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The ability to maintain intracellular concentrations of toxic reactive oxygen species (ROS) within safe limits is essential for all
aerobic life forms. In bacteria, as well as other organisms, ROS are produced during the normal course of aerobic metabolism,
necessitating the constitutive expression of ROS scavenging systems. However, bacteria can also experience transient high-level
exposure to ROS derived either from external sources, such as the host defense response, or as a secondary effect of other seem-
ingly unrelated environmental stresses. Consequently, transcriptional regulators have evolved to sense the levels of ROS and
coordinate the appropriate oxidative stress response. Three well-studied examples of these are the peroxide responsive regula-
tors OxyR, PerR, and OhrR. OxyR and PerR are sensors of primarily H,0,, while OhrR senses organic peroxide (ROOH) and
sodium hypochlorite (NaOCl). OxyR and OhrR sense oxidants by means of the reversible oxidation of specific cysteine residues.
In contrast, PerR senses H,0, via the Fe-catalyzed oxidation of histidine residues. These transcription regulators also influence
complex biological phenomena, such as biofilm formation, the evasion of host immune responses, and antibiotic resistance via

the direct regulation of specific proteins.

An effective oxidative stress defense response is a required item
in the basic survival kit of all aerobic organisms as well as
those anaerobes that exist in environments subject to transient
exposures to oxygen. This is due to molecular oxygen’s ability to
accept electrons from cellular redox components to form toxic
reactive oxygen species (ROS) (51). One such product is superox-
ide anion (O,® "), which results from a one-electron reduction of
O,. Another, resulting from a two-electron reduction, is hydrogen
peroxide (H,0,) (51). Both O,*~ and H,0, have the ability to
oxidize exposed iron sulfur clusters, as has been observed for cer-
tain dehydratases (50), while H,0, is known to oxidize Fe*" in
proteins containing mononuclear iron centers (100). This not
only inactivates the enzymes but also results in the release of free
ferric iron (Fe*>*), which is converted to ferrous iron (Fe**) in the
intracellular reducing environment (51). This is significant since
Fe’" can reduce H,0, to form hydroxyl radicals (*OH) in the
Fenton reaction as follows: Fe** + H,0, —>Fe’™ + *OH + OH ™.

Hydroxyl radicals are highly potent oxidants of cellular mac-
romolecules that react at a diffusion-limited rate (51). Thus, the
increased intracellular iron levels resulting from oxidative damage
to a subset of iron-containing proteins can lead to increased *OH-
mediated cellular damage, particularly to DNA (55). 0,° ", H,0,,
and ®*OH are all capable of causing a variety of oxidative lesions in
proteins, DNA, and lipids (51). An important aspect of some of
these secondary reactions is the production of a variety of organic
peroxides that can also mediate further oxidative damage (97).

In addition to endogenous sources, bacteria also encounter
ROS from external sources. Macrophages actively produce large
amounts of O,* and nitric oxide (NO®) in order to kill invading
pathogens (92). The host defense response in plants is similar and
also includes the synthesis of organic peroxides (62), while some
microorganisms excrete ROS to inhibit the growth of competitors
(42). Exposure to redox cycling compounds, such as the herbicide
paraquat, or naturally occurring quinones can also serve as a
source of ROS. These molecules can participate in cyclic reactions
in which they transfer an electron from cellular electron donors,
such as NADH oxidases, to O, to generate O,*~ (22).
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Bacteria maintain a basal level of protective enzymes to detox-
ify 0,° and H,0,, thereby keeping their concentrations within
safe limits (95). These include superoxide dismutases that use a
metal center to catalyze the dismutation of O,*~ to H,0, and
catalases that usually employ a heme cofactor to convert H,O, to
0, and H,O (50). Peroxiredoxins, a class of peroxidases, function
to reduce H,0, and organic peroxides (ROOH) to either H,O or
H,O and the corresponding alcohol (ROH) via the peroxide-me-
diated oxidation of cysteine thiols that are subsequently reduced
using cellular electron donors to regenerate the active enzyme
(88,94).

When ROS levels exceed safe limits, bacteria have the ability to
mount an inducible response, resulting in increased expression of
ROS detoxification enzymes along with additional protective sys-
tems that repair oxidative damage, protect vulnerable enzymes
from inactivation, and control the levels of free Fe?" (87). For
example, oxidative stress increases the demand for reducing
equivalents, necessitating the induction of metabolic pathways to
increase the reductant supply (32). The expression of iron-bind-
ing proteins, like Dps, is often induced in response to oxidative
stress to reduce the levels of free Fe in order to prevent production
of ®*OH via the Fenton reaction (12). Strategies are also employed
to protect enzymes that contain vulnerable Fe-containing centers
from oxidation by increasing the uptake of Mn**, which is able to
replace Fe*™ at some active sites, rendering them resistant to oxi-
dation (50). In some cases, Fe-containing enzymes are replaced
with analogs that do not require Fe (70).

The regulation of the expression of genes involved in the bac-
terial oxidative stress defense response is complex and often under
the control of regulators that can directly sense the levels of spe-
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cific ROS and activate or derepress target gene transcription. This
review summarizes work concerning the mechanisms of oxidant
sensing and transcriptional regulation by OxyR, PerR, and OhrR,
three well-studied peroxide responsive regulators that have the
ability to distinguish between ROOH and H,O, (75). Two distinct
mechanisms for peroxide sensing that utilize either the oxidation
of cysteine residues (OxyR and OhrR) or the metal-catalyzed ox-
idation of histidine residues (PerR) have evolved in these regula-
tors. In each case, oxidative modification of the regulator alters its
DNA binding properties.

OxyR

OxyR is an H,0,-sensing transcriptional regulator of the LysR
family (93) that is generally found in Gram-negative bacteria but
is also known to occur in a few Gram-positive bacteria (78, 83).
Like other regulators of this family, it contains a conserved N-ter-
minal helix-turn-helix DNA binding domain, a central coinducer
recognition and response domain which senses the regulatory sig-
nal, and a C-terminal domain that functions in multimerization
and activation (59-61, 93, 115). OxyR functions primarily as a
global regulator of the peroxide stress response that maintains
intracellular H,O, levels within safe limits (1) and also plays a role
in the cellular response to thiol depletion (2). The OxyR regulon of
Escherichia coli is comprised of over 20 genes, including genes
involved in H,0, detoxification (katE, ahpCF), heme biosynthesis
(hemH), reductant supply (grxA, gor, trxC), thiol-disulfide
isomerization (dsbG), Fe-S center repair (sufA-E, sufS), iron bind-
ing (yaaA), repression of iron import systems (fur), and manga-
nese import (71, 124, 125). OxyR also upregulates the expression
of OxyS, a small regulatory RNA that integrates peroxide stress
with general stress pathways (34, 122). Although there are signif-
icant differences, the OxyR regulons of other organisms tend to
include similar classes of genes (39, 82, 96, 104, 116).

While OxyR is primarily thought of as a transcriptional activa-
tor under oxidizing conditions that acts through direct interaction
with the RNA polymerase a subunit (61, 103, 106), OxyR can
function as either a repressor or activator under both oxidizing
and reducing conditions (19, 45, 49, 96, 108, 121).

In E. coli, tetrameric OxyR binds to the 5" promoter-operator
regions of target genes at a conserved sequence motif (61, 108,
123) (Fig. 1). The oxidized (OxyR°*) and reduced (OxyR”d)
forms of the protein adopt different conformational states that
can sometimes result in changes in the DNA binding contacts,
with the reduced form of OxyR contacting two pairs of major
grooves separated by one helical turn while the DNA binding con-
tacts of the oxidized form shift to contact four consecutive major
grooves (108). These redox-dependent changes also alter its affin-
ity for target promoters and can affect promoter conformation
and, thereby, contacts to RNA polymerase (103, 107, 108).

Sensing of H,O, occurs via direct oxidation of OxyR at a spe-
cific “sensing” cysteine residue (Fig. 1). In E. coli, in which the
normal intracellular H,0, level is ~20 nM, OxyR is present in its
reduced form (95, 123). Rapid oxidation of OxyR™ occurs when
intracellular H,O, levels reach ~100 nM, which is well below the
level at which growth is inhibited (~2 pM) (33, 95). OxyR** is
slowly reduced via glutaredoxin 1 using electrons supplied by re-
duced glutathione (2, 105, 123) (Fig. 1). This provides feedback
regulation of the system, since expression of grxA (glutaredoxin 1)
and gor (glutathione reductase) is induced during oxidative stress
as part of the OxyR regulon (105, 123, 125). This dependence on
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FIG 1 Mechanism of transcription activation via intramolecular disulfide for-
mation in 2-Cys OxyR. A model for H,O,-dependent, OxyR-mediated tran-
scription activation of a target gene in E. coli is shown. Activation begins with
the oxidation of the sensing cysteine (SH) residue of OxyR to sulfenic acid
(-SOH), followed by the rapid formation of an intramolecular disulfide bond
with the resolving cysteine (SH). The resulting conformational change often
causes a shift in the DNase I footprint and can also affect DNA binding affinity
and promoter conformation as well as render OxyR capable of interacting with
RNA polymerase. Transcription activation involves the direct interaction of
OxyR with the alpha subunit C-terminal domain (a-CTD) of RNA polymer-
ase. Oxidized OxyR is reduced, using reduced glutathione (GSH) as the elec-
tron donor, via the glutaredoxin (grxA)/glutathione reductase (gor) system,
with reducing equivalents ultimately supplied by NAD(P)H. Red and green
boxes indicate RNA polymerase ¢7° —35 and —10 promoter elements, respec-
tively. Blue boxes indicate OxyR DNA binding contacts. Activation can also
occur via oxidative modification of the sensing cysteine alone.

reduction by GrxA also renders OxyR sensitive to the thiol-disul-
fide redox status (glutathione disulfide [GSSG]/reduced glutathi-
one [GSH] ratio) of the cell (2, 123). Recent evidence indicates
that a similar reductive recycling of OxyR occurs in Pseudomonas
aeruginosa, which utilizes a thioredoxin/thioredoxin reductase
system that is part of the OxyR regulon (116).

The exact mechanism(s) of oxidant sensing by OxyR is still a
subject of active investigation and has generated some debate (44,
84). Two basic models have been proposed. The first, supported
by clear evidence, indicates that H,0,-mediated activation of E.
coli OxyR constitutes a simple on/off switch that occurs through
the formation of a specific disulfide bond between the conserved
cysteine residues C199 and C208 (65, 105, 123). Activation in-
volves a two-step oxidation that begins when H,O, reacts with a
thiolate ion of the sensing cysteine, C199, to form a sulfenic acid
(C199-SOH) (Fig. 1). C199-SOH rapidly reacts with C208-SH to
form an intramolecular disulfide bond (65). This induces struc-
tural changes in the regulatory domain (amino acids 80 to 305)
(18, 65) that result in altered associations between the subunits
within the tetramer, leading to altered DNA binding properties
and allowing productive interaction between OxyR and RNA
polymerase (18, 106, 108).

The second “molecular code” hypothesis suggests that modifi-
cation of C199 alone is sufficient to activate OxyR in the absence of
disulfide bond formation and that the type of modification deter-
mines the regulatory outcome (56). In this case, a more selective
regulatory response in which distinct subsets of OxyR target genes
are differentially regulated depending on the particular oxidized
form of OxyR involved is expected. Initially, this was based pri-
marily on in vitro studies indicating that oxidative modification of
only C199 was sufficient for activation, since hydroxylated
Cys199-SOH, S-nitrosylated (Cys199-SNO), and S-glutathiony-
lated (Cys199-S-S-G) forms of OxyR were able to activate tran-
scription, and that the different modifications elicited distinct
changes in the circular dichroism (CD) spectra of OxyR-DNA
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complexes (40, 56). The idea was subsequently reinforced by the
observation that Cys199-thiol-esterification of OxyR resulted in
activation of target genes both in vitro and in vivo (38). Until
recently, there were little available data to adequately evaluate the
molecular code model’s prediction of modification-specific pat-
terns of gene activation. In fact, microarray studies had indicated
that OxyR did not play a significant role in gene activation in
response to the S-nitrosylating agents nitrosylated glutathione
(GSNO) and sodium nitrite under aerobic conditions (80). How-
ever, a recent analysis in E. coli has shown that S-nitrosylation of
proteins occurs naturally during anaerobic respiratory growth on
nitrate, resulting in the nitrosylation of OxyR at C199 that causes
the activation of a set of genes that is distinct from those upregu-
lated in response to H,O, (98). Thus, it appears that in the case of
E. coli OxyR, both intramolecular disulfide bond formation and
modifications to Cys199 alone can elicit distinct OxyR-mediated
regulatory outcomes.

Several recent studies also indicate that there is diversity in the
activation mechanisms of OxyR orthologs in other organisms. For
example, in vivo studies of the E. coli-like OxyR from Pseudomonas
aeruginosa, involving free thiol labeling of OxyR in extracts of
wild-type and C199/C208 single and double mutants exposed to
H,0,, detected several oxidized forms of OxyR in addition to the
one containing a disulfide bond between C199 and C208 (45). The
resulting suggestion that Pseudomonas OxyR has a different redox
cycle than the E. coli protein has been supported by a recent mu-
tagenesis study indicating that a third cysteine residue (Cys296)
may be involved in peroxide sensing in P. aeruginosa (4). This
cysteine is not conserved in the E. coli protein and has so far been
found only in a small group within the betaproteobacteria as well
as in several Pseudomonas species (4).

Finally, a second OxyR structural class, containing only one
cysteine, has been identified in Deinococcus radiodurans (13, 120).
Two novel OxyR proteins (DrOxyR and DrOxyR,) are found in
this organism, with each containing one essential sensing cysteine
residue that roughly corresponds to C208 in the E. coli protein.
DrOxyR and DrOxyR, are 31% and 28% identical to E. coli OxyR,
respectively, and contain conserved residues that have been impli-
cated in DNA binding (R4, L32 S33, R50), activation (D142,
R273), and multimerization (A233) (60, 115). However, residues
in the E. coli protein that are predicted to play a role in sulfenic acid
formation at C199 and subsequent disulfide bond formation with
C208 (H198, R201, R266, T238) (59, 61) are absent. The differ-
ences in the sensing mechanisms between the 1-Cys and 2-Cys
OxyR proteins have yet to be explored. However, DrOxyR is able
to complement an E. coli OxyR mutant, thus indicating functional
similarity, while in vitro chemical modification studies have
shown that H,O,-dependent activation of DrOxyR involves the
formation of a cysteine sulfenic acid at the essential sensing cys-
teine (13).

PerR

PerR functions as a peroxide responsive repressor and is a member
of the Fur family of small, dimeric, metal-responsive transcrip-
tional regulators (1). PerR is a global regulator that responds pri-
marily to H,O,. It substitutes for OxyR in many Gram-positive
bacteria (75). However, its distribution is not limited to Gram-
positive bacteria (69, 78, 91, 112), and in several cases, PerR is
found along with OxyR (36, 37, 111, 118). In Bacillus subtilis, PerR
regulates itself (30) and other genes, including those involved in
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FIG 2 H,0,-mediated inactivation of PerR. (A) The ribbon structure of the
carbon backbone of reduced B. subtilis PerR-Zn?*"-Mn**, showing the side
chains of the amino acids coordinating the regulatory metal (green) and the
DNA binding helices (dark blue), is shown. The structural and regulatory
metals, Zn** and Mn®", are shown as brown and red spheres, respectively. In
its reduced state, PerR-Zn>"-Fe**/Mn”* binds to sites overlapping target pro-
moter/operators and blocks transcription. (B) The ribbon structure of oxi-
dized PerR-Zn**-Mn?>" is shown. The steps in the Fenton-mediated oxidation
of His residues in PerR-Zn**-Fe** by H,0, are shown below the panel. Ex-
posure to H,O, results in the iron-catalyzed production of OH®, followed by
the oxidation of the 2-carbon of the imidazole ring of one of two histidine
residues (H37 and H91) that participate in coordinating the bound Fe*"
each monomer. While H37 is the preferential target for oxidation, oxidation of
either histidine to 2-oxo-histidine results in the disruption of normal Fe coor-
dination, resulting in the destabilization of the DNA binding domain of the
monomer and leading to the release of oxidized PerR from the DNA. (C)
Close-up view of the Mn>"-containing regulatory metal binding site in re-
duced PerR that shows the relative positions of the metal-coordinating side
groups of H37, H91, H93, D85, and D104 (positions of the coordinating side
groups roughly correspond to those on the right side of panel A). The arrow
indicates the 2-carbon of the imidazole group of H91, which is the site of
oxidation in H91 and H37. In all cases, DNA binding helices are shown in dark
blue. The Swiss Protein Data Bank (PDB) identifications (IDs) for reduced and
oxidized PerR are 3F8N and 2RGV, respectively.

H

oxidative stress defense (katA, ahpCF, mrgA) (10, 14), metal ho-
meostasis (zosA, fur, hemnAXCDBL) (14, 30, 31), and surfactant
production (srfA) (41), in response to peroxide exposure. As with
OxyR, PerR homologs in other organisms tend to regulate similar
classes of genes (7, 8, 36, 48, 79, 91, 117).

Each PerR monomer contains a binding site for a structural
7Zn%" as well as a regulatory site that, in B. subtilis, binds either
Fe*™ or Mn>" (46, 52) (Fig. 2A). Repression is achieved when
PerR, containing metals bound at both sites, binds DNA at a con-
sensus Per-box (29) that either overlaps part of the promoter or is
immediately downstream from it (36, 46). PerR-mediated posi-
tive regulation has also been observed in at least two cases and
appears to involve PerR binding to distant upstream sites; how-
ever, the mechanism of activation has not been investigated
(7, 41).

While coordination of either Fe** or Mn®" at the regulatory
site is required for DNA binding of the PerR dimer (46), the Fe* ™" -
containing form (PerR-Zn>"-Fe*") is thought to be responsible
for H,O, sensing in vivo. This is based on the observations that
PerR-Zn>*-Fe*" is >10°-fold more sensitive to oxidation than
PerR-Zn**-Mn*" (67) and that Fe*>" has a higher affinity (~30-
fold) for binding to the regulatory site than Mn>*. The exact phys-
iological relevance of Mn?"* binding at the regulatory site is not
fully understood, but Mn*>* can compete with Fe** for binding to
PerR in vivo, thus altering the relative sensitivity of genes in the
PerR regulon to H,O, induction (14, 26, 66). Not only does Mn
compete with Fe, but in some cases, Mn, not Fe, appears to func-
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FIG 3 Organic hydroperoxide (ROOH)-mediated derepression of OhrR-regulated promoters. (A) The structure of reduced 1-Cys B. subtilis OhrR (green
ribbon) bound to the ohrA operator (DNA sugar phosphate backbone in brown) is shown. The redox cycle of B. subtilis OhrR is depicted below. Reduced 1-Cys
OhrR binds to the target promoter/operator through the interaction of winged helix-turn-helix DNA binding domains with the DNA major groove, thereby
blocking transcription. In the presence of organic hydroperoxide (ROOH), the single sensing cysteine in reduced OhrR, C15 (yellow), is oxidized to cysteine
sulfenic acid (Cys-SOH). The Cys-SOH derivative remains bound to the promoter and must undergo one of several further modifications to induce the
conformational change necessary to release the repressor. Cys-SOH can react either with a reduced cellular thiol to form a mixed thiol (Cys-S-S-R) or with the
amino group of a neighboring amino acid residue to form a cyclic amide (Cys-SN). Both Cys-S-S-R and Cys-SN are recycled in vivo via reduction. Derepression
can also occur through further oxidation of the Cys-SOH, for example, to cysteine sulfinic acid (Cys-SOOH). Overoxidized derivatives of OhrR are likely
degraded. (B) An overlay of the ribbon structures of the reduced (purple) and oxidized (green) forms of the 2-Cys X. campestris OhrR showing the peroxide-
induced shift in the positions of the DNA binding helices (dark purple and dark green, indicated by brackets). The redox-active cysteines in reduced OhrR are
colored brown, while the disulfide bonds in the oxidized form are rendered in yellow (also indicated by an arrow in the right-hand monomer). The redox cycle
of a 2-Cys OhrR is depicted below. The sensing cysteine (C22) of reduced 2-Cys OhrR bound to a target promoter/operator is oxidized in the presence of ROOH
to cysteine sulfenic acid (Cys-SOH). The sensing Cys-SOH rapidly reacts with a second “resolving” cysteine (C127) residue to form an intersubunit disulfide
bond that induces a conformational change that repositions the DNA binding helices and releases OhrR from the promoter. The oxidized disulfide bond-
containing form of 2-Cys OhrR is likely actively rereduced in vivo. The PDB IDs for reduced B. subtilis OhrR proteins bound to the ohrA operator and oxidized

and reduced X. campestris OhrR proteins are 129C, 2PFB, and 2PEX, respectively.

tion as the corepressor (30). Mn*>* may also serve to protect PerR
from oxidative inactivation while still allowing PerR-mediated de-
repression of target genes in response to Fe*" released due to
oxidative damage (66).

The oxidation-dependent disruption of proper iron coordina-
tion at the regulatory site is the basis of oxidant sensing by PerR
(Fig. 2). Accumulated evidence indicates that Fe*™ (or Mn*")
bound at the regulatory site is coordinated by three histidine
(H37, H91, H93) and two aspartate (D104, D85) residues. These
constitute a four-sided pyramid with alternating histidine (H37
and H91) and aspartate residues at the corners of the base and a
His (H93) positioned at the apex (52) (Fig. 2C). Binding of the
regulatory metal locks the dimer in a caliper-like configuration
that stabilizes the positions of the N-terminal DNA binding do-
mains of the monomers such that they can interact with the DNA
(52) (compare Fig. 2A and B). H,O,-mediated inactivation of
PerR involves the reduction of H,O, by Fe*" at the regulatory site
to form the hydroxyl radical (*OH) (Fig. 2C). This highly reactive
species oxidizes H37 and, to a lesser degree, H91 to 2-oxo-histi-
dine, resulting in the disruption of normal metal coordination
(67, 110). This causes an opening of the caliper configuration that
negates DNA binding, a result which is seen in the crystal struc-
tures of demetalated, nonoxidized apo—PerR—Zn2+ as well as oxi-
dized PerR-Zn**-Fe** (52, 109, 110) (Fig. 2B). The region that
allows access to Fe** bound at the regulatory site is rich in hydro-
philic residues, thus explaining PerR’s preference for H,O, (52).
The fact that there is no known physiological system to repair
2-oxo-histidine has led to the proposal that oxidized PerR is prob-
ably not recycled (67).

A second distinct mechanism of PerR inactivation occurs via
exposure to nitrosylating agents such as nitrous oxide (NO). Ex-
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posure of B. subtilis to either an NO bolus or the NO generator
Na-nitroprusside results in PerR-mediated induction of the PerR
regulon during growth under aerobic and anaerobic conditions
(77). The observation that anaerobic growth in the presence of
Mn*" reduces NO-induced expression of the PerR regulon while
high iron levels enhance it suggests that induction is mediated by
PerR-Zn*>*-Fe’". And it has been proposed that NO-mediated
inactivation of PerR may be due to nitrosylation of bound Fe**
(77).

The structural site that binds Zn>" does not appear to play a
role in oxidant sensing. The structural Zn>* is coordinated by the
cysteines C96, C99, C136, and C139 (67). In both PerR-Zn*"-
Fe*™ and PerR-Zn*"-Mn>¥, these cysteines have been shown to
be highly resistant to oxidation with either H,O, or diamide at
levels higher than would be encountered in vivo (109).

OhrR

OhrR is a transcriptional repressor belonging to the MarR family
of regulators and senses both organic peroxides and NaOCI (17).
Generally, in their reduced form, OhrR dimers bind cooperatively
to conserved, AT-rich, inverted-repeat sequences that overlap tar-
get gene promoters via winged-helix DNA binding domains (20,
28,47,76,83) (Fig. 3A). OhrR is found in both Gram-positive and
Gram-negative bacteria (1, 86) and can coreside with either OxyR
(85) or PerR (27) or both (83). The first examples of OhrR to be
characterized were shown to regulate themselves along with a gene
encoding an organic peroxide-specific peroxiredoxin, Ohr (20,
27,76, 83). Other orthologs that regulate a larger and more diverse
set of target genes have since been characterized (16, 63, 72).
Organic peroxide- or sodium hypochlorite (NaOCI)-mediated
inactivation of OhrR, leading to derepression of OhrR-repressed
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genes, occurs via the oxidation of a sensing cysteine that under-
goes subsequent disulfide formation (either intersubunit or
mixed). This usually renders OhrR incapable of binding DNA,
leading to derepression of target genes (1, 28, 85, 86). One excep-
tion to this general scheme occurs in Streptomyces coelicolor, in
which reduced OhrR binds cooperatively to multiple sites over-
lapping the divergently transcribed promoters of ohrR and ohrA.
Upon oxidation, OhrR®* remains bound to a single high-affinity
binding site within the ohrR-ohrA intergenic region that is up-
stream of the ohrR promoter and overlaps the ohrA —35 sequence.
Interestingly, OhrR°* bound at this site activates ohrR transcrip-
tion but does not interfere with the transcription of ohrA (83).

The preferred organic peroxide inducer for OhrR can vary be-
tween organisms. For example, OhrR proteins of B. subtilis and
Xanthomonas campestris are more sensitive to complex organic
peroxides, such as linoleic acid hydroperoxide, while Agrobacte-
rium tumefaciens OhrR preferentially senses less-complex organic
peroxides like cumene hydroperoxide (57, 85, 102).

OhrR is now recognized to be a member of an oxidant-respon-
sive subgroup of regulators of the MarR family that share a per-
oxide-sensing mechanism. Other members of the group include
Pseudomonas aeruginosa OspR (63) and MgrA and SarZ in Staph-
ylococcus aureus (54, 73). All sense peroxides or other oxidants
through the initial oxidation of a sensing cysteine residue (15, 16,
63). However, OspR, MgrA, and SarZ differ from OhrR in that
each appears to play a much more global regulatory role.

Like OhrR, Pseudomonas aeruginosa OspR appears to prefer-
entially sense organic peroxides and mediates peroxide resistance
through the regulation of a glutathione peroxidase gene (PA2826)
while also directly regulating genes involved in quorum sensing
and tyrosine metabolism. Alterations in OspR activity also affect
B-lactam resistance, pigment production, and virulence in a mu-
rine acute pneumonia model (63).

MgrA and SarZ are global regulators in S. aureus that use per-
oxide as a signal for an adaptive shift to growth inside a host. MgrA
is known to regulate, directly or indirectly, over 340 genes, includ-
ing those encoding a variety of virulence factors as well as several
antibiotic resistance determinants (72). SarZ, a close homolog of
MgrA, also acts as a global regulator, controlling at least 80 genes
involved in virulence, peroxide and antibiotic resistance, and the
metabolic shift to anaerobic growth (16).

OhrR and its orthologs fall into one of two structural classes
depending on the number of cysteines that participate in peroxide
sensing (Fig. 3). Members of the first class, known as the 1-Cys
class, which also includes OspR, MgrA, and SarZ, contain a single
N-terminal sensing cysteine (C15 in B. subtilis OhrR) that is con-
served in all OhrR proteins (47, 86). A second 2-Cys class contains
an additional cysteine residue (C127 in X. campestris OhrR) in the
C-terminal region that is also involved in peroxide sensing (86).

The current model for the mechanism of organic peroxide
sensing in OhrR/MgrA family members is similar in several re-
spects to peroxide sensing in OxyR. In both 1-Cys and 2-Cys OhrR
proteins, the initial step in organic peroxide-mediated derepres-
sion involves the oxidation of the N-terminal sensing cysteine to a
sulfenic acid (C-SOH) (28, 86) (Fig. 3). Organic peroxide speci-
ficity is due to a hydrophobic region lining the access channel to
the sensing cysteine (47). This OhrR sulfenic acid derivative is still
capable of DNA binding (68). Atleast one of the oxidized cysteines
in the dimer must undergo additional modification in order for
derepression to occur (25). This second stage of the sensing mech-
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anism is where the 1-Cys and 2-Cys classes differ. Studies of B.
subtilis OhrR have determined that inactivation of a 1-Cys OhrR
can occur in several ways (Fig. 3A). The CI15 sulfenic acid can
either rapidly form a mixed disulfide with a cellular free thiol (i.e.,
bacillithiol, a recently identified 398-Da thiol) or react with the
amino group of an adjacent amino acid residue to form a cyclic
sulfenamide (17, 68). Mixed disulfide and protein sulfenamide
formation is reversible since DNA binding activity of these deriv-
atives of OhrR was able to be recovered in vitro by reduction in the
presence of dithiothreitol (DTT) (68, 102). Irreversible inactiva-
tion of OhrR results when the C15 sulfenic acid is further oxidized
to either a sulfinic (C15-SOOH) or sulfonic (C15-SO5H) acid, a
process which occurs either in cells exposed to highly efficient
inducers, like linoleic acid hydroperoxide, or in organic peroxide-
exposed cells already undergoing disulfide stress (68).

The 2-Cys OhrR class, exemplified by X. campestris OhrR, con-
tains an N-terminal sensing cysteine, C22, and two additional C-
terminal cysteines, C127 and C131 (86). Only C22 and C127 are
essential for regulator function (85, 86). Initial oxidation of the
sensing C22 to sulfenic acid is followed by rapid formation of an
intermolecular disulfide bond with C127 of the other subunit in
the dimer (Fig. 3B). It is the formation of this intermolecular
disulfide bond, not the oxidation of C22 to sulfenic acid, which
renders the protein incapable of DNA binding, since amino acid
substitutions at C127 in OhrR result in a protein that binds DNA
in both its reduced and oxidized forms (3, 86). Therefore, disul-
fide bond formation in 2-Cys OhrR is functionally analogous to
mixed disulfide formation in 1-Cys OhrR. Disulfide bond forma-
tion or mixed disulfide formation likely also serves to protect
OhrR from overoxidation, which permanently inactivates the re-
pressor (3, 68). The presence of a reduction system for oxidized
OhrR containing either intermolecular or mixed disulfide bonds
has been suggested but has not been identified (68). Possible can-
didates include systems utilizing dihydrolipoamide which have
recently been shown to be involved in the reductive recycling of
the organic peroxide-specific peroxiredoxins Ohr and OsmC in
Xylella fastidiosa (24), while in B. subtilis and other Firmicutes, the
bacilliredoxins, made up of several putative thiol-disulfide reduc-
tases (17, 43), are an attractive possibility.

The crystal structures of reduced unbound X. campestris OhrR
and reduced B. subtilis OhrR bound to its operator sequence are
similar (Fig. 3A and B), and conserved residues that appear to
perform similar functions in both proteins have been identified
(47, 81). Oxidation and disulfide bond formation in X. campestris
OhrR induce dramatic structural changes, resulting in a 28° rota-
tion of the winged helix-turn-helix DNA binding domains to po-
sitions that are incompatible with DNA binding (81) (Fig. 3B). No
crystal structure is available for a 1-Cys OhrR containing a mixed
disulfide; however, some insight into possible structural changes
can be gained from the known structures of the reduced and oxi-
dized forms of SarZ. C13-SOH in oxidized SarZ retains several of
the normal hydrogen bonding interactions found in the reduced
form. Thus, oxidation to Cys sulfenic acid has only a small effect
on the positions of the DNA binding helices. This is consistent
with observations that the sulfenic acid derivatives of OhrR and
SarZ retain DNA binding activity (83, 89). Mixed thiol formation
(C13-S-S-R) in SarZ disrupts these interactions, resulting in a
conformational shift that increases the spacing between the DNA
binding helices and negates DNA binding (89). The structural
rearrangement observed in the mixed thiol derivative of SarZ is
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less pronounced than that seen in the oxidized disulfide-contain-
ing X. campestris OhrR, which displays a much greater degree of
rotation between the subunits in the dimer (Fig. 3B). It will be
interesting to see if the structural changes that occur upon mixed
thiol formation in 1-Cys OhrR are similar to those in the dithiol
derivative of the 2-Cys class or if they more closely resemble those
seen in SarZ. In this regard, it is interesting to note that a 1-Cys B.
subtilis OhrR can be converted to a functional 2-Cys OhrR by
changing either of two Q residues (G120 or Q124), at positions
corresponding to C127 and C131 in the X. campestris OhrR, to C
so that the structural changes leading to derepression may be sim-
ilar for the 1-Cys and 2-Cys OhrR proteins (101).

ROLE OF OxyR, PerR, AND OhrR IN VIRULENCE

ROS are an important component of the host immune response
(62, 92), and it is becoming clear that peroxide is an important
signal governing the expression of virulence genes. This is perhaps
best illustrated by the peroxide-sensing regulators MgrA and SarZ
in S. aureus, which have evolved to orchestrate the adaptive shift
necessary to promote growth within a host in response to peroxide
(5, 53). Although they are viewed primarily as modulators of the
oxidative stress response, OxyR (64, 104), PerR (35, 48, 91, 117),
and OhrR (3) have all been shown to be required for virulence in
at least one experimental system. In the case of OxyR and PerR,
their effect on virulence is not solely related to the regulation of
oxidative stress defense genes. OxyR induces the expression of
virulence factors that allow pathogens to evade host innate immu-
nity (74, 90), while PerR has been shown to directly regulate an
extracellular virulence factor (mitogen factor 3) in Streptococcus
pyogenes (117). Other clinically relevant processes, such as biofilm
formation (99, 119) and the oxidation state-independent regula-
tion of several epigenetically controlled promoters determining
phase variation (9, 113, 114), are also regulated by OxyR.

CONCLUSION

Much is known concerning the basic structural, mechanistic, and
regulatory details of the peroxide-sensing regulators that are the
subject of this review; however, many questions remain. Clearly,
OxyR and its orthologs have evolved to sense a variety of oxidants
in addition to H,0O, and have assigned a role for OxyR as a sensor
of nitrosative stress during anaerobic growth. There are at least
two distinct mechanisms of oxidant sensing, involving oxidative
modification of a sensing cysteine alone (13, 98) or in concert with
a second disulfide bonding partner (13), that are known in OxyR.
There are also indications of the potential involvement of a third
cysteine in peroxide sensing (4). The LysR-type regulator BenM,
which controls genes involved in benzoate catabolism, is known to
sense two coinducers (cis,cis-muconate and benzoate) that bind
to distinct sites on the protein (23). Binding of each ligand singly
activates transcription, while simultaneous binding of both coin-
ducers results in a synergistic increase in target gene transcription
(11) thatis not observed for all BenM target promoters (21). It will
be interesting to learn how oxidant-specific structural changes in
OxyR affect promoter binding affinity and other OxyR-target pro-
moter interactions as well as the ability of OxyR to interact with
regulatory partners. Our knowledge of the full spectrum of oxi-
dants that are sensed by these regulators is likely to be incomplete.
For example, OhrR has only recently been shown to sense hypo-
chlorite (17), while its natural organic peroxide inducers remain
unidentified.
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Finally, ROS are an important signal to pathogens, indicating
contact with the host. There is a growing realization of the role of
peroxide-sensing regulators in adapting to this environmental
shift through the control of processes such as virulence factor
expression (74, 90) and biofilm formation (99, 119). Further-
more, the lethality of some antibiotics is due, at least in part, to
increased production of ROS (58), and it has been demonstrated
that the levels of oxidative stress protective enzymes can affect
antibiotic resistance levels (6). Therefore, a detailed understand-
ing of the mechanisms and physiological functions of oxidative
stress responsive regulators will further our understanding of bac-
terial adaptation to environmental changes in general and is likely
to shed new light on aspects of many clinically important pro-
cesses.
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