by the ROS-dependent inactivation of two
proteins, YjbH and ClpX. The Spx regulon member YjbH
contains a Zn-binding His-Cys-rich domain and functions as
an adaptor for ClpXP proteolysis of Spx (25). Inactivation of
this Zn-binding site by ROS or electrophiles may lead to Zn
release, intramolecular disulfide formation, and release of Spx
from the adaptor. This would thereby stabilize Spx against
proteolysis. Moreover, oxidation of the Cys-rich Zn-finger
domain of ClpX in response to diamide stress also leads to Zn
release and inactivation of ClpX, which also results in an el-
evation of Spx levels. Thus, Spx activity may be modulated by
as many as three different thiol-disulfide switches including
those within Spx itself, the YjbH adaptor protein, and the
ClpX unfoldase subunit of the ClpXP protease complex.

Spx plays important roles as both a positive and negative
regulator of gene expression. In the absence of RNAP, Spx
does not bind directly to its target promoters. However, recent
evidence suggests that Spx likely binds to specific sites in the
DNA as part of a larger activation complex. It has been
shown, for example, that oxidized Spx and the aCTD of RNA
polymerase result in a supershift on binding to the trxB pro-
moter, and this complex is disrupted by using DTT (62). The
interaction of Spx=aCTD complex with the trxB promoter re-
quires the cis-acting elements �45AGCA-42 and �34AGCG-
31, and the first site is also conserved in the nfrA promoter.

Thus, the current model suggests that oxidized Spx binds to
the aCTD of RNAP and steers the RNAP to transcribe pro-
moters of Spx target genes, such as trxA and trxB (Fig. 4).
Negative regulation by Spx appears to occur by a related
mechanism in which the binding of Spx to the aCTD occludes
the contact surfaces for other activator proteins. This anti-
alpha activity likely accounts for the large number of genes
that are downregulated in an Spx-dependent manner under
oxidative-stress conditions (95, 96).

OhrR: MarR-family sensors of organic hydroperoxides

The OhrR family of regulators sense organic hydroperox-
ides (OHP) and other ROS by oxidation of a critical, highly
conserved Cys residue. In the decade since their first discov-
ery, detailed studies of OhrR family proteins have revealed an
intriguing diversity of chemical modifications that are all ul-
timately initiated by oxidation of the conserved Cys residue
near the amino-terminus to a sulfenic acid.

OHPs form as by-products of metabolism and include, for
example, lipid hydroperoxides formed from peroxyl radicals
and unsaturated fatty acids. The most commonly used OHPs
in laboratory studies include the model compounds cumene
hydroperoxide (CHP), t-butyl peroxide, and linoleic acid
hydroperoxide (LHP). OHPs are detoxified by a variety of
thiol-dependent peroxidases including the AhpCF and Ohr
systems. The AhpCF alkylhydroperoxide reductase system is
composed of a thiol-dependent peroxidase (AhpC) and the
FMN-dependent NADPH-oxidoreductase (AhpF) that re-
duces oxidized AhpC (34). The AhpCF system is an efficient
reductant of H2O2 and, consistent with this observation, is
often induced as part of peroxide-stress responses. For ex-
ample, the ahpCF operon is induced by OxyR in enteric bac-
teria and is regulated by PerR in B. subtilis.

Regulation of OhrA-like peroxidases is mediated by
OhrR, a dimeric redox-sensing MarR (multiple antibiotic
resistance)-family repressor, as originally defined in B. subtilis
(21) and Xanthomonas campestris (88). The ohrR gene is oriented

FIG. 4. Mechanisms regulating Spx
levels in response to disulfide stress in
Bacillus subtilis. Under nonstress condi-
tions, Spx interacts with the Zn(II)-binding
YjbH adaptor protein, which targets Spx to
ClpXP proteolytic degradation. YjbH and
ClpX both contain Cys-rich Zn-binding
sites that are oxidized to an intramolecular
disulfide, resulting in the release of Zn(II).
The levels of Spx are increased by diamide
because of the inactivation of YjbH and
ClpX and subsequent decreased prote-
olysis. The spx gene is regulated by the
repressors YodB and PerR, which are both
inactivated by diamide stress. Spx has a
redox-active CxxC motif that is oxidized
by diamide and converts it to a transcrip-
tional activator. Oxidized Spx contacts
aCTD of RNAP to activate transcription of
trxA and trxB and thereby maintain the
thiol-redox state of the cell. (Note: the fig-
ure does not specify the precise sites of
binding of the regulatory proteins to pro-
moter DNA).
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divergently to its ohrA target gene in B. subtilis. A second
functionally redundant paralogue, ohrB, is regulated as part of
the sB general stress response.

Most MarR-type regulators have a winged helix-turn-helix
(HTH) DNA-binding motif and control genes that confer re-
sistance to antibiotics, organic solvents, detergents, ROS, and
RES. Several MarR family members are important for the
regulation of virulence (16). Other redox-sensing MarR-family
regulators include the S. aureus OhrR paralogues MgrA and
SarZ, which regulate antibiotic resistance and virulence
genes, the multidrug efflux regulator MexR, and Pseudomonas
aeruginosa OspR, as reviewed elsewhere in this Forum issue:
here we focus on the B. subtilis and Xanthomonas campestris
proteins as prototypes for the 1-Cys and 2-Cys subfamilies of
OhrR proteins.

The mechanisms for inactivation of OhrR proteins in re-
sponse to different OHPs, such as CHP and LHP, have been
studied in most detail in B. subtilis and Xanthomonas species.
OhrR proteins can be divided into the 2-Cys family, as in
X. campestris, which has two redox-active Cys residues (72),
and the 1-Cys family with the prototype in B. subtilis (22). For
both regulators, the sensing of ROS initiates with the oxida-
tion of a highly conserved peroxidatic Cys residue near the
amino-terminus.

The conserved C15 of OhrR of B. subtilis is essential for
redox sensing (22). Although the OhrR dimer contains two
C15 residues (one in each monomer), intersubunit disulfide
bond formation is not observed. Instead, on addition of CHP,
OhrR is oxidized to a Cys sulfenic acid in vitro (22). Although
this modification was originally thought to inactivate the re-
pressor (32), subsequent studies established that the OhrR
C15 sulfenic acid still binds to its operator site, and further
modification of the active site is needed to elicit derepression
(50).

The fate of the OhrR C15 residue depends both on the na-
ture of the oxidant and the availability of LMW thiols. When
isolated from cells treated with CHP, OhrR was present pre-
dominantly as the mixed disulfide species with cysteine (S-
cysteinylated OhrR) and a 398-Da LMW thiol subsequently
defined as bacillithiol (BSH) (50, 68). The S-thiolation of OhrR
by Cys and BSH is consistent with the finding that these are

the two dominant LMW thiols in B. subtilis: in organisms
containing GSH, the protein is instead S-glutathionylated
(50). In vitro studies have confirmed that oxidized OhrR dis-
sociates from DNA when it is S-cysteinylated, and this reac-
tion occurs readily even with micromolar concentrations of
Cys. Interestingly, OhrR is also inactivated when treated with
CHP in vitro in the absence of LMW thiols. Under these con-
ditions, the initially formed sulfenic acid slowly condenses
with a backbone amide to generate a cyclic sulfenamide (50).
Finally, we noted that in the presence of the strong oxidant
LHP, OhrR was irreversibly overoxidized to Cys sulfinic and
sulfonic acids (86).

Unlike B. subtilis OhrR, the X. campestris OhrR repressor is
inactivated by formation of an intermolecular protein dis-
ulfide (73). Phylogenetic analyses indicate that most OhrR-
like regulators probably work by a similar mechanism, and
these are defined as the 2-Cys subfamily of OhrR proteins
because of the presence of both a peroxidatic Cys near the
amino-terminus and one or more Cys residues in a carboxyl-
terminal domain. The X. campestris C22 residue is positionally
and functionally analogous to C15 in B. subtilis OhrR. On
treatment with OHP, C22 is oxidized to the sulfenic acid,
which then leads to intersubunit disulfide formation between
C22 of one subunit and C1270 (where the prime indicates a
residue of the opposing subunit in the dimer) (64, 73) (Fig. 5).

The functional relevance of the evolution of both 1-Cys and
2-Cys mechanisms for OhrR sensors is not yet clear. The in-
troduction of a second cysteine residue in B. subtilis OhrR, at a
position equivalent to C127 in the Xanthomonas protein, con-
verts this prototypic 1-Cys protein into a 2-Cys OhrR protein,
now regulated by intersubunit disulfide bond formation (85).
Thus, no fundamental distinction exists in the reaction
mechanism. One consequence of the 1-Cys mechanism,
however, is that the protein-inactivation pathway will be very
sensitive to the availability of LMW thiols, and if the cell is
experiencing both oxidative stress and disulfide stress, the
protein is likely to be irreversibly inactivated by over-
oxidation. This is precisely what was observed when B. sub-
tilis cells pretreated with diamide, to deplete LMW thiol pools,
were then treated with CHP (50). In contrast, 2-Cys proteins
will be reversibly oxidized to the intermolecular disulfide,

FIG. 5. Redox-sensing mechanisms of the
1-Cys and 2-Cys type OhrR family proteins.
OhrR controls the OhrA thiol-dependent
peroxidase and contains one conserved reac-
tive Cys15 residue in B. subtilis and three Cys
residues (C22, C127, and C131) in X. campes-
tris. (a) The 1-Cys OhrR protein of B. subtilis is
initially oxidized by CHP to the Cys sulfenic
acid, which further undergoes reversible S-
thiolation with Cys and BSH in vivo and may
also generate a cyclic sulfenamide when thi-
ols are depleted. In the presence of the strong
oxidant LHP, C15 is irreversibly overoxidized
to the sulfinic and sulfonic acids. (b) The 2-
Cys OhrR protein of X. campestris is regulated
by intersubunit disulfide formation between
C22 and C127’ of opposing subunits. Both
Cys residues are essential for redox sensing
in vivo, as shown by mutagenesis (73).
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regardless of overall cellular thiol status, although one can
imagine that reactivation of the repressor by reduction of the
protein disulfide might be impaired under disulfide stress
conditions.

High-resolution crystal structures are available for B. sub-
tilis 1-Cys OhrR in its free and DNA-bound state (32), for
X. campestris OhrR in the reduced and oxidized states (64),
and for a homologue from S. aureus (SarZ) in the reduced,
sulfenate, and S-thiolated forms (78). These crystal structures
support a model in which modification of the initially formed
Cys sulfenate by S-thiolation leads to an allosteric change in
the DNA-binding domains and release of the repressor from
its operator (Fig. 9C). For example, in the reduced X. cam-
pestris protein, the hydrogen bonds of the Y36’ and Y46’ side
chains stabilize the C22 thiolate located 15.5 Å from its redox
partner C1270. Oxidation of C22 to sulfenic acid by OHP
disrupts this hydrogen-bonding network and results in a ro-
tation of C1270 by 135 degrees accompanied by an 8-Å
translation, thereby allowing intersubunit disulfide formation
between C22 and C1270. The resulting 28-degree rigid body
rotation of the domains containing the HTH motifs results in
dissociation of OhrR from the operator (64). Although the
structural studies to date have only characterized uniformly
oxidized OhrR proteins (with both active sites in each dimer
oxidized), studies with a single-chain OhrR (scOhrR) variant
suggest that oxidation of only one active-site cysteine (of the
two symmetric cysteines in the dimer) is likely sufficient for
inactivation of the repressor (15). In principle, this may lead to
a more sensitive induction of the Ohr peroxidase when cells
are exposed to relatively low levels of OHPs.

YodB as MarR=DUF24-family sensor
for quinones and diamide

In addition to OhrR, B. subtilis contains several other MarR-
family redox sensors belonging to the MarR=DUF24 sub-
family (51). In contrast to OhrR, DUF24 family regulators
respond specifically to RES (e.g., diamide, quinones, and al-
dehydes) but not to ROS (2). The azocompound diamide
causes disulfide stress by the direct catalysis of disulfide bond
formation including S-thiolations of cytoplasmic proteins (31,
81). Quinones have two distinct mechanisms of action, an
oxidative and an electrophilic mode. Quinones can be re-
duced incompletely to reactive semiquinone anions that in
turn reduce molecular oxygen to ROS. As electrophiles, qui-
nones form S-adducts with cellular thiols via the irreversible
thiol-(S)-alkylation reaction. Protein–protein crosslinking can
lead to aggregation of many thiol-containing cytoplasmic
proteins (56). As consequence of RES stress, the thiol redox
buffer of the cell is depleted (56, 70).

The MarR-type transcription factors YodB, MhqR, and YvaP
control specific detoxification pathways that confer resistance
to diamide and quinones (2). Together these sensors control
paralogous azoreductases (AzoR1 and AzoR2), nitroreduc-
tases (YodC and MhqN), and thiol-dependent dioxygenases
(CatE, MhqA, MhqE, and MhqO) that are involved in the
reduction or ring-cleavage of the toxic compounds (51, 56).
The MarR=DUF24-family YodB-repressor is highly conserved
among low-GC Gram-positive bacteria, including Bacillus,
Listeria, Staphylococcus, Enterococcus, and Clostridia species.
YodB has three Cys residues (C6, C101, and C108), and C6 is
conserved among MarR=DUF24-family proteins. Mutational

analyses indicate that the C6 residue is important for DNA
binding and also contributes to redox sensing in vivo (8, 51).
Current evidence supports a model in which YodB resembles
the 2-Cys type OhrR regulators and is inactivated by formation
of a C6-C1010 intersubunit disulfide in response to treatment
with diamide and quinones both in vitro and in vivo (8).

In addition to YodB, B. subtilis encodes MarR=DUF24-
family regulators YybR, YdeP, YkvN, YtcD, YdzF, HxlR,
and YvaP of mostly unknown function. HxlR is an activator of
the formaldehyde-responsive hxlAB operon encoding the
genes specifying the ribulose monophosphate pathway that
functions in formaldehyde detoxification (93). Because the
N-terminal Cys residue is also conserved in HxlR, it seems
likely that this serves as a sensing residue for aldehydes,
presumably via post-translational Cys modification.

Another 1-Cys MarR=DUF24-family regulator, CgR1435
(QorR), was recently characterized as a redox-sensing re-
pressor of a quinone oxidoreductase QorA in Corynebacterium
glutamicum (14). The DNA-binding activity of QorR was
inhibited by diamide and H2O2 in vitro. In this case, the redox-
sensing mechanism apparently involves intersubunit dis-
ulfide formation between the two C17 residues of QorR,
although this has yet to be confirmed in vivo.

MerR=NmlR-like sensors for RES and RNS

MerR is the prototype for the eponymous family of regu-
latory proteins that most commonly control metal ion resis-
tance determinants and efflux pumps. MerR (mercury
resistance regulator) is a well-characterized representative that
senses Hg(II) by coordination to three Cys residues, which
then converts MerR from a repressor to a transcription acti-
vator. Several other MerR family members also sense metals
by coordination to cysteine. One important redox-sensing
regulator of the MerR family is SoxR, which contains a redox-
active [2Fe-2S] center that is oxidized by superoxide anions or
nitrosylated by RNS, leading to activation of soxS expression.

Recently, a subfamily of redox-sensing MerR regulators
(the NmlR subfamily) has been identified in Neisseria species,
Haemophilus influenza, and Streptococcus pneumoniae. NmlR
regulators respond to RES and NO stress, regulate genes that
protect cells against RNS (nitrosative stress), and thereby
contribute to virulence (40, 87). Neisseria gonorrhoea NmlR was
first characterized as redox-controlled regulator that posi-
tively controls the class III alcohol dehydrogenase AdhC
(known to also possess S-nitrosoglutathione reductase activ-
ity), a Cpx-type ATPase, and a thioredoxin reductase. The
NmlR regulon protects against both NO and disulfide stress
(41). Mutational analyses reveal that four Cys residues (C40,
54, 71, and 95) are important for NmlR function, and a model
has been proposed in which these cysteines contribute to a
Zn(II) binding site that stabilizes a repressor form of the
protein (41). In response to oxidative stress, NmlR is modified,
possibly by disulfide bond formation, leading to loss of re-
pression or activation or both of target promoters.

NmlR homologues have a common function in the regu-
lation of divergently transcribed adh-like genes that are
known or likely to help protect against RNS. Mutations in the
nmlR and adhC genes of Neisseria species, H. influenzae, and
S. pneumoniae rendered cells sensitive to GSNO stress, because
of the lower GSNO reductase activity. AdhR, an NmlR ho-
mologue from B. subtilis, positively regulates the adhA-yraA
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operon (encoding a thiol-dependent formaldehyde reductase
and DJ-1=PfpI-family cysteine proteinase YraA) and yraC
(encoding a g-carboxymuconolactone decarboxylase) (70). In
contrast to other NmlR homologues, AdhR of B. subtilis re-
sponds specifically to aldehydes (formaldehyde and methyl-
glyoxal), but not to NO. Mutation of C52 in AdhR abolished
transcriptional activation of the adhA-yraA operon by form-
aldehyde in vivo. Thus, AdhR is hypothesized to be redox-
regulated via thiol-S-alkylation by aldehydes at C52 (70).

Redox regulation of photosynthesis: The RegBA
two-component system and the PpsR=CrtJ repressor

Rhodobacter spp. serve as model systems for the regulation
of gene expression in facultative, photosynthetic bacteria.
Rhodobacter spp. perform aerobic respiration under high ox-
ygen tension and anoxygenic photosynthesis under low
oxygen tension. Consequently, the genes encoding the pho-
tosynthesis apparatus and pigment-binding proteins are re-
pressed by oxygen. These include the photosynthetic reaction
center (RC) and transmembrane light-harvesting complexes
1 and 2 (LH1 and LH2) encoded by the puc (LH2) and puf
operons (RC and LH1).

Photosynthesis genes are globally regulated by the redox-
sensing two-component system RegBA in R. capsulatus (also
known as PrrBA in R. sphaeroides) (18). Orthologous two-
component systems are found in a wide variety of alpha- and
gamma-proteobacteria. The RegB histidine kinase has a con-
served redox-active Cys residue that is oxidized to an inter-
molecular disulfide, thereby inactivating the RegB kinase
when oxygen levels are high (18). The redox signal detected
by RegB is the ubiquinone pool in the respiratory chain (89).
RegB, in turn, phosphorylates the RegA response regulator, a

DNA-binding transcription factor that regulates, both posi-
tively and negatively, a large regulon of target genes.

Redox-sensing repressors (CrtJ of R. capsulatus, PpsR of
R. sphaeroides, and their orthologues) also control photosyn-
thesis gene expression in response to oxygen and light (18, 59).
PpsR and CrtJ are homotetrameric repressors with two central
PAS domains (17). Under oxidizing conditions, CrtJ and PpsR
bind to conserved operators in the promoters of the bacte-
riochlorophyll (bch), carotenoid (crt), and LH2 ( puc) operons
and the heme biosynthesis genes (17). The CrtJ and PpsR re-
pressors undergo intramolecular disulfide formation between
the two conserved redox-sensing residues (Cys251 and C424
in PpsR; C249 and C420 in CrtJ) on oxidation (59). Mutational
analyses showed that both CrtJ Cys residues are important for
function: C249A and C420A mutants are impaired in DNA-
binding in vivo. A similar thiol-disulfide switch has been
shown for PpsR only in vitro: the redox state of PspR is not
affected under oxidizing and light conditions in vivo (9).

Comparison of the redox properties of the dithiol=disulfide
couple for CrtJ and PpsR revealed interesting differences. The
redox potential (Em value) of PpsR was significantly more
negative (-320 mV) than that of CrtJ (-180 mV) (43). CrtJ is only
oxidized under aerobic conditions, even though oxygen has
no effect on the redox potential in the cytoplasm. Thus, CrtJ is
not always in redox equilibrium with the reducing cytoplasm
(-222 to �224 mV) (59). Two PpsR orthologues have also been
characterized from Bradyrhizobium. Interestingly, PpsR1 con-
tains only a single Cys residue, whereas PpsR2 lacks Cys
residues (36). Thus, considerable diversity in the redox-sensing
mechanisms may exist in this family of repressor proteins.

In addition to redox sensing through a thiol-disulfide
switch, PpsR repressors are also regulated in response to light.
In R. sphaeroides, regulation of PpsR activity in response to
oxygen and blue light involves the AppA antirepressor.
AppA binds PspR in response to low oxygen levels, resulting
in derepression of photosynthesis genes (58). Modulation of
AppA activity is mediated by both an N-terminal photore-
ceptor BLUF domain [sensor of Blue Light Uses FAD] and a C-
terminal Cys-rich heme-binding domain (26). The C-terminal
domain transmits the redox signals, but not the light signal, to
affect PpsR activity (28).

CprK as a redox-regulated, CRP-FNR family
regulator of halorespiration

Desulfitobacterium dehalogenans is an anaerobic Gram-
positive bacterium that is able to conserve energy through
halorespiration, the reductive dehalogenation of haloor-
ganic compounds, such as chloroalkenes and chlorophenols,
which serve as terminal electron acceptors. The genes for
o-chlorophenolacetic acid (OCPA) reductive dehalogenase
(cprAB) are encoded by the cpr cluster in Desulfitobacterium
spp. The cpr gene cluster is controlled by CprK that belongs to
the CRP-FNR-(cAMP receptor protein-fumarate nitrate res-
piration regulator)-family of transcription factors (45). CprK
is a homodimeric DNA-binding protein with a C-terminal
winged HTH domain and an N-terminal sensor domain,
which binds OCPA. Binding of the effector OCPA causes
conformational changes that enable binding to ‘‘haloboxes’’ in
the cpr gene promoter (24, 79, 80). The effector OCPA can bind
to reduced or oxidized CprK, but only reduced CprK can
activate transcription (37, 60). Thus, activation of CprK is

FIG. 6. CprK regulation in Desulfitobacterium dehalo-
genans. CprK is present in a reduced state in the cell under
anaerobic conditions. In response to oxidative stress, CprK
forms a Cys11-Cys2000 intersubunit disulfide bond and a
Cys105-Cys200 intramolecular disulfide, which inhibit CprK
DNA-binding activity. Oxidized and reduced CprK bind the
effector OCPA with similar affinity. Reduced, ligand-bound
CprK binds DNA and activates transcription of the cpr gene
cluster for halorespiration.
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controlled by both effector binding and the redox state of the
cell.

Redox control of CprK involves a thiol-disulfide switch that
inactivates CprK under aerobic conditions in D. halogenans
and D. hafniense. CprK from D. halogenans has five Cys resi-
dues (C11, C105, C111, C161, and C200). On oxidation, CprK
loses DNA-binding activity (80) because of the formation of a
C11-C2000 intermolecular disulfide or an intramolecular dis-
ulfide bond between C105 and C111 (79) or both. In contrast,
the C11 and C200 CprK mutant proteins of D. hafniense re-
tained redox-sensitivity under aerobic conditions when ex-
pressed in E. coli (24). Recent studies confirmed the C11-C2000

intermolecular disulfide in CprK of D. halogenans by H2O2 and
diamide treatment after expression in E. coli cells (27). The loss
of DNA-binding activity and redox-control of CprK C11
mutant was further confirmed in vitro and in vivo. The two
modes of dehalorespiration control by CprK are shown in
Fig. 6, involving redox and effector-binding switches.

Crystal structures of the allosteric states of CprK from D.
hafniense were resolved in the ligand-free reduced (2.0 Å), li-
gand-free oxidized (3.2 Å), ligand-bound reduced (1.8 Å), and
DNA-bound (1.8 Å) states, and together suggest a model for
the CprK-activation mechanism (Fig. 9D) (37, 54). In the ab-
sence of ligands, CprK is flexible with the C11 and C2000

residues of apposed monomers in proximity, explaining the
susceptibility of CprK to intersubunit disulfide formation.
Oxidation of CprK constrains the DNA-binding domains,
reduces flexibility, and disrupts the interdomain network that
establishes the DNA-binding surface. Ligand binding to re-
duced CprK shifts the DNA-binding domains into positions
that allow operator binding and transcriptional activation.
Activation of CprK is an example of allosteric regulation: the
binding of the ligand to reduced CprK first induces changes in
the N-terminal effector-interaction domain that in turn cause
structural changes in the DNA-binding domain required for
specific DNA contacts. Amino acid residues that play key
roles in the allosteric activation mechanism of CprK are not
conserved among CRP-FNR–type regulators, suggesting that

distinct allosteric mechanisms are used to control different
metabolic processes (54).

Eukaryotic Thiol Switches

Saccharomyces cerevisiae Yap1p

The S. cerevisiae Yap1p is a model peroxide-sensing tran-
scription factor regulated by cysteine oxidation (5, 29). Yap1p
is a basic leucine zipper (bZIP)-class transcription factor that
responds to ROS by activating the expression of*100 or more
proteins, including several with obvious roles in thiol ho-
meostasis, such as thioredoxin, GSH biosynthetic enzymes,
and glutathione reductase (48). Orthologous regulators in-
clude Pap1 in Schizosaccharomyces pombe and Cap1 in Candida
albicans. Yap1p contains two redox-active, cysteine-rich do-
mains (CRDs) important for signaling. The mechanism of
regulation of Yap1p been recently reviewed (5), and is here
briefly summarized.

Yap1p is regulated by subcellular localization with redox-
changes in the accessibility of a C-terminal nuclear export
signal playing a key role (Fig. 7) (92). Peroxides oxidize
Yap1p, leading ultimately to the formation of one or more
intramolecular disulfide bonds bridging the two CRDs. Oxi-
dation of Yap1p is indirectly mediated by glutathione per-
oxidase Gpx3 (12). Oxidation of Gpx3 by substrate peroxides
leads to a C36 sulfenic acid, which reacts with Yap1p C598 (in
the C-terminal CRD). This initial covalent Yap1p-Gpx3 com-
plex is resolved by thiol-disulfide exchange, leading to re-
duced Gpx3 and Yap1p containing a C303-C598 disulfide.
Similar Gpx3-mediated processes are thought to generate
additional disulfide bonds linking C310-C629 and C315-C629,
which further activates Yap1p.

Although disulfide-bond formation between the two CRDs
is likely the major pathway activating Yap1p in response to
ROS, other modifications elicited by RES and metalloids can
also stimulate Yap1p activity. Activation of Yap1p-dependent
genes by the thiol oxidant diamide, electrophiles and alky-
lating agents, and heavy metals likely involves intramolecular

FIG. 7. Regulation of yeast transcription
factor Yap1p in response to peroxide stress.
The activity of Yap1p is regulated by nuclear
localization. Yap1p contains two Cys-rich
domains (C-terminal and N-terminal CRD)
that harbor redox-sensitive Cys residues that
are reduced under nonstress conditions. The
nuclear export sequence (NES) can bind to
the nuclear export receptor (Crm1), and
Yap1p is exported to the cytosol, preventing
its accumulation in the nucleus. On peroxide
stress, C36 of the glutathione peroxidase
(Gpx3) is oxidized to sulfenate and interacts
with C598 of Yap1p through intermolecular
disulfide formation to a Yap1-Gpx3 inter-
mediate that binds the Yap1-binding protein
1 (Ybp1). Thiol-disulfide exchange reactions
lead subsequently to C303-C598 disulfide
formation and other intramolecular disulfide
bonds (e.g., C310-C629) in Yap1p, accompa-
nied by conformational changes of Yap1p
and the release of Gpx3. The NES export

signal is not accessible for Crm1 interaction, which leads to accumulation of Yap1p in the nucleus. This in turn leads to
activation of transcription of Yap1p antioxidant target genes (5).
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domain disulfide-bond formation or direct thiol modifications
or both. A similar mechanism regulates the S. pombe Yap1p
orthologue Pap1, in which cysteine(s) are directly modified by
diethylmaleate (6).

Keap1=Nrf2

Humans also have a robust cellular response to oxidative
stress and electrophiles. The Nrf2 transcription factor plays
a key role in the activation of genes preceded by antioxidant
response elements (AREs) by formation of heterodimeric
complexes with other transcription factors. Altogether, at least
200 genes can be induced in response to ROS and RES. Nrf2
activity is normally limited by its association with its cysteine-
rich, redox-sensing partner protein, Keap1. The Keap1 protein
associates with Nrf2 and targets it for ubiquitin-dependent
proteosomal degradation. Oxidation or S-alkylation of Keap1
leads to release of Nrf2, which was proposed to result in
nuclear translocation (35). However, recent results suggest in-
stead that Keap1 may be shuttling between the cytoplasm and
the nucleus, and Nrf2 may be nucleus localized (39, 69) (Fig. 8).

The chemical correlates of Keap1 oxidation have been well
studied and include a variety of possible modifications (39,
69). Keap1 proteins typically have 25 or more Cys residues,
which presents a formidable challenge in attempting to define
the relevant thiol modifications. Three of these (C151, C273,
and C288) appear to be central to the signaling mechanism. At
least two (C273 and C288) contribute to a Zn(II)-binding site,
which presumably contributes to the ionization, and conse-
quent high reactivity, of the coordinating cysteine thiolates at
physiologic pH (76). Reaction of these Cys thiolates leads to
Zn(II) release and disulfide-bond formation. Recently, two
important disulfide linkages have been determined that occur
on ROS exposure in Keap1, the C151 intermolecular disulfide
bridge between two subunits and the intramolecular long-
range C236-C613 disulfide that result in conformational
changes in Keap1(20). As a result, oxidized Keap1 protein
dissociates from Nrf2, which can then activate transcription of
phase-2 genes with antioxidant and thiol-protecting functions.

Emerging systems: Other cysteine-dependent
eukaryotic signaling systems

Cysteines, and their ability to be reversibly oxidized and
covalently modified, play roles in a wide variety of other
eukaryotic signaling systems (4, 5, 75, 77). In many cases, the
molecular details have yet to emerge, but it can be anticipated
that in most cases, these new systems will represent variations
on the themes noted earlier.

We noted that anoxygenic, phototrophic bacteria repress
the expression of photosynthetic reaction complexes in the
presence of oxygen. However, photosynthetic reaction com-
plexes are also regulated by ROS in oxygenic phototrophs.
Photosynthetic eukaryotes coordinate the synthesis of light-
harvesting complexes in response to changes in the cytosolic
redox state by using cysteine-containing, redox-active trans-
lational repressors. The emerging model system for this type
of regulation is the NAB1 repressor from Chlamydomonas re-
inhardtii (91). NAB1 contains two cysteine residues (C181 and
C226) within its C-terminal RNA recognition domain that are
implicated in regulation. Mutant analyses indicate that the
single and double Cys mutants have distinct phenotypes,

which suggests that regulation may be more complex than a
simple thiol-disulfide switch (91).

A second example of a novel and unexpected role for
cysteine modification in eukaryotic signaling is provided by
the soluble guanylate cyclase (sGC) enzyme, which medi-
ates the many physiologic effects of nitric oxide in mam-
mals. In response to NO, sGC synthesizes cGMP, which
triggers smooth muscle relaxation, resulting in vasodilation.
The ability of sGC to sense and respond to NO has long
been ascribed to its bound heme cofactor, but recent re-
sults indicate that the NO–heme interaction only partially
activates sGC: full activation requires an additional NO-
dependent interaction with one or more cysteine thiolates.

FIG. 8. Redox regulation of the KEAP1=Nfr2 system
in response to ROS and RES. The Keap1 sensor protein
contains more than 25 Cys residues, including the redox-
sensitive C151 and the C273 and C288 residues that coordi-
nate Zn. Under nonstress conditions, Keap1 binds to the
DLG and ETGE sites in the Nfr2 transcription factor, posi-
tioning the lysine residues of Nfr2 optimal for ubiquitination
by the E3 ligase and subsequent degradation of Nfr2. On
exposure to ROS, the C151 residues form an intersubunit
disulfide bond in Keap1, and intramolecular disulfide bonds
between C236-C613 have also been detected. Oxidation of
C273 and C288 leads to Zn release. S* indicates unknown
oxoforms (75). RES leads to alkylation of many different
Cys residues, including C151, C273, and C288 and others.
Disulfide bonds or S-alkylation of Keap1 decreases bind-
ing to the DLG site of Nfr2. Oxidation of Keap1 also masks
the NES, leading to nuclear accumulation of Nfr2, which is
further stabilized by binding to p21. This leads to tran-
scriptional activation of Nfr2 that binds to antioxidant re-
sponse elements (AREs) in the promoters of phase-2 genes
encoding heme oxygenase (HO-1), quinone oxidoreduc-
tase (NQQ1), g-glutamylcysteine synthetase (g-GCS), glu-
tathione S-transferase (GST), catalase (Cat), superoxide
dismutase (MnSod), or metallothioneins (MT-1,2) and other
antioxidant-function genes. This figure is adapted from (75).
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FIG. 9. Structures of reduced and
oxidized forms of the thiol-based
redox sensors OxyR, Spx, OhrR (2-
Cys), and CprK. (A) Structures are
shown for OxyR in its reduced,
Cys199 sulfenic acid intermediate
and Cys199-Cys208 intramolecular
disulfide conformations. In reduced
OxyR, C199 and C208 are separated
by 17 Å. The interaction of C199
with the side chains of T100 and
R266 stabilizes the C199 thiolate
anion. The residues 195 to 223, in-
cluding aC and b8, are shown in red
in reduced and gold in oxidized
OxyR and are involved in the
structural transition on oxidation.
C199 is initially oxidized to the sul-
fenic acid intermediate that rapidly
reacts further to form an in-
tramolecular disulfide with Cys208.
During OxyR oxidation, the aC helix
melts, and the aC=b8 loop shifts
positions. This figure is adapted
from (47). (B) Structures are shown
for reduced SpxC10S in complex with
the aCTD. Left: Spx and aCTD are
shown as teal and green ribbons,
respectively. Helix a4 is colored
magenta in oxidized Spx. Residues
S10 and C13 are shown as sticks
with carbon and sulfur atoms col-
ored yellow and the g-oxygen of S10,
red. Right: Close-up of the region
surrounding helix a4 and residues
C10=S10 and C13 after the super-
position of the oxidized and reduced
aCTD-Spx complex structures. Re-
duced Spx is shown as a magenta
ribbon, and oxidized Spx, as a teal
ribbon. The C10-C13 disulfide bond
is shown in orange sticks, and S10
and C13 from the reduced structure
are shown as yellow sticks. This
figure was reproduced from (62). (C)
The structures of the 2-Cys OhrR of
Xanthomonas campestris OhrRXc in its
reduced form (left) and oxidized
Cys22-Cys1270 intersubunit dis-
ulfide-linked state (right). In reduced
OhrR, one subunit is colored ma-
genta, and the other, light pink. In
the reduced form, Cys22 and
Cys1270 are separated by 15.5 Å. The
hydrogen bonds provided by the
Y360 and Y460 side chains (red) are involved in stabilization of the Cys22 thiolate (yellow). In the oxidized intersubunit
disulfide version of the OhrR, one subunit is colored teal, and the other, light blue. On oxidation of OhrR, Cys22 is oxidized to
the Cys22-SOH intermediate, disrupting the Y360-C22-Y470 hydrogen-bonding network and distorting a5. This allows the
movement of Cys1270 by 135-degrees rotation and 8-Å translation, formation of the Cys22-Cys1270 intersubunit disulfide
bond, and a6-a60 helix-swapped reconfiguration, resulting in 28-degree rigid body rotations of the HTH motifs and disso-
ciation from the DNA. This figure is reproduced from (64). (D) The Desulfitobacterium hafniense CprK structure is shown in
ligand (OCPA) bound, reduced complex (left) and in the oxidized complex (right) containing intersubunit disulfides between
C11 and C2000 (in the DNA-binding HTH motif ). The C11 and C200 cysteines are indicated by yellow spheres, the bound
OCPA ligand is shown in stick form (green), and the DNA-recognition helix is in red. Note that in the reduced form (left), the
two DNA-binding helices are approximately parallel and appropriately spaced for interaction with their cognate DNA
operator. Oxidation distorts the protein, disrupting the DNA interaction surface and preventing transcription activation. For
further details of the structural changes induced in CprK by ligand binding and protein oxidation, please see (37, 54). This
figure is kindly provided by Dr. David Leys, Manchester, UK. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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Because this second stage of activation is rapidly reversible
and does not require an oxidant, formation of a stable S-
nitrosothiol adduct is seemingly excluded (or at least not
required) for this activation. Marletta and co-workers (19)
suggest that the relevant species may be a thionitroxide
(RSNO-) formed from the thiolate anion (RS-) and NO (19).
If verified, this further expands the range of thiol modifi-
cations implicated in regulating protein activity.

Concluding Remarks

The critical role of protein disulfides in stabilization of se-
creted proteins has been appreciated for 60 years, since the
earliest days of protein chemistry. Indeed, the determination
of the first complete protein sequence, of bovine pancreatic
insulin, was complicated by the presence of intermolecular
disulfide bonds linking the two chains (83). More recently, the
central role of the thiol sulfenate in mediating oxidative
modifications has been appreciated (77), and the burgeoning
field of redox proteomics has allowed a global perspective on
the extent of protein oxidation in both normal and genetically
or chemically stressed cells (30, 53, 84). The correlates between
protein oxidation and human disease are widely appreciated,
although deconvoluting cause and effect remains a challenge
(84). Despite more than 60 years of work, the full chemical
versatility of the cysteine residue, and its ability to regulate
protein function, still holds surprises. The most recent addi-
tions to the panoply of cysteine-based regulatory modifica-
tions include the cyclic sulfenamide (PTPase 1b, OhrR) and
the possible transient of formation thionitroxide anions (sGC)
(19, 50, 82, 90).
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aCTD¼C-terminal domain of the alpha subunit
of bacterial RNA polymerase

ARE¼ antioxidant response element
BSH¼ bacillithiol
CHP¼ cumene hydroperoxide
CRD¼ cysteine-rich domain
Cys¼ cysteine

GSH¼ glutathione
GSNO¼ S-nitrosoglutathione

HTH¼helix-turn-helix
LMW¼ low molecular weight
MSH¼mycothiol

NO¼nitric oxide
OCPA¼ o-chlorophenolacetic acid

RES¼ reactive electrophilic species
RNAP¼RNA polymerase

RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species

RSNO¼ S-nitrosothiol
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