
FORUM REVIEW ARTICLE

Redox Signaling in Human Pathogens
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Abstract

In recent studies of human bacterial pathogens, oxidation sensing and regulation have been shown to impact
very diverse pathways that extend beyond inducing antioxidant genes in the bacteria. In fact, some redox-
sensitive regulatory proteins act as major regulators of bacteria’s adaptability to oxidative stress, an ability that
originates from immune host response as well as antibiotic stress. Such proteins play particularly important roles
in pathogenic bacteria S. aureus, P. aeruginosa, and M. tuberculosis in part because reactive oxygen species and
reactive nitrogen species present significant challenges for pathogens during infection. Herein, we review recent
progress toward the identification and understanding of oxidation sensing and regulation in human pathogens.
The newly identified redox switches in pathogens are a focus of this review. We will cover several reactive
oxygen species-sensing global regulators in both gram-positive and gram-negative pathogenic bacteria in detail.
The following discussion of the mechanisms that these proteins employ to sense redox signals through covalent
modification of redox active amino acid residues or associated metalloprotein centers will provide further
understanding of bacteria pathogenesis, antibiotic resistance, and host–pathogen interaction. Antioxid. Redox
Signal. 14, 1107–1118.

Introduction

Generation of reactive oxygen species (ROS) is one of
the major defense mechanisms employed by host im-

mune systems during bacterial infection. Oxidation-sensitive
regulators and the associated antioxidant genes have been
found in a variety of bacteria to survive oxidative stress [see
review by Antelmann and Helmann in this issue (1a)]. Recent
studies, however, have revealed that some of these oxidation-
sensing regulators play more diverse roles in bacteria, which
range from the regulation of virulence factors to the control of
antibiotic-resistance genes. These redox-sensitive regulators
are particularly important for pathogenic bacteria because
they must cope with ROS challenges generated from both host
immune response and antibiotic stress. Excellent reviews on
bacterial redox sensors are available (18, 25); this article,
however, does not intend to discuss all existing redox sensors.
Rather, we discuss recent progress on the identification of
oxidation-sensing regulators in pathogenic bacteria and the
characterization of their roles during bacterial infection as well
as other cellular activities. The focus is Staphylococcus aureus
and Pseudomonas aeruginosa as representative of gram-positive
and gram-negative pathogens, respectively. Several global
regulators that employ a redox-switch mechanism in control
of a broad spectrum of genes in these bacterial species will
be discussed in detail. As E. coli OxyR and SoxR and their

homologs are the two most extensively characterized and re-
viewed families of redox transcription factors (27, 55), they will
also be briefly discussed in this review. To conclude, we review
recent progress toward understanding the redox-sensitive
transcription regulators in Mycobacterium tuberculosis, the
causative agent of the deadly infectious disease Tuberculosis.

Redox Switches in S. aureus

MgrA, a major virulence determinant and global
regulator, is a redox-sensing protein in S. aureus

Staphylococcus aureus is an important gram-positive path-
ogen responsible for a variety of human infections ranging
from minor skin infections to life-threatening infectious dis-
eases. In the study of the multiple antibiotic resistance (MarR)
family proteins in this pathogen, MgrA was found to be an
antibiotic-resistance regulator that also impacts other prop-
erties of S. aureus (Fig. 1) (8, 36, 48, 69). Results from several
laboratories all indicated that MgrA regulates the resistance of
S. aureus to a broad spectrum of antibiotics, including fluor-
oquinolones, vancomycin, tetracycline, and penicillin.

A further microarray study showed that MgrA controls
expression of*350 genes in S. aureus (47). These genes encode
proteins that include a wide variety of virulence factors (e.g.,
capsular polysaccharide, nuclease, alpha-toxin, coagulase,
protease, and protein A), autolysins (e.g., lytM and lytN), and
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other global regulatory proteins (e.g., agr, lytRS, arlRS, sarS,
sarV, sarA, and sarZ) (Fig. 2), as well as proteins engaged in
cell wall biosynthesis, membrane transporters, metabolism,
and many other functions. Using a murine abscess model of
infection, our laboratory showed that the mgrA mutant strain
exhibits a 10,000-fold reduction of bacterial loading in the
kidneys, and an over 100-fold reduction in the livers of tested
mice compared to the isogenic parent, S. aureus strain New-
man (8). Taken together, all these studies demonstrate that
MgrA is a global regulator and a major virulence determinant
in S. aureus.

In the hope of revealing the regulatory mechanism of
MgrA, we solved the crystal structure of MgrA at 2.86 Å (8).
Overall, the MgrA structure resembles those of E. coli MarR
and its homologs (Fig. 3A). The dimer contains two winged
helix-turn-helix DNA binding domains attached to a central
dimerization domain in which helices a1, a6, and a7 from the
two monomers are intertwined. The most noticeable differ-
ence between the two structures is the orientation of the two
DNA-binding domains. When the N- and C-terminal dimer-
ization helices of MgrA (a1 and a7) and the salicylate-bound
MarR (a1 and a6) are overlaid, a dramatic difference is ob-

served for the relative position of the two DNA-binding do-
mains (Fig. 3B). The recognition helices (a4) of MgrA are
poised to interact with the major groove of B-form DNA
(Fig. 3C), whereas the same helices in MarR are twisted by
*43 degree and are nearly inline with each other. This con-
formation prevents the two a4 helices from interacting with
the major grooves of a duplex DNA simultaneously in the
salicylate-bound MarR.

The structure of MgrA did not immediately reveal the
signal that activates this regulator and regulatory mechanism
used by the protein. It was only after a long period of research
inquiry that we appreciated the significance of the single
cysteine residue found in the MgrA sequence, Cys12. This
lone cysteine is located in the N-terminal helix a1 in the di-
merization domain. Each monomer presents the cysteine to be
recognized through hydrogen bonding to Ser113 and Tyr38
from the other monomer (Fig. 3D). Close inspection of the
organization of the dimer interface revealed striking simi-
larities between MgrA and OhrR (32), a peroxide-sensing
transcriptional factor that controls an organic hydroperoxide
resistance gene (ohr) in Bacillus subtilis (22, 23), which is re-
viewed in this issue (1a). In the OhrR case, oxidation of
Cys15 by hydrogen peroxide or organic hydroperoxide and
subsequent modification leads to dissociation of the protein
from the promoter DNA and derepression of the ohr gene to
counter peroxide stress. Indeed, our subsequent studies had
shown that ROS such as hydrogen peroxide, organic per-
oxide, and superoxide can efficiently oxidize the thiol group
of Cys12 to form Cys-sulfenic acid in vitro, and that this
oxidation leads to weakened affinity of MgrA to its cognate
DNA (8). As will be discussed below for SarZ and OhrR, the
sulfenic acid form of Cys12 is most likely further modified
inside bacteria, which may lead to a further reduction of the
protein’s affinity to its cognate DNA. Bacterial whole cell
assay further confirmed that peroxides serve as the signal
that triggers transcriptional activation through the release of
MgrA (derepression), which turns on transcription of a
broad range of downstream genes that are engaged in vari-
ous activity and properties of S. aureus (8).

Typically, bacteria employ the oxidation-sensing mecha-
nism to counter challenges of ROS and reactive nitrogen
species (RNS). The discovery that a global regulator that im-
pacts the transcription of *13% of all genes in S. aureus is
actually a redox switch has significant implications. Since

FIG. 1. Sequence alignment of the selected MarR family proteins with S. aureus MgrA, E. coli MarR, and P. aeruginosa
MexR. Light highlights indicate identical aminoacids, dark highlights indicate conserved substitutions.

FIG. 2. MgrA, SarZ, and SarA regulatory network. MgrA,
SarZ, and SarA are global regulatory proteins in S. aureus.
MgrA and SarZ are redox switches, whereas SarA has been
suggested to be redox active as well.
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S. aureus and related human pathogens must cope with
human immune response, oxidation signals must affect many
different aspects of the bacterial physiology, including the
tuning of its virulence. Clearly, MgrA adopts an oxidation-
sensing mechanism in S. aureus to regulate much broader
functions, particularly when compared to OhrR in B. subtilis
(Fig. 4). This oxidation-sensing strategy enables the response
of a single regulator, MgrA, to oxidative stress caused by

various challenges and to globally regulate different defensive
pathways.

SarZ, a MgrA homolog in S. aureus,
is also a thiol-based redox switch

Intrigued by the discovery of MgrA as a redox switch that
exerts a global regulatory function in S. aureus, we asked the

FIG. 3. Structural analysis of MgrA. (A) Overlay of the crystal structures of the reduced form of MgrA dimer (in blue) with
the salicylate-bound form of MarR dimer (in yellow). The DNA-binding helix a4 is indicated by arrows. (B) View from the
bottom of the structures of MgrA (blue) and MarR (yellow). (C) Structure of the reduced form of MgrA docked on a B-form
duplex DNA. Cys12 on one monomer is shown as a yellow ball and indicated by an arrow. (D) Close-up of the active site Cys
residue and the surrounding H-bond network in MgrA. (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).

FIG. 4. Mechanism of MgrA and
SarZ. An oxidation-sensing mechanism
is employed by MgrA and SarZ for the
regulation of a broad spectrum of genes
in S. aureus. The character X refers to
thiol modification, for example, SR for
SarZ. ROS, reactive oxygen species.
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obvious question: Are there other homologs in S. aureus that
also possess a redox-active Cys residue? Indeed, a sequence
alignment showed that two additional regulatory proteins,
SarA and SarZ, have a conserved Cys residue as does MgrA
(Fig. 5). SarZ is a close homolog of MgrA with a 71% se-
quence identity. It affects expression of 87 genes that are
involved in metabolism, autolysis, and defensive pathways
(9). It also impacts bacterial virulence by controlling toxin
secretion, protease production, and biofilm formation. Most
interestingly, SarZ dramatically affects the activation of pflA
and pflB, which encode enzymes of the first committed steps
of anaerobic respiration. These two genes are known to be
dramatically induced when S. aureus is under H2O2 stress.
Thus, under oxidative stress, SarZ controls the metabolic
switching to anaerobic energy production pathways, while
the microbe transforms into a more inert state to protect itself
(9). Bacteria in this state can presumably grow anaerobically
with decreased nutrition and energy consumption, and are
more resistant to environmental stresses such as ROS and
antibiotics.

The conserved Cys residue in SarZ, Cys13, is redox active.
It is readily oxidized by peroxides; oxidation and subsequent
modifications then lead to the reduced affinity of the protein
to the cognate DNA. As in the case for OhrR, sulfenic acid
formation from Cys-oxidation is not sufficient for derepres-
sion. Hellman and coauthors have shown that cysteine
modification, formation of a mixed disulfide or a cyclic sul-
fenamide, is necessary for the release of OhrR from DNA
(30, 45). The formation of a mixed disulfide with small
molecule thiols present in the bacterial cytoplasm can be
the dominant biological modification inside bacteria (63).
In fact, some other bacterial peroxide sensors employ the
formation of intra- or intermolecular disulfide bonds to in-
duce conformational changes necessary for gene activation
(7, 51, 53, 72).

The crystal structures of SarZ in three different states—
reduced, sulfenic acid form, and disulfide-modified with an
external small molecule thiol—were solved recently in an ef-
fort to understand the full picture of the activation mechanism
of SarZ (57). Overall, very few differences manifest between

the reduced and the sulfenic-acid modified structures, but a
large conformational shift in the DNA-binding domains and
the hydrogen-binding network surrounding Cys13 were ob-
served when SarZ was further modified to the mixed disulfide
form (Fig. 6). Superimposition of the structure of reduced
SarZ and the sulfenic-acid modified form results in a root
mean square deviation (rmsd) of only 1.16 Å. In the reduced
SarZ, Cys13 is surrounded by hydrogen-bonding residues
from the other monomer just like that in MgrA. Upon oxi-
dation to the sulfenic acid form, the same hydrogen bonds are
formed with Od instead of Sg. The spacing between the DNA-
binding helices a4 and a40 is 32 Å and 30 Å for the reduced and
sulfenic acid-modified SarZ, respectively, and is compatible
with the binding of the recognition helices to consecutive
major grooves of B-DNA. This structural observation coin-
cides with DNA-binding results, which demonstrate that re-
duced SarZ and sulfenic-acid modified SarZ have similar
affinities to DNA. In contrast, a large conformational shift in
the DNA-binding domains is observed when SarZ is further
modified to the mixed disulfide form (Fig. 6C). The formation
of the disulfide bond disrupts both the hydrogen bond net-
work and the organization of residues in the cysteine pocket.
The addition of benzene thiol to the cysteine pocket also in-
duces changes through steric interactions. A combination of
losing the interactions of the hydrogen bonds that surround
the reactive Cys residue and the additionally added sterics
from the mixed disulfide contributes to an allosteric confor-
mational change, which in turn leads to a 7-Å translational
shift of the DNA-binding helices that induces sterics with the
duplex DNA and gives rise to a decreased affinity of the
disulfide-modified SarZ to DNA (57).

This detailed study of SarZ revealed a more complete
mechanistic picture for the single Cys-containing MgrA=
OhrR type of regulatory proteins. The nature of the small
molecule thiol in vivo is still unclear, as well as whether or not
the disulfide-modified proteins return to a reduced state in-
side these bacteria in the absence of oxidation stress. Possibly,
the disulfide-modified proteins can be reduced back to
the native form through thioredoxin or other thiol-based
reductants.

FIG. 5. Sequence alignment of the MarR-type of redox-sensitive regulators in S. aureus (MgrA, SarZ, and SarA),
P. aeruginosa (OspR), and homologs in B. subtilis (OhrR-Bs) and X. campestris (OhrR-Xc). These proteins share a thiol-based,
oxidative-sensing mechanism. Light highlights indicate identical aminoacids, dark highlights indicate conserved substitutions.
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SarA has been proposed to act as a redox
switch in S. aureus

SarA is one the first transcriptional regulators discovered in
S. aureus (10). SarA controls approximately 120 genes that en-
code proteins performing diverse functions in S. aureus. Se-
quence alignment with MgrA and SarZ indicates that SarA has
a conserved Cys residue, Cys9. Cys9 is also the only Cys resi-
due in the entire sequence of SarA. The crystal structure of SarA
also indicates the presence of a Cys-recognition pocket at the
protein dimerization interface (46). Cys9 is not very sensitive to
oxidation, however, and requires millimolar levels of peroxides
to oxidize this Cys residue (3, 4, 24, and He, unpublished).
Instead, this Cys in SarA is very sensitive to alkylation
(He unpublished). Recent results show that SarA controls sod
(encodes superoxide dismutase) and trxB (encodes thioredoxin
reductase) in S. aureus (3, 4). Thus, SarA is involved in redox
balance in S. aureus. The exact sensing and regulatory mecha-
nism employed by SarA may need further studies. Direct Cys9
oxidation is an attractive proposal (3, 4, 24). Redox signals may
also be relayed through a different pathway.

PerR is a metal-dependent oxidative stress
regulator in S. aureus

PerR is a metalloprotein first identified from Gram-positive
bacterium Bacillus subtilis. PerR belongs to the Fur (ferric uptake
regulator) family of transcription factors and is a major regu-
lator of the hydrogen peroxide stress response in B. subtilis.
The homolog of PerR had also been found in various gram-
positive pathogens, including S. aureus. PerR and OxyR control
similar regulatory pathways, including peroxide scavenging
and iron metabolism, and generally present in different
organisms. In S. aureus, PerR may act as a redox-sentinel pro-
tein during infection (33). The pathogenesis of perR mutant
strain MJH001 was investigated through a murine subcutane-
ous skin abscess model of infection, which exhibited a*10-fold
reduction of virulence ( p< 0.005) and produced smaller lesions
(0.237� .0.143 g) compared to the wild-type strain 8325–4

(0.528� 0.173g). Although catalase has been previously pro-
posed as an important virulence determinant in S. aureus (38,
50), the same model of infection on katA mutant strain ST16
showed no attenuation of virulence ( p¼ 0.125) with similar
lesion size (0.582� 0.217) compared to 8325–4. PerR had also
been shown to regulate expression of a broad spectrum of
oxidative stress resistance genes in S. aureus, including catalase
(katA), alkyl hydroperoxide reductase (ahpCF), and thioredoxin
reductase (trxB). Besides sensing oxidative stress, S. aureus PerR
is also responsible for iron balance within the cell by controlling
the iron homeostasis regulator Fur and a few iron storage and
uptake genes such as ferritin ( ftn) and mrgA (33, 34).

B. subtilis PerR, the prototype of this widespread family of
iron-containing oxidative stress regulators, possesses a unique
oxidation-sensing mechanism: it contains a nonheme iron
center that lacks reactive Cys residues. It has been demon-
strated that the two His residues involved in chelating iron(II)
in the metal-binding site can be oxidized to 2-oxo-His through
an iron-catalyzed hydrogen peroxide reduction (44). This re-
action releases iron and PerR loses its DNA-binding ability
(Fig. 7). PerR seems to be not only sensitive to H2O2, but also
responsive to its toxic potential, which correlates with the iron-
catalyzed Fenton reaction. The PerR’s activation mechanism
provides great peroxide specificity given that only these
compounds can react with the active-site iron to induce His
oxidation in PerR. PerR is an autoregulator and its activation
mechanism turns out to be sacrificial: in contrast to the rich
chemistry in thiol’s reversible oxidation and reduction, no oxo-
His reduction mechanism is currently known. This is a unique
feature that distinguishes PerR from cysteine-based regulators.

Redox Switches in P. aeruginosa

OspR, a redox-sensitive global regulator
in P. aeruginosa

Besides S. aureus, Pseudomonas aeruginosa is another human
pathogen responsible for a variety of infectious diseases, most

FIG. 6. Structural analysis of SarZ. Structures of reduced (A), sulfenic acid (B), and disulfide-modified (C) forms of SarZ.
Close-up of the active site Cys residue and the surrounding H-bond networks on SarZ are shown below (PDB IDs: 3HSE,
3HRM, and 3HSR). (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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notably in those afflicted with cystic fibrosis or individuals
with compromised immune systems. As a gram-negative
pathogen, P. aeruginosa must also overcome the oxidative
stress response generated by phagocytic cells for successful
infection. To counter ROS challenges, P. aeruginosa possesses a
multifaceted regulatory system that responds to host immune
response and other ROS-generation processes.

A BLAST search of MgrA’s homologs in the whole genome
of P. aeruginosa identifies two close homologs. Annotation
indicated that one of them, PA2849, is very likely to be OhrR
in P. aeruginosa since it seems to control antioxidation genes
(42). A recent result confirmed this protein as a thiol-based
redox switch sensitive to organic hydroperoxides (2). The
other one, PA2825, is a global regulator that controls the ex-
pression of genes involved in oxidative stress response, quo-
rum sensing, tyrosine metabolism, b-lactam resistance, and
the dissemination of P. aeruginosa during infection. It is also an
essential regulator involved in pigment production; therefore,
it was named OspR (oxidative stress response and pigment
production regulator). OspR is a homolog of the bacterial
OhrR=MgrA family of oxidative-stress sensing and regula-
tory proteins (Fig. 5). It binds to the promoter of PA2826,
which encodes a glutathione peroxidase homolog, and re-
presses expression of PA2826 and itself (Fig. 8). OspR may
recognize many additional sites in the P. aeruginosa genome
and its regulatory function is redox sensitive because the
addition of oxidants dissociates OspR from its cognate DNA.
OspR uses a cysteine residue, Cys24, to sense potential oxi-
dative stress. Different from MgrA and SarZ, a second Cys,
Cys1340 from the other monomer, attacks the oxidized sulfe-
nic acid form of Cys24 to form an intermonomer disulfide,
which presumably leads to conformational change of OspR
upon oxidation. This is similar to the oxidation-sensing

mechanism employed by the 2-Cys subfamily of OhrR pro-
teins such as Xanthomonas campestris OhrR (Xc-OhrR), which
utilizes a reactive cysteine residue (Cys22) that upon oxida-
tion by organic hydroperoxides forms an intersubunit dis-
ulfide bond with residue Cys1270 from the other monomer
(51, 53). OspR responds to millimolar levels of peroxides.
Besides Cys-oxidation, other signaling pathways through
OspR may also exist, for example, other posttranslational
modifications such as phosphorylation of specific amino acid
residues of OspR.

An interesting feature that makes OspR unique from other
redox regulators such as MgrA and SarZ is that it controls
bacterial pigment production. Pseudomonas species are well
known to produce multiple-colored phenazine pigments.
These molecules can undergo redox cycling to produce toxic
superoxide and H2O2, and thereby affect bacterial virulence
and redox balance. OspR affects expression of phenazine-
modifying genes as well as the pyomelanin pigment pro-
duction gene, both of which contribute to the observed
pigment phenotypes. The other unique feature of OspR is its
regulatory role on bacterial quorum-sensing, which had not
been observed for other members of the OhrR=MgrA family
of redox-active regulatory proteins. OspR regulates expres-
sion of phzM and phzS, two well-known quorum-sensing-
regulated genes and PA1897, a gene controlled by QscR,
which is a modulator of quorum-sensing signal synthesis and
virulence. P. aeruginosa quorum sensing is known to control
expression of catalase and superoxide dismutase genes. Ad-
ditional links between oxidative response and quorum sens-
ing through OspR exist in P. aeruginosa. Bacterial infections
have long been thought to involve cooperative bacterial ac-
tivities facilitated by quorum-sensing systems. In cystic fi-
brosis patients, bacteria routinely reach very high densities

FIG. 7. Mechanism of PerR.
B. subtilis PerR is an iron-
containing oxidative stress reg-
ulator that is a functional analog
of E. coli OxyR. It senses H2O2

by its two His residues that are
converted to 2-oxo-His and lose
their Fe(II)-binding ability upon
oxidation. This His oxidation
leads to the dissociation of PerR
from its cognate DNA and turn
on the derepression pathway.

FIG. 8. Mechanisms of OspR and MexR. (A) OspR and (B) MexR are thiol-based redox-sensitive regulators in P. aeruginosa.
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within respiratory secretions and their infections are thought
to be coordinated by quorum sensing. An interesting future
research direction is to reveal detailed cross-talk between
oxidative stress sensing and quorum sensing for P. aeruginosa
to cope with changes in the host environment. Lastly, another
noticeable feature of OspR is its role in the virulence of P.
aeruginosa. While activation of MgrA and SarZ in S. aureus
leads to reduced bacterial virulence inside the host, which
may suggest that the bacterium transfers to an inert state
when challenged with oxidation, activation of OspR in P.
aeruginosa seems to induce bacterial virulence in a lung in-
fection model. Perhaps ROS is not the major signal for OspR,
and is used to convey other signals yet to be identified. There
might be other global redox active switches that perform
similar functions as MgrA, or P. aeruginosa could respond very
differently to ROS challenge as compared to S. aureus. De-
tailed analysis of OspR-based transcriptional regulation and
exploration of other redox-sensitive regulatory pathways are
required to answer these questions.

MexR, a multidrug efflux regulator uses
an oxidation-sensing mechanism

P. aeruginosa has a complex genome compared to S. aureus.
It possesses multiple drug efflux pumps that give the microbe
intrinsic resistance to a variety of antimicrobial agents. A
major tripartite pump system encoded by the mexAB-oprM
operon has been extensively studied (56, 65, 74). This drug
efflux system couples the inner and outer membranes for
extrusion of a range of antibiotics, including b-lactams, tet-
racycline, chloramphenicol, quinolones, and novobiocin. The
MexR protein is a negative regulator of mexAB-oprM and it-
self. It has been suggested that this regulation has a link to
bacterial virulence in P. aeruginosa.

MexR is a member of the MarR-type transcriptional regu-
lators. This family of regulators had been shown to be sensi-
tive to various environmental stresses, whereas the real
activation signal for MarR, the archetype of this family of
proteins, remains poorly understood. The commonly ac-
cepted mechanism for the MarR family proteins involves
binding of a small molecule drug to the dimer protein, which
leads to the dissociation of the protein from DNA, but the low
binding affinity measured between MarR and salicylate type
molecules, as well as the high concentration of salicylate re-
quired for the MarR-salicylate complex crystal, cast doubts on
the physiological link between the direct small molecule
binding and MarR’s transcriptional derepression (1, 14, 67,
70). The mar regulon also responds to chloraphenicol, tetra-
cycline, fluoroquinolones, and various other agents in E. coli,
similar to MexR, which seems able to sense the presence of a
diverse range of different antibiotics in P. aeruginosa. It is hard
to envision that a simple protein like MarR (142 aa) or MexR
(147 aa) is able to recognize such a diverse range of structures
under physiological conditions. Other antibiotic-resistance
regulators such as QacR and BmrR have been conclusively
shown to directly bind a particular group of antibiotics (28,
59). These proteins all possess well-defined, hydrophobic,
small molecule-binding pockets that are missing in MexR and
MarR. Then, how are small regulatory proteins such as MexR
and MarR capable of recognizing very different structures?
The work on MgrA and SarZ suggests that secondary signals
exist to relay the information. Bactericidal antibiotics are

known to generate oxidative stress (7, 8, 20, 40). Thus, ROS
represents a secondary signal for the antibiotic stress, which
can be sensed by regulatory proteins to cover the presence of a
range of different antibiotics. Indeed, recent work showed
that two Cys residues in MexR (Cys32 and Cys60) are redox
active and form intermonomer disulfide bonds under mild
oxidation conditions. The disulfide-linked MexR dissociates
from promoter DNA, which activates the mexAB-oprM op-
eron. To conclusively support this mechanism a structure of
the oxidized MexR has also been obtained (He unpublished).

OxyR and SoxR in P. aeruginosa

OxyR and SoxR are two key oxidative stress regulators of
bacteria (73). The regulation and posttranslational activation
of these two proteins had been extensively studied in E. coli.
OxyR activates expression of several antioxidant genes in
response to elevated levels of H2O2 (13). The E. coli oxyR
knockout strain is sensitive to H2O2 and has a higher inci-
dence of spontaneous mutations. OxyR forms a tetramer in
solution. Oxidation by peroxide has been shown to lead to the
formation of a disulfide bond in OxyR, which triggers the
activation of this transcription factor (72). The disulfide bond
formation and reduction between Cys199 and Cys208 tune
OxyR’s activation and deactivation states (12). In P. aerugi-
nosa, an array of essential oxidation defense genes, including
katB-ankB, ahpB, and ahpC-ahpF, are regulated by OxyR (52).
The oxyR mutant strain of P. aeruginosa was hypersusceptible
to ROS reagents, including H2O2 and paraquat. A unique
feature of OxyR in P. aeruginosa is its involvement in the
regulation of DNA repair function, which previously had not
been observed in E. coli OxyR. OxyR was found to be located
upstream of recG, a putative DNA repair enzyme in P. aeru-
ginosa. Results from recent investigations provided evidence
that the oxyR-recG locus is critical for oxidative stress defense
as well as DNA repair activity of P. aeruginosa. Animal model
study also demonstrated that OxyR is required for full viru-
lence of P. aeruginosa during infection and is a major factor for
the resistance to human neutrophils (43).

SoxR is a redox-based transcriptional regulator that con-
trols oxidative stress response in E. coli. Activation of SoxR led
to the upregulation of a single gene, soxS, which then turns on
a regulon containing many oxidative-stress response genes
(55). In addition to protecting against oxidative damage, SoxR
had been shown to control the resistance to antibiotics, or-
ganic solvents, and heavy metals. Upregulation of SoxR=S
pathway is also crucial for resistance to nitric oxide-generating
macrophages. SoxR belongs to the mercury resistance regu-
lator family of transcription factors, the prototype of which
is mercury resistance regulator found in an E. coli transposon.
It forms a homodimer with the N-terminal containing a helix-
turn-helix DNA-binding motif. A cysteine-rich domain ex-
ists at the C-terminal of SoxR, which was later found to form a
redox-active iron-sulfur cluster [2Fe-2S] (29). The two [2Fe-2S]
clusters that each dimer contains are essential for the tran-
scriptional activity of SoxR in vitro and in vivo. The redox
potential of the [2Fe-2S] clusters in P. aeruginosa SoxR is
�290 mV, a value very similar to E. coli SoxR (�285 mV) (50).
However, the regulatory activity of SoxR in P. aeruginosa is
dramatically different from its role in E. coli. As SoxS was
absent in the whole genome of P. aeruginosa, SoxR had
been shown to act as a direct transcriptional activator of a
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hypothetical protein PA2274. Although the function of this
protein is currently unknown, it is not a SoxS homolog, nor is
it likely to be a transcription factor. Past studies suggest that
SoxR may play multiple regulatory roles in addition to its
oxidative stress protection. It bears investigating whether an
unknown SoxS-equivalent protein exists in P. aeruginosa or
SoxR exerts its regulatory role by direct binding to the pro-
moter regions of various genes other than PA2274 (39).

Redox Switches in M. tuberculosis

Mycobacterium tuberculosis, one of the world’s most devas-
tating human pathogens, kills *1.8 million people annually.
Current estimates indicate that one-third of the world’s pop-
ulation is host to this pathogen and 10 million new infections
occur every year (71). Current treatments are expensive and
long, which reduces treatment efficacy. A better under-
standing of the bacterial physiology is instrumental to the
discovery of new therapies and the eradication of the dis-
ease. In recent years interest toward understanding redox
regulation in Mycobacterium tuberculosis and its role in viru-
lence has developed. It bears elucidating whether the acti-
vation of the bacterium inside of the host (transition from a
nonreplicating nonpathogenic state to a replicating and
highly pathogenic state) is due to random fluctuations in the
bacterial physiology or is a direct response to sensing a more
favorable environment (i.e., less oxidative environment) by
the bacterium (21).

Mycobacterium tuberculosis is an obligate aerobe that can
survive for many years inside of the host under hypoxic
conditions in a nonreplicating state. M. tuberculosis resides
inside macrophages and must cope with ROS and RNS pro-
duced by the host to combat the infection (5). To withstand
ROS and RNS, M. tuberculosis has several antioxidant de-
fenses: (a) a thick and semiimpermeable cell wall containing
mycolic acids, glycolipids, and polyketides (60); (b) intracel-
lular millimolar concentrations of small molecule thiols like
mycothiol (18); (c) protective enzymes like KatG, AhpC, and
Tpx (2); and (d) reduced coenzymes like F420H2 (58). Ad-
ditionally, M. tuberculosis has several redox-sensitive regula-
tors, which will be introduced in this section.

DosT, DosS, and DosR: dual two-component
system involved in gas and redox sensing

DosT, DosS, and DosR, also known as DevT, DevS, and
DevR, form an extensively studied dual two-component
system (TCS) composed of two sensor kinases (DosT and
DosS) and a transcriptional regulator (DosR). Both DosT and
DosS are necessary for the induction of the dosR regulon (a
set of 48 genes induced during latency). Full induction of
these genes is necessary for survival during anaerobiosis (31).
DosT and DosS are membrane-associated histidine kinases
that contain a heme-bound GAF domain in the N-terminal-
sensing domain where autophosphorylation occurs, and a
histidine kinase ATPase domain. The heme ferrous iron can
coordinate O2, NO, and CO. In the O2-bound and the ferric
forms of the enzyme, the autophosphorylation is turned off.
The enzyme is on in the unbound or NO- or CO-bound states.
Initially, DosT and DosS were reported to be oxygen-sensing
kinases (64). Later, based on in vitro results it was proposed
that DosT functions as a hypoxia sensor and DosS as a redox
sensor (64). DosS was reported to be readily oxidized in vitro

and a crystal structure of the ferric form was published sup-
porting the redox-sensing hypothesis (11, 41). Soon after, a
study measured the half-life of the oxidation of iron(II) under
different in vitro conditions similar to biological conditions
and concluded that the iron(II) form of the enzyme is very
stable under biologically relevant conditions and that DosS is
a gas sensor-like DosT (37). DosT and DosS have different
affinities to O2, CO, and NO in vitro, which indicates that they
may serve the bacterium to finely monitor the environment
(DosT Kd¼ 26 mM to O2, Kd¼ 0.94 mM to CO, and Kd¼ 5 nM
to NO; DosS has affinities of Kd¼ 3 mM to O2, Kd¼ 36 nM to
CO, and Kd¼ 20 nM to NO) (64). To our knowledge, studies
looking at the redox state of the iron in vivo or the phos-
phorylation status of the kinase in vivo in the presence of an
oxidant environment have not yet been carried out. Therefore,
the possibility exists that the bacterium uses DosS to sense gas
and redox changes.

Once DosS and DosT are phosphorylated, they transfer a
phosphate group to DosR, which activates the dosR regulon.
DosR is a transcriptional regulator divided into two domains:
an N-terminal receiver domain and a C-terminal DNA-
binding domain (17). DosR binds to several DNA elements
upstream of the dosR. DosR is thought to be required to enter,
maintain, and exit latency; further, it was shown that aerobic
transcription of dosR regulon is DosR-independent, but in-
duction under hypoxic conditions was DosR dependent (6).

Different studies have observed different effects of
dosR=S=T mutants in virulence. A study reported that mice
infected with a dosR gene deletion mutant strain died faster
than those infected with wild type (54). Subsequently, a dosR
null mutant was found to be less virulent in guinea pigs (49).
Still a third study reported that a dosT-dosR gene deletion
mutant exhibited a growth defect in mice and guinea pigs, but
showed no differences in rabbits (15). These differences are
likely to due to different strains and different models used.
Nonetheless, they indicate an important role for dosR=S=T in
pathogenesis.

RshA and RslA, zinc-associated antisigma
factors in M. tuberculosis, are redox active

Sigma factors regulate numerous cellular processes in
prokaryotes that include stress response, transport, and cell
growth. Antisigma factors bind to sigma factors and in-
hibit their transcriptional activity. RshA and RslA are zinc-
associated antisigma factors of SigH and SigL, which are
alternative sigma factors of M. tuberculosis that regulate the
response to different stress conditions. Binding of RshA to
SigH was demonstrated in vitro and in vivo using a two-hybrid
system. The in vitro binding was shown to be disrupted under
oxidation conditions or heat stress. In vitro transcription was
disrupted by oxidative stress as well (62). RslA was identified
on a bacterial two-hybrid assay and reported to interact with
SigL (26). Subsequently, RslA was shown to interact with SigL
in vitro (16). More recently, structural information was re-
ported showing that zinc(II) is coordinated in a tetrahedral
fashion by two His and two Cys residues. One His and two
Cys residues are from a HXXXCXXC motif, which is con-
served in all zinc-associated antisigma factors (68). The Cys
residues are solvent accessible and it was proposed that these
Cys residues are sensitive to oxidation. Accordingly, the zinc
binding is disrupted upon incubation with 10 mM H2O2,
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suggesting that Cys oxidation releases the zinc ion. A recent
study indicated that the absence of zinc decreases the affinity
of RslA to SigL (Fig. 9A) (68). Finally, an rslA-sigL mutant
strain was attenuated in a mouse model of infection (16).

These regulators tend to be less reactive to ROS as com-
pared to other ROS sensors mentioned above. For example,
Hsp33 from E. coli, which also has a similar Cys-zinc motif,
can only be activated by simultaneous heat and oxidative
shock from H2O2, but not by either stress alone (35). The re-
action rate of Hsp33 toward H2O2 oxidation at elevated
temperature is 105–106 times slower than the reaction rates of
OxyR and PerR toward oxidation.

WhiB3 integrates lipid metabolism and redox signaling

WhiB3 is an iron–sulfur cluster protein that functions as a
redox active center to maintain redox homeostasis. WhiB3
was reported to respond to O2 and NO through its iron–
sulfur cluster and integrate environmental signals with core
intermediary metabolism (61). While the redox state of
the [4Fe-4S] cluster did not affect DNA binding, reduction of
the Cys thiols of the apo form abolished DNA binding,
whereas oxidation stimulated it (Fig. 9B). It was reported
that WhiB3 directly controls the expression of polyketide
biosynthetic genes involved in oxidative defense and viru-
lence (60). The catabolism of highly reducing host fatty acids
causes reductive stress, which in turn reduces thiols in
WhiB3, causing the protein to dissociate from DNA, thus
enabling the transcriptional activation of lipid anabolism
genes. This reductive stress is likely to be found during latent
infection in which O2, CO, and NO concentrations are low
and host fatty acids are present. Under these conditions
WhiB3 is proposed to neutralize reducing equivalents and
upregulate lipid anabolism. Growth of a whiB3 mutant
strain of M. bovis was impaired in guinea pigs, but no dif-
ference was observed in M. tuberculosis (66).

Other redox sensors in M. tuberculosis

Lastly, OxyR, a model regulatory system for oxidative
stress in bacteria, was found to be inactivated in M. tubercu-
losis with numerous frameshifts and deletions (19). To our

knowledge, no SoxR homologs have been studied in M. tu-
berculosis, and an OhrR=MgrA homolog in the genome of
M. tuberculosis has not been characterized.

Summary and Perspective

Human immune systems produce high concentrations of
reactive oxygen and nitrogen species in response to bacterial
infections. It is no surprise that pathogens such as S. aureus,
P. aeruginosa, and M. tuberculosis possess extensive oxidation-
sensing capacity to cope with the host immune response and
regulate global changes of their properties. These changes not
only include activation of defensive systems to reduce the
ROS threat, but may also involve a major shift of life forms of
these pathogens such as dramatically reducing or modulating
the virulence and switching on and off key metabolic path-
ways. Thus, these bacteria could adopt either a latent form or
a virulent form inside a human host. For instance, one could
envision that in healthy individuals with strong immune
systems a pathogen residing in or near host immune cells may
stay in an inert form that completely turns off its virulence.
When the host immune system is compromised, the bacteria
become highly virulent and cause diseases. Redox active
switches play key roles during the transformation, as dem-
onstrated for MgrA in S. aureus (8, 9). The redox sensing also
plays important roles in antibiotic resistance regulation. Re-
cent studies have shown that ROS are generated in most cases
when bacteria are under antibiotic stress (1, 70). Instead of
detecting the presence of various antibiotics, the structures of
which are quite different, bacteria can sense ROS as a simple,
secondary signal (7).

Future research should (a) discover and characterize new,
global redox regulators in human pathogens that have to cope
with human immune response; (b) understand the molecular
level signal(s) and signaling mechanism; and (c) develop
small molecules that may modulate the regulatory functions
of these key switches. Indeed, we face many challenges. New
tools and methods need to be developed and applied to dis-
cover redox-sensitive proteins that are not homologous to
existing ones. For instance, chemical probes may be synthe-
sized to profile all reactive Cys residues in the proteome, and

FIG. 9. Redox sensitive metallo-
switches in M. tuberculosis. (A) RslA
regulation of the sigL operon. RslA
binds to SigL under reducing condi-
tions. Upon oxidation the two Cys resi-
dues in RslA form a disulfide bond. The
oxidized RslA releases SigL, which
binds to RNA polymerase to activate
transcription. (B) WhiB3 works as a
redox-active regulator to maintain redox
homeostasis in M. tuberculosis. The re-
duced form of apo-WhiB3 does not bind
DNA, which derepresses transcription
of fatty acid metabolism genes. The ox-
idized apo-WhiB3 binds strongly to
DNA to repress transcription. The holo
forms of WhiB3 bind to DNA weakly.
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redox-active proteins can be identified and characterized.
Redox-sensitive regulatory proteins could utilize metallo-
centers. Genetic tools in combination with expertise to study
metalloproteins are required to identify and characterize these
proteins. In addition, the TCSs are major signaling compo-
nents to mediate communications between bacteria and bac-
teria, bacteria and host, and bacteria and environment.
Molecular-level signals for most of the TCSs are currently
unknown. Unsurprisingly, many of these signals are involved
in or affected by redox sensing and regulation, which requires
further elucidation. Lastly, redox sensing and regulation can
very well be integrated into networks of regulations that in-
volve all types of signaling, which collectively impact bacte-
rial physiology. A system biology-level approach that
globally matches transcriptional regulator with promoter
activity can reveal a clearer picture.

References

1. Alekshun MN, Levy SB, Mealy TR, Seaton BA, and Head JF.
The crystal structure of MarR, a regulator of multiple anti-
biotic resistance, at 2.3 A resolution. Nat Struct Biol 8: 710–
714, 2001.

1a. Antelmann H and Helmann JD. Thiol-based redox switches
and gene regulation. Antioxid Redox Signal 14: 1049–1063, 2011.

2. Atichartpongkul S, Fuangthong M, Vattanaviboon P, and
Mongkolsuk S. Analyses of regulatory mechanism and
physiological roles of Pseudomonas aeruginosa OhrR, a tran-
scription regulator and a sensor of organic hydroperoxides. J
Bacteriol 192: 2093–2101, 2010.

3. Ballal A and Manna AC. Control of thioredoxin reductase
gene (trxB) transcription by SarA in Staphylococcus aureus. J
Bacteriol 192: 336–345, 2010.

4. Ballal A and Manna AC. Regulation of superoxide dis-
mutase (sod) genes by SarA in Staphylococcus aureus. J
Bacteriol 191: 3301–3310, 2009.

5. Banaiee N, Jacobs WR Jr., and Ernst JD. Regulation of
Mycobacterium tuberculosis whiB3 in the mouse lung and
macrophages. Infect Immun 74: 6449–6457, 2006.

6. Chauhan S and Tyagi JS. Cooperative binding of phos-
phorylated DevR to upstream sites is necessary and suffi-
cient for activation of the Rv3134c-devRS operon in
Mycobacterium tuberculosis: implication in the induction of
DevR target genes. J Bacteriol 190: 4301–4312, 2008.

7. Chen H, Hu J, Chen PR, Lan LF, Li ZL, Hicks LM, Dinner
AR, and He C. The Pseudomonas aeruginosa multidrug efflux
regulator MexR uses an oxidation-sensing mechanism. Proc
Nat Acad Sci USA 105: 13586–13591, 2008.

8. Chen PR, Bae T, Williams WA, Duguid EM, Rice PA,
Schneewind O, and He C. An oxidation sensing mechanism
is used by a global regulator of Staphylococcus aureus. Nat
Chem Biol 2: 591–595, 2006.

9. Chen PR, Nishida S, Poor CB, Cheng A, Bae T, Kuechen-
meister L, Dunman PM, Missiakas D, and He C. A new
oxidative sensing and regulation pathway mediated by the
MgrA homologue SarZ in Staphylococcus aureus. Mol Microb
71: 198–211, 2009.

10. Cheung AL, Koomey JM, Butler CA, Projan SJ, and Fischetti
VA. Regulation of exoprotein expression in Staphylococcus
aureus by a locus (sar) distinct from agr. Proc Natl Acad Sci
USA 89: 6462–6466, 1992.

11. Cho HY, Cho HJ, Kim YM, Oh JI, and Kang BS. Structural
insight into the heme-based redox sensing by DosS from

Mycobacterium tuberculosis. J Biol Chem 284: 13057–13067,
2009.

12. Choi H, Kim S, Mukhopadhyay P, Cho S, Woo J, Storz G,
and Ryu SE. Structural basis of the redox switch in the OxyR
transcription factor. Cell 105: 103–113, 2001.

13. Christman MF, Storz G, and Ames BN. OxyR, a positive
regulator of hydrogen peroxide-inducible genes in Escher-
ichia coli and Salmonella typhimurium, is homologous to a
family of bacterial regulatory proteins. Proc Natl Acad Sci
USA 86: 3484–3488, 1989.

14. Cohen SP, Levy SB, Foulds J, and Rosner JL. Salicylate in-
duction of antibiotic resistance in Escherichia coli: activation
of the mar operon and a mar-independent pathway. J Bac-
teriol 175: 7856–7862, 1993.

15. Converse PJ, Karakousis PC, Klinkenberg LG, Kesavan AK,
Ly LH, Allen SS, Grosset JH, Jain SK, Lamichhane G, Man-
abe YC, McMurray DN, Nuermberger EL, and Bishai WR.
Role of the dosR-dosS two-component regulatory system in
Mycobacterium tuberculosis virulence in three animal models.
Infect Immun 77: 1230–1237, 2009.

16. Dainese E, Rodrigue S, Delogu G, Provvedi R, Laflamme L,
Brzezinski R, Fadda G, Smith I, Gaudreau L, Palu G, and
Manganelli R. Posttranslational regulation of Mycobacterium
tuberculosis extracytoplasmic-function sigma factor sigma L
and roles in virulence and in global regulation of gene ex-
pression. Infect Immun 74: 2457–2461, 2006.

17. Dasgupta N, Kapur V, Singh KK, Das TK, Sachdeva S,
Jyothisri K, and Tyagi JS. Characterization of a two-com-
ponent system, devR-devS, of Mycobacterium tuberculosis.
Tuber Lung Dis 80: 141–159, 2000.

18. den Hengst CD and Buttner MJ. Redox control in actino-
bacteria. Biochim Biophys Acta 1780: 1201–1216, 2008.

19. Deretic V, Philipp W, Dhandayuthapani S, Mudd MH,
Curcic R, Garbe T, Heym B, Via LE, and Cole ST. Myco-
bacterium tuberculosis is a natural mutant with an inactivated
oxidative-stress regulatory gene: implications for sensitivity
to isoniazid. Mol Microbiol 17: 889–900, 1995.

20. Dwyer DJ, Kohanski MA, and Collins JJ. Role of reactive
oxygen species in antibiotic action and resistance. Curr Opin
Microbiol 12: 482–489, 2009.

21. Epstein SS. Microbial awakenings. Nature 457: 1083, 2009.
22. Fuangthong M and Helmann JD. The OhrR repressor senses

organic hydroperoxides by reversible formation of a cyste-
ine-sulfenic acid derivative. Proc Natl Acad Sci USA 99: 6690–
6695, 2002.

23. Fuangthong M, Atichartpongkul S, Mongkolsuk S, and
Helmann JD. OhrR is a repressor of ohrA, a key organic
hydroperoxide resistance determinant in Bacillus subtilis. J
Bacteriol 183: 4134–4141, 2001.

24. Fujimoto DF, Higginbotham RH, Sterba KM, Maleki SJ,
Segall AM, Smeltzer MS, and Hurlburt BK. Staphylococcus
aureus SarA is a regulatory protein responsive to redox and pH
that can support bacteriophage lambda integrase-mediated
excision=recombination. Mol Microbiol 74: 1445–1458, 2009.

25. Green J and Paget MS. Bacterial redox sensors. Nat Rev
Microbiol 2: 954–966, 2004.

26. Hahn MY, Raman S, Anaya M, and Husson RN. The
Mycobacterium tuberculosis extracytoplasmic-function sigma
factor SigL regulates polyketide synthases and secreted or
membrane proteins and is required for virulence. J Bacteriol
187: 7062–7071, 2005.

27. Hassett DJ and Cohen MS. Bacterial adaptation to oxidative
stress: implications for pathogenesis and interaction with
phagocytic cells. FASEB J 3: 2574–2582, 1989.

1116 CHEN ET AL.



28. Heldwein EEZ and Brennan RG. Crystal structure of the
transcription activator BmrR bound to DNA and a drug.
Nature 409: 378–382, 2001.

29. Hidalgo E, Bollinger JM, Bradley TM, Walsh CT, and
Demple B. Binuclear [2Fe-2S] clusters in the Escherichia coli
SoxR protein and role of the metal centers in transcription.
J Biol Chem 270: 20908–20914, 1995.

30. Hochgrafe F, Mostertz J, Pother DC, Becher D, Helmann JD,
and Hecker M. S-cysteinylation is a general mechanism for
thiol protection of Bacillus subtilis proteins after oxidative
stress. J Biol Chem 282: 25981–25985, 2007.

31. Honaker RW, Leistikow RL, Bartek IL, and Voskuil MI.
Unique roles of DosT and DosS in DosR regulon induction
and Mycobacterium tuberculosis dormancy. Infect Immun 77:
3258–3263, 2009.

32. Hong M, Fuangthong M, Helmann JD, and Brennan RG.
Structure of an OhrR-ohrA operator complex reveals the
DNA binding mechanism of the MarR family. Mol Cell 20:
131–141, 2005.

33. Horsburgh MJ, Clements MO, Crossley H, Ingham E, and
Foster SJ. PerR controls oxidative stress resistance and iron
storage proteins and is required for virulence in Staphylo-
coccus aureus. Infect Immun 69: 3744–3754, 2001.

34. Horsburgh MJ, Ingham E, and Foster SJ. In Staphylococcus
aureus, fur is an interactive regulator with PerR, contributes
to virulence, and is necessary for oxidative stress resistance
through positive regulation of catalase and iron homeosta-
sis. J Bacteriol 183: 468–475, 2001.

35. Ilbert M, Horst J, Ahrens S, Winter J, Graf PC, Lilie H,
and Jakob U. The redox-switch domain of Hsp33 func-
tions as dual stress sensor. Nat Struct Mol Biol 14: 556–563,
2007.

36. Ingavale SS, Van Wamel W, and Cheung AL. Character-
ization of RAT, an autolysis regulator in Staphylococcus
aureus. Mol Microb 48: 1451–1466, 2003.

37. Ioanoviciu A, Meharenna YT, Poulos TL, and Ortiz de
Montellano PR. DevS oxy complex stability identifies this
heme protein as a gas sensor in Mycobacterium tuberculosis
dormancy. Biochemistry 48: 5839–5848, 2009.

38. Kana H and Martin SE. Catalase and superoxide dismutase
activities in virulent and nonvirulent Staphylococcus aureus
isolates. J Clin Microbiol 21: 607–610, 1985.

39. Kobayashi K and Tagawa S. Activation of SoxR-dependent
transcription in Pseudomonas aeruginosa. J Biochem 136: 607–
615, 2004.

40. Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, and
Collins JJ. A common mechanism of cellular death induced
by bactericidal antibiotics. Cell 130: 797–810, 2007.

41. Kumar A, Toledo JC, Patel RP, Lancaster JR Jr., and Steyn
AJ. Mycobacterium tuberculosis DosS is a redox sensor and
DosT is a hypoxia sensor. Proc Natl Acad Sci USA 104: 11568–
11573, 2007.

42. Lan L, Murray TS, Kazmierczak BI, and He C. Pseudomonas
aeruginosa OspR is an oxidative stress sensing regulator
that affects pigment production, antibiotic resistance
and dissemination during infection. Mol Microbiol 75: 76–
91, 2009.

43. Lau GW, Britigan BE, and Hassett DJ. Pseudomonas aerugi-
nosa OxyR is required for full virulence in rodent and insect
models of infection and for resistance to human neutrophils.
Infect Immun 73: 2550–2553, 2005.

44. Lee JW and Helmann D. The PerR transcription factor sense
H2O2 by metal-catalysed histidine oxidation. Nature 440:
325–347, 2006.

45. Lee JW, Soonsanga S, and Helmann JD. A complex thiolate
switch regulates the Bacillus subtilis organic peroxide sensor
OhrR. Proc Natl Acad Sci USA 104: 8743–8748, 2007.

46. Liu Y, Manna AC, Pan CH, Kriksunov IA, Thiel DJ, Cheung
AL, and Zhang G. Structural and function analyses of the
global regulatory protein SarA from Staphylococcus aureus.
Proc Natl Acad Sci USA 103: 2392–2397, 2006.

47. Luong TT, Dunman PM, Murphy E, Projan SJ, and Lee CY.
Transcription Profiling of the mgrA Regulon in Staphylo-
coccus aureus. J Bacteriol 188: 1899–1910, 2006.

48. Luong TT, Newell SW, and Lee CY. mgr, a novel global
regulator in Staphylococcus aureus. J Bacteriol 185: 3703–3710,
2003.

49. Malhotra V, Sharma D, Ramanathan VD, Shakila H, Saini
DK, Chakravorty S, Das TK, Li Q, Silver RF, Narayanan PR,
and Tyagi JS. Disruption of response regulator gene, devR,
leads to attenuation in virulence of Mycobacterium tubercu-
losis. FEMS Microbiol Lett 231: 237–245, 2004.

50. Mandell GL. Catalase, superoxide dismutase and virulence
of Staphylococcus aureus. J Clin Investig 55: 561–566, 1975.

51. Newberry KJ, Fuangthong M, Panmanee W, Mongkolsuk S,
and Brennan RG. Structural mechanism of organic hydro-
peroxide induction of the transcription regulator OhrR. Mol
Cell 28: 652–664, 2007.

52. Ochsner UA, Vasil ML, Alsabbagh E, Parvatiyar K, and
Hassett DJ. Role of the Pseudomonas aeruginosa oxyR-recG
operon in oxidative stress defense and DNA repair: OxyR-
dependent regulation of katB-ankB, ahpB, and ahpC-ahpF.
J Bacteriol 182: 4533–4544, 2000.

53. Panmanee W, Vattanaviboon P, Poole LB, and Mongkolsuk S.
Novel organic hydroperoxide-sensing and responding mech-
anisms for OhrR, a major bacterial sensor and regulator of
organic hydroperoxide stress. J Bacteriol 188: 1389–1395, 2006.

54. Parish T, Smith DA, Kendall S, Casali N, Bancroft GJ, and
Stoker NG. Deletion of two-component regulatory systems
increases the virulence of Mycobacterium tuberculosis. Infect
Immun 71: 1134–1140, 2003.

55. Pomposiello PJ and Demple B. Redox-operated genetic
switches: the SoxR and OxyR transcription factors. Trends
Biotechnol 19: 109–114, 2001.

56. Poole K, Krebes K, McNally CV, and Neshat S. Multiple
antibiotic-resistance in Pseudomonas-aeruginosa—evidence for
involvement of an efflux operon. J Bacteriol 175: 7363–7372,
1993.

57. Poor CB, Chen PR, Duguid E, Rice PA, and He C. Crystal
structures of the reduced, sulfenic Acid, and mixed disulfide
forms of SarZ, a redox active global regulator in Staphylo-
coccus aureus. J Biol Chem 284: 23517–23524, 2009.

58. Purwantini E and Mukhopadhyay B. Conversion of NO2

to NO by reduced coenzyme F420 protects mycobacteria
from nitrosative damage. Proc Natl Acad Sci USA 106: 6333–
6338, 2009.

59. Schumacher MA, Miller MC, Grkovic S, Brown MH, Skurray
RA, and Brennan RG. Structural mechanisms of QacR induc-
tion and multidrug recognition. Science 294: 2158–2163, 2001.

60. Singh A, Crossman DK, Mai D, Guidry L, Voskuil MI, Re-
nfrow MB, and Steyn AJ. Mycobacterium tuberculosis WhiB3
maintains redox homeostasis by regulating virulence lipid
anabolism to modulate macrophage response. PLoS Pathog 5:
e1000545, 2009.

61. Singh A, Guidry L, Narasimhulu KV, Mai D, Trombley J,
Redding KE, Giles GI, Lancaster JR Jr., and Steyn AJ.
Mycobacterium tuberculosis WhiB3 responds to O2 and nitric
oxide via its [4Fe-4S] cluster and is essential for nutrient

REDOX SIGNALING IN HUMAN PATHOGENS 1117



starvation survival. Proc Natl Acad Sci USA 104: 11562–
11567, 2007.

62. Song T, Dove SL, Lee KH, and Husson RN. RshA, an anti-sigma
factor that regulates the activity of the mycobacterial stress
response sigma factor SigH. Mol Microbiol 50: 949–959, 2003.

63. Soonsanga S, Fuangthong M, and Helmann JD. Mutational
analysis of active site residues essential for sensing of or-
ganic hydroperoxides by Bacillus subtilis OhrR. J Bacteriol
189: 7069–7076, 2007.

64. Sousa EH, Tuckerman JR, Gonzalez G, and Gilles-Gonzalez
MA. DosT and DevS are oxygen-switched kinases in Myco-
bacterium tuberculosis. Protein Sci 16: 1708–1719, 2007.

65. Srikumar R, Paul CJ, and Poole K. Influence of mutations in
the mexR repressor gene on expression of the MexA-MexB-
OprM multidrug efflux system of Pseudomonas aeruginosa.
J Bacteriol 182: 1410–1414, 2000.

66. Steyn AJ, Collins DM, Hondalus MK, Jacobs WR Jr.,
Kawakami RP, and Bloom BR. Mycobacterium tuberculosis
WhiB3 interacts with RpoV to affect host survival but is
dispensable for in vivo growth. Proc Natl Acad Sci USA 99:
3147–3152, 2002.

67. Sulavik MC, Gambino LF, and Miller PF. The MarR re-
pressor of the multiple antibiotic resistance (mar) operon in
Escherichia coli: prototypic member of a family of bacterial
regulatory proteins involved in sensing phenolic com-
pounds. Mol Med 1: 436–446, 1995.

68. Thakur KG, Praveena T, and Gopal B. Structural and bio-
chemical basis for the redox sensitivity of Mycobacterium
tuberculosis RslA. J Mol Biol 397: 1199–1208, 2010.

69. Truong-Bolduc QC, Zhang XM, and Hooper DC. Char-
acterization of NorR protein, a multifunctional regulator of
norA expression in Staphylococcus aureus. J Bacteriol 185:
3127–3138, 2003.

70. Wilkinson SP and Grove A. Ligand-responsive transcrip-
tional regulation by members of the MarR family of winged
helix proteins. Curr Issues Mol Biol 8: 51–62, 2006.

71. World Health Organization. WHO REPORT 2009. Global
Tuberculosis Control. Epidemiology, Strategy, Financing. Gene-
va: WHO, 2009.

72. Zheng M, Aslund F, and Storz G. Activation of the OxyR
transcription factor by reversible disulfide bond formation.
Science 279: 1718–1721, 1998.

73. Zheng M and Storz G. Redox sensing by prokaryotic tran-
scription factors. Biochem Pharmacol 59: 1–6, 2000.

74. Ziha-Zarifi I, Llanes C, Kohler T, Pechere JC, and Plesiat P.
In vivo emergence of multidrug-resistant mutants of Pseu-

domonas aeruginosa overexpressing the active efflux system
MexA-MexB-OprM. Antimicrob. Agents Chemother 43: 287–
291, 1999.

Address correspondence to:
Prof. Chuan He

Department of Chemistry and
Institute for Biophysical Dynamics

The University of Chicago
929 East 57th St.

Chicago, IL 60637

E-mail: chuanhe@uchicago.edu

Prof. Peng R. Chen
Department of Chemical Biology

College of Chemistry and Molecular Engineering
Peking University
Chengfu Road 202

Beijing 100871
China

E-mail: pengchen@pku.edu.cn

Date of first submission to ARS Central, June 9, 2010; date of
acceptance, June 25, 2010.

Abbreviations Used

agr¼ accessory gene regulator
MarR¼multiple antibiotic resistance regulator
MexR¼multidrug efflux regulator
MgrA¼multiple global regulator A
OhrR¼ organic hydroperoxide sensing regulator
OspR¼Oxidative stress response and pigment

production regulator
OxyR¼ oxygen sensing regulator
PerR¼peroxide response regulator
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
SarZ¼ Staphylococcus accessory regulator Z
SoxR¼ superoxide response regulator
TCS¼ two-component system

1118 CHEN ET AL.



This article has been cited by:

1. Shabir Ahmad Bhat, Nisha Singh, Abhishek Trivedi, Pallavi Kansal, Pawan Gupta, Ashwani Kumar. 2012. The mechanism
of redox sensing in Mycobacterium tuberculosis. Free Radical Biology and Medicine 53:8, 1625-1641. [CrossRef]

2. F. Sun, Y. Ding, Q. Ji, Z. Liang, X. Deng, C. C. L. Wong, C. Yi, L. Zhang, S. Xie, S. Alvarez, L. M. Hicks, C. Luo, H. Jiang,
L. Lan, C. He. 2012. Protein cysteine phosphorylation of SarA/MgrA family transcriptional regulators mediates bacterial
virulence and antibiotic resistance. Proceedings of the National Academy of Sciences . [CrossRef]

3. F. Sun, H. Liang, X. Kong, S. Xie, H. Cho, X. Deng, Q. Ji, H. Zhang, S. Alvarez, L. M. Hicks, T. Bae, C. Luo, H. Jiang,
C. He. 2012. Quorum-sensing agr mediates bacterial oxidation response via an intramolecular disulfide redox switch in the
response regulator AgrA. Proceedings of the National Academy of Sciences 109:23, 9095-9100. [CrossRef]

4. G. J. Palm, B. Khanh Chi, P. Waack, K. Gronau, D. Becher, D. Albrecht, W. Hinrichs, R. J. Read, H. Antelmann. 2012.
Structural insights into the redox-switch mechanism of the MarR/DUF24-type regulator HypR. Nucleic Acids Research .
[CrossRef]

5. Virginia Aiassa, Ana I. Barnes, Andrea M. Smania, Inés Albesa. 2011. Sublethal ciprofloxacin treatment leads to resistance
via antioxidant systems in Proteus mirabilis. FEMS Microbiology Letters n/a-n/a. [CrossRef]

6. Giles E. Hardingham , Stuart A. Lipton . 2011. Regulation of Neuronal Oxidative and Nitrosative Stress by Endogenous
Protective Pathways and Disease Processes. Antioxidants & Redox Signaling 14:8, 1421-1424. [Abstract] [Full Text HTML]
[Full Text PDF] [Full Text PDF with Links]

7. Stephen W. Ragsdale , Li Yi . 2011. Thiol/Disulfide Redox Switches in the Regulation of Heme Binding to Proteins.
Antioxidants & Redox Signaling 14:6, 1039-1047. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1016/j.freeradbiomed.2012.08.008
http://dx.doi.org/10.1073/pnas.1205952109
http://dx.doi.org/10.1073/pnas.1200603109
http://dx.doi.org/10.1093/nar/gkr1316
http://dx.doi.org/10.1111/j.1574-6968.2011.02453.x
http://dx.doi.org/10.1089/ars.2010.3573
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3573
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3573
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3573
http://dx.doi.org/10.1089/ars.2010.3436
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3436
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3436
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3436

