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Abstract Oxidative stresses, such as reactive oxygen

species, reactive electrophilic species, reactive nitrogen

species, and reactive chlorine species, can damage cellular

components, leading to cellular malfunction and death. In

response to oxidative stress, bacteria have evolved redox-

responsive sensors that enable them to simultaneously

monitor and eradicate potential oxidative stress. Specifi-

cally, redox-sensing transcription regulators react to

oxidative stress by means of modifying the thiol groups of

cysteine residues, functioning as part of an efficient sur-

vival mechanism for many bacteria. In general, oxidative

molecules can induce changes in the three-dimensional

structures of redox sensors, which, in turn, affects the

transcription of specific genes in detoxification pathways

and defense mechanisms. Moreover, pathogenic bacteria

utilize these redox sensors for adaptation and to evade

subsequent oxidative attacks from host immune defense.

For this reason, the redox sensors of pathogenic bacteria

are potential antibiotic targets. Understanding the regula-

tory mechanisms of thiol-based redox sensors in bacteria

will provide insight and knowledge into the discovery of

new antibiotics.
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Introduction

Oxidative stresses, such as reactive oxygen species (ROS),

reactive electrophilic species (RES), reactive nitrogen

species (RNS), and reactive chlorine species (RCS),

detrimentally affect bacteria by influencing or depleting

cellular thiol pools (Antelmann and Helmann 2011; Ortiz

de Orué Lucana et al. 2012; Imlay 2013). As a defensive

measure, bacteria have evolved a number of sensory and

regulatory systems to eradicate oxidative stress or repair

the damage caused to protect cellular components (Antel-

mann and Helmann 2011; Ortiz de Orué Lucana et al.

2012; Imlay 2013). Specifically, bacteria use redox-sensi-

tive transcription factors to sense and respond to oxidative

stress. These proteins sense oxidative stress via modifying

the thiol groups of cysteine residues into reversible inter-/

intra-molecular disulfides or into irreversible sulfinic acid,

sulfonic acid, or thiol-(S)-alkylated forms (Chi et al. 2010;

Barford 2004; Giles et al. 2003). Such thiol group modi-

fications are observed in most life forms and ultimately

result in changes in protein structure, leading to direct

binding or dissociation of the transcription factors from the

region of DNA to which they bind (Chi et al. 2010; Ji et al.

2013; Palm et al. 2012; Chen et al. 2010; Newberry et al.

2007; Antelmann and Helmann 2011; Lee et al. 2016).

Several representative bacterial thiol-based redox-sens-

ing proteins that directly regulate gene expression are

known, including OxyR, OhrR, Spx, YodB, CrtJ, and

CprK. The OxyR protein, which belongs to the LysR

family, senses ROS or RNS. The OxyR tetramer has been

shown to increase the gene expression of antioxidant pro-

teins in response to oxidative stress by interaction with

RNA polymerase (Antelmann and Helmann 2011; Lee

et al. 2004). The OhrR protein, which belongs to the MarR

family, is a dimeric regulatory protein that senses organic
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peroxides and other ROS (Fuangthong et al. 2001; Suk-

chawalit et al. 2001). OhrR proteins are known to function

as either one- or two-Cys OhrR proteins that vary in their

redox-sensing mechanisms. For instance, the OhrR from

Xanthomonas campestris has two redox-active cysteine

residues that form an intermolecular disulfide bond,

whereas the OhrR from B. subtilis has one redox-active

cysteine residue that can be S-cysteinylated (Newberry

et al. 2007; Fuangthong et al. 2001; Sukchawalit et al.

2001; Hong et al. 2005). The Spx protein behaves like a

thiol-based activator in response to electrophiles, such as

diamide and quinone (Leelakriangsak et al. 2007). The Spx

protein controls several regulons that contain the genes

needed to maintain the thiol-redox balance within cells and

utilizes organosulfur compounds (Zuber 2004). The

expression of Spx is induced when the peroxide regulon

repressor PerR or the MarR/DUF24 family regulator YodB

is oxidized (Antelmann and Helmann 2011; Leelakri-

angsak et al. 2007). The CrtJ protein from Rhodobacter

capsulatus acts as a homotetramer that regulates the

expression of photosynthesis and heme biosynthesis genes

in response to oxygen and light (Elsen et al. 2005; Masuda

et al. 2002). Finally, the CprK protein belongs to the CRP–

FNR family and is involved in the regulation of halores-

piration in Desulfitobacterium species (Pop et al. 2006).

Redox regulation can also be achieved indirectly, including

via RsrA anti-r factor and RegB sensory histidine kinase

(Antelmann and Helmann 2011).

Thiol-based redox-sensing proteins from pathogenic

bacteria are known to play central roles during infection.

Some representative examples are Salmonella typhimurium

DksA (Crawford et al. 2016), Listeria monocytogenes

SpxA1 (Whiteley et al. 2017), and Staphylococcus aureus

QsrR (Ji et al. 2013), which are essential for bacterial

pathogenesis and growth during infection. Here, we show

representative examples of thiol-based redox-sensing pro-

teins and explore their biological mechanisms at the

molecular level. Because an oxidative signaling molecule

can initiate specific structural changes in thiol-based redox-

sensing proteins, structural comparisons of the various

states of the related protein structures and related changes

in transcriptional patterns can aid our understanding of the

biological function of thiol-based redox-sensing proteins.

Moreover, thiol-based redox-sensing proteins are also

common in eukaryotes. Therefore, studies on prokaryotic

redox-sensing proteins can provide greater insight into

understanding human diseases related to redox regulation

(Le Rossignol et al. 2017).

Modification of cysteine thiols by oxidative
molecules

Because cysteine residues can be oxidized into different

redox states and can also sense a range of oxidative signals,

most redox signals are recognized by cysteine residues,

whereas minor signals are recognized by iron cluster cen-

ters (Antelmann and Helmann 2011; Green and Paget

2004). In a highly reduced and low-oxygen environment,

cysteine residues in cytoplasmic proteins are generally

reduced (Sporer et al. 2017). When the levels of oxidative

molecules, such as ROS, RES, RNS, or RCS, in the envi-

ronment are high, cysteine thiolates can be oxidized and

transitioned into more oxidized forms (Antelmann and

Helmann 2011; Gray et al. 2013). Specifically, cysteine

thiols can be oxidized into cysteine sulfenic acids (R-SOH)

or can irreversibly be oxidized into other forms, including

cysteine sulfinic acids (R-SO2H) and sulfonic acids (R-

SO3H) (Antelmann and Helmann 2011; Hillion and

Antelmann 2015). The sulfenic acids can form mixed

disulfides with low-molecular weight (LMW) thiols, such

as glutathione (GSH), mycothiol (MSH), and bacillithiol

(BSH). More importantly, two adjacent cysteine sulfenic

acids can reversibly form intramolecular/intermolecular

disulfide bonds (Fig. 1a). These chemical modifications to

cysteine residues allow redox sensor proteins to adopt

specific conformations to modulate biological function by

participating in transcriptional regulation of the expression

of redox balance-related genes. ROS include superoxide

anion (O2
�-), hydrogen peroxide (H2O2), and the highly

reactive hydroxyl radical (OH�), which is produced by the

one-electron reduction of molecular oxygen (O2) during

aerobic respiration (Hillion and Antelmann 2015; Imlay

2008). RES include quinones, aldehydes, epoxides, dia-

mide, and a,b-unsaturated carbonyl compounds (Hillion

and Antelmann 2015). Generally, RES are secondary

reactive intermediates from oxidation products of amino

acids, lipids or carbohydrates (Hillion and Antelmann

2015). Because RES possesses electron-deficient centers,

they can react with nucleophilic cysteine thiols, including

thiol-containing proteins and LMW thiols, via thiol-S-

alkylation chemistry (Antelmann and Helmann 2011)

(Fig. 1b). For example, quinones are known to promote

irreversible thiol-S-alkylation and protein aggregation,

depleting protein thiols in the proteome in vivo (Loi et al.

2015). In addition, nitric oxide (�NO) is a main source of

other RNS and is generated by the oxidation of L-arginine

to L-citrulline via the inducible nitric oxide synthase

(iNOS) in neutrophils (Forstermann and Sessa 2012). RNS

include nitric oxide (�NO) and peroxynitrite (NO3
-), which

directly or indirectly form S-nitrosothiol (RS-NOs) and S-

nitrothiol (R-SNO2), respectively (Antelmann and
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Helmann 2011) (Fig. 1c). In addition, the direct reaction of

nitric oxide with LMW thiols leads to the formation of S-

nitrothiol (Antelmann and Helmann 2011; Hillion and

Antelmann 2015). Peroxynitrite, which is formed by the

reaction of nitric oxide and superoxide anion, is a strong

oxidative molecule that can cause cell damage (Nathan

2003; Nathan and Xie 1994). RCS, such as hypochlorous

acid (HOCl) and chloramines, can lead to the oxidation of

cysteine or methionine residues in proteins as well as to the

breakage of nucleic acids and lipid peroxidation (Gray

et al. 2013) (Fig. 1d). Therefore, in response to multiple

RCS attacks from host cells, bacteria use various defense

systems, such as detoxifying enzymes (catalases, peroxi-

dases, and reductases), LMW thiols, and antioxidants, to

survive. In addition, ROS and RNS are also used for

antimicrobial defense, which involves activated neutrophils

to remove pathogenic bacteria from the body (Hillion and

Antelmann 2015; Loi et al. 2015; Ezraty et al. 2017).

Prokaryotic thiol-based redox sensors

Pathogenic bacteria have evolved redox-responsive sensors

that enable them to monitor oxidative signals and survive

in harsh environments even within a host species. Increases

in specific oxidative signals are recognized by redox sen-

sors, which trigger the appropriate cellular responses.

Many redox sensors can recognize specific oxidative sig-

nals, binding to different oxidative signals and differenti-

ating each of them. These dissimilar signals change the

three-dimensional structures of redox sensors and affect the

transcription of specific genes that encode corresponding

detoxification pathways and defense mechanisms. In the

following section, we will discuss the mechanisms of

redox-responsive transcriptional factors from various bac-

teria in detail.

Fig. 1 Modification of cysteine thiols by oxidative species. When the levels of oxidative molecules, such as ROS, RES, RNS, or RCS, in the

environment are high, cysteine thiolates are oxidized and transition into more oxidized forms. a Cysteine thiols can be reversibly oxidized into

the cysteine sulfenic acids (R-SOH) or further oxidized into irreversible products, such as cysteine sulfinic acids (R-SO2H) and sulfonic acids (R-

SO3H). Sulfenic acid can form a mixed disulfide with LMW thiols (R0-SH), such as glutathione (GSH), mycothiol (MSH), and bacillithiol (BSH).

In the presence of adjacent sulfenic acids, cysteine thiols can reversibly form intramolecular/intermolecular disulfide. b RES with electrophilic

carbon centers (d ?), such as benzoquinone and diamide, can react with the nucleophilic cysteine thiols via thiol-S-alkylation chemistry.

Quinones promote irreversible thiol-S-alkylation, resulting in quinone-S-adducts, whereas the electrophilic diamide leads to the formation of

disulfide bonds between cysteine residues. c RNS, including nitric oxide (�NO) and peroxynitrite (NO3
-), modify thiols by forming reversible S-

nitrosothiols (R-SNOs) and S-nitrothiols (R-SNO2), respectively. d RCS, such as hypochlorous acid (HOCl), lead to the chlorination of protein

thiols, resulting in the production of sulfenylchloride intermediates (R-SCl) that form inter- or intramolecular disulfides via subsequent reactions.

In the absence of proximal thiols, chlorinated thiols are overoxidized to cysteine sulfinic and sulfonic acids
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OxyR

OxyR is the LysR-type transcriptional regulator (LTTR)

that senses cellular peroxide (H2O2) levels. OxyR is inac-

tive under low levels of peroxide but is converted to an

active form by an increase in peroxide. Large amounts of

peroxide cause OxyR to form disulfide bonds and activate

the transcription of antioxidant defense genes (Seaver and

Imlay 2001; Aslund et al. 1999; Imlay 2008). OxyR,

comprised of 305 amino acid residues, is composed of an

N-terminal helix-loop-helix DNA binding motif and a

C-terminal regulatory domain with two key cysteine resi-

dues (Cys199 and Cys208) (Choi et al. 2001) (Fig. 2).

When peroxide is present, Cys199 in OxyR is oxidized to

sulfenic acid by the bound peroxide in a specific manner,

which is accompanied by the deprotonation of Cys199 and

the donation of a proton to the peroxide molecule (Jo et al.

2015). The sulfenic acid formed on Cys199 forms an

intramolecular disulfide bond with Cys208 (Jo et al. 2015;

Choi et al. 2001) (Fig. 2b). The formation of a disulfide

bond between Cys199 and Cys208 allows the following

large structural rearrangements in the C-terminal domain:

the loop spanning residues 199–206 moves, Cys199 flips

out, and new secondary structural elements are formed (a

beta strand appears along residues 212–217, and a pseudo-

helical loop forms at residues 219–222). The structural

changes in OxyR caused by peroxide lead to the OxyR

protein activating the transcription of specific genes in the

oxyR regulon (Zheng et al. 2001). These genes are related

to the detoxification of hydrogen peroxide and include

katG (hydroperoxidase), ahpCF (alkyl hydroperoxide

reductase), oxyS (a regulatory RNA), dps (a non-specific

DNA-binding protein), fur (ferric uptake regulation), gorA

(glutathione reductase), and grxA (glutaredoxin) (Zheng

et al. 2001). Furthermore, peroxide-activated OxyR indu-

ces the cooperative binding of RNA polymerase to activate

and enhance transcription (Choi et al. 2001). In addition,

oxidized OxyR binds to four DNA pairs, whereas the

reduced OxyR binds only two pairs of DNA (Choi et al.

2001). The differential DNA-binding ability of the oxi-

dized and reduced OxyR can be explained by the dissimilar

dimeric interfaces of the two OxyR structures that result

from different disulfide bond configurations. Ultimately,

the different DNA-binding activities affects gene-regula-

tion behaviors depending on the redox state of OxyR (Jo

et al. 2015). After successful defense against oxidative

stress, the disulfide bond between Cys199 and Cys208 in

OxyR is reduced by glutaredoxin 1 (Grx1), and the related

transcription is deactivated (Zheng et al. 1998). In addition

to peroxide, OxyR is known to recognize S-nitrothiol to

protect cells from various RNS attacks (Mukhopadhyay

et al. 2004). To understand the exact mechanism by which

OxyR recognizes and discriminates these two kinds of

oxidative signals, further structural studies on OxyR are

needed. Structural information on OxyR in various states

has been published since the first structures from Escher-

ichia coli were reported [PDB codes 1I69 (reduced form)

and 1I6A (oxidized form)] (Choi et al. 2001). The struc-

tures available are Porphyromonas gingivalis OxyR [PDB

codes 3HO7, 3T22, and 3UKI (reduced form)] (Svintradze

et al. 2013), Neisseria meningitides OxyR [PDB code 3JV9

(reduced form)] (Sainsbury et al. 2010), Pseudomonas

aeruginosa OxyR [PDB codes 4X6G, 4XWS, and 4Y0 M

(reduced form)] (Jo et al. 2015), and the regulatory

domains of Vibrio vulnificus OxyR2 [PDB codes 5X0Q

(Cl-bound), 5B70, 5B7D (sulfate-bound), and 5X0V (re-

duced form)] (Jo et al. 2017).

OhrR, a MarR-family redox sensor

The organic hydroperoxide resistance protein regulator

(OhrR) is a transcription factor that regulates the expres-

sion of the organic hydroperoxide resistance (ohr) gene in

response to lipid hydroperoxides (Hong et al. 2005; New-

berry et al. 2007). OhrR belongs to the multiple antibiotic

resistance regulatory (MarR) family that controls the

Fig. 2 Structures of the reduced and oxidized forms of OxyR, a

sensor of peroxide stress. Two forms [reduced (gray) and oxidized

(magenta)] are superimposed and depicted as ribbon diagrams. In all

labeled residues, redox-sensing cysteines and mutants are represented

as ball-and-stick models, with carbon, oxygen, and sulfur atoms

colored green, red and yellow, respectively. The disulfide bridge is

represented by yellow sticks. To crystallize the reduced OxyR,

cysteine residue 199 was replaced with a serine residue. In the

oxidized OxyR, Cys199 and Cys208 residues have been shown to

form an intramolecular disulfide bond, leading to large structural

changes in the loops [the corresponding residues (Cys199–Gly206,

Gly212–Asp217, and Phe219–Thr222) are colored red]
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expression of toxin-resistance genes related to antibiotics,

organic solvents, detergents, and oxidative stress signals

(Hong et al. 2005; Newberry et al. 2007). OhrR proteins are

classified into two groups based on the presence of addi-

tional cysteine residue(s) at the C-terminus. In general, one

cysteine residue exists at the N-terminus (Newberry et al.

2007). Another cysteine residue is located at the C-termi-

nus (two-Cys type), although some OhrR proteins do not

have cysteines on their C-termini (one-Cys type). For

instance, B. subtilis OhrR and X. campestris OhrR are

homodimeric proteins comprising 147 and 153 amino

acids, respectively (Fig. 3). The one-Cys type, including B.

subtilis OhrR, senses hydroperoxides and forms a rever-

sible sulphenic acid derivative with bacillithiol (Fuangth-

ong and Helmann 2002). The oxidation of the conserved

Cys15 of B. subtilis OhrR inhibits DNA-binding affinity,

thereby inducing the expression of the organic hydroper-

oxidase gene ohrA (Fuangthong and Helmann 2002). In

addition, a cyclic sulfenamide can also be formed by

condensation of the sulfenate with a neighboring backbone

amide nitrogen in B. subtilis OhrR (Antelmann and Hel-

mann 2011). Unlike the one-Cys type, the two-Cys type,

including X. campestris OhrR, forms intermolecular

disulfide bonds between C22 and C1270 (or C220 and C127)
in two monomers in response to oxidative signals (Fig. 3c,

d). Currently, a few OhrR structures have been published

from two bacterial sources: B. subtilis [PDB codes 1Z91

(reduced form) and 1Z9C (DNA-bound form)] (Hong et al.

2005) and Xanthamonas campestris [PDB codes 2PFB

(oxidized form) and 2PEX (reduced form)] (Newberry

et al. 2007).

YodB, QsrR, and HypR (redox sensors in the MarR/

DUF24-family)

In the MarR/DUF24-family, three distinct redox sensors

are recognized: YodB, QsrR, and HypR. Bacillus subtilis

YodB is a prototypical MarR/DUF24 family transcriptional

regulator composed of 112 amino acid residues. YodB

senses and responds to RES, such as diamide, quinones,

Fig. 3 Structures of the reduced and oxidized forms of OhrR classified into two groups based on the presence of cysteine residues at the

C-terminus. Dimeric structures of OhrR from Bacillus subtilis (a, b) and Xanthamonas campestris (c, d) are depicted based on their

conformational changes. The monomeric and dimeric structures are presented in different colors (gray and blue). All labeled residues are

represented as ball-and-stick models with carbon (green), oxygen (red) and sulfur (yellow) atoms. In the structure shown in (a), Cys15 (or

Cys150) was mutated to serine to facilitate crystallization of the reduced form of B. subtilis OhrR. In (b), the ohrA operator is represented by a

wheat ribbon diagram. Cys15 was also replaced with serine to mimic the DNA-binding affinity of the reduced wild-type OhrR. In the reduced

form (c) of X. campestris OhrR, Cys22 was substituted with serine to produce a conformation identical to the reduced wild-type form. In the

oxidized form (d), Cys22 and Cys1270 (or Cys220 and Cys127) form intermolecular disulfide bonds between the two subunits
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and aldehydes, in a specific manner (Antelmann and Hel-

mann 2011). Unlike common redox sensors that sense only

one kind of oxidative molecule, YodB possesses an elab-

orate molecular mechanism that discriminates between

diamide and quinone by structural changes in the YodB

dimers (Lee et al. 2016). More specifically, diamide

induces intersubunit disulfide formation between Cys6 and

Cys1010 (or Cys60 and Cys101) in the YodB dimer

(Fig. 4a). Disulfide formation between two YodB mono-

mers induces large movements of secondary structural

elements, including two DNA-recognition helices (a4 and

a40) and full dissociation of YodB from the operator DNA

(Lee et al. 2016). In contrast to the diamide-mediated

signaling pathway, YodB responds to the more toxic

compound methyl-p-benzoquinone (MPBQ) via the S-

alkylation of Cys6 (or Cys60), which does not induce a

large conformational change in the YodB dimer (not shown

in the figure) (Lee et al. 2016). However, the MPBQ

adducts on Cys6 (or Cys60) also affect the DNA-recogni-

tion helices, causing YodB to dissociate from the operator

DNA (Lee et al. 2016). As a result, detoxifying genes,

including azoR1 and azoR2, are expressed to neutralize

oxidative molecules in B. subtilis (Antelmann and Hel-

mann 2011). Interestingly, MPBQ induces expression of

the azoR1 gene at a 1000-fold lower concentration than

diamide, indicating that more toxic compounds are effi-

ciently treated in a specific manner (Lee et al. 2016).

Second, S. aureus QsrR, termed the quinone-sensing and

response repressor, has a redox-sensing Cys5 that cova-

lently binds to menadione (Ji et al. 2013) (Fig. 4b). Binding

between menadione and Cys5 causes rearrangement of the

QsrR dimer and disruption of the QsrR–DNA interaction

(Ji et al. 2013). In the case of B. subtilis HypR

(hypochlorite responsive regulator; previously known as

YybR), two cysteine residues (Cys14 and Cys49) are

essential for sensing diamide and NaOCl and thus for the

activation of hypO transcription (Palm et al. 2012)

(Fig. 4c). With an increase in oxidative molecules, two

disulfide bonds between HypR monomers are formed,

causing structural rearrangement of the HypR dimer and

altering the DNA-binding affinity of HypR (Palm et al.

2012). A comparison of the dimeric structures of S. aureus

QsrR (112 amino acid residues) and B. subtilis HypR (125

amino acid residues) shows that the two are nearly identical

to B. subtilis YodB (reduced and MPBQ-bound forms)

(Fig. 4). However, the DNA-binding affinities of S. aureus

QsrR and B. subtilis HypR are quite different depending on

their redox states. Currently, several structures for the

MarR/DUF24 family can be found: B. subtilis YodB [PDB

codes 5HS7 (reduced form), 5HS8 (diamide-treated form),

and 5HS9 (quinone-bound form)] (Lee et al. 2016), Sta-

phylococcus aureus QsrR [PDB codes 4HQE (the DNA-

complex form) and 4HQM (menadione-complex form)] (Ji

et al. 2013), and B. subtilis HypR [PDB codes 4A5N

Fig. 4 Structures of the reduced and oxidized forms of YodB, QsrR, and HypR, redox sensors in the MarR/DUF24 family. In the structures

above, dimers of the reduced and oxidized forms of YodB (a), QsrR (b) and HypR (c) are superimposed using sequence alignment. Dimeric

structures of all reduced and oxidized forms are shown as orange/gray and yellow/gray, respectively. Carbon atoms of key residues in both forms

are colored green, and the oxygen and sulfur atoms are colored red and yellow, respectively. In the focused view (reduced and oxidized forms are

shown on the left and right side, respectively), the important residues and their interactions are highlighted with black lines. The oxidized form of

YodB is induced by diamide, Cys6 and Cys1010 (or Cys60 and Cys101) to form inter-subunit disulfide bonds (yellow) in the YodB dimer, causing

a large conformational change. In the reduced form of QsrR, the QsrR dimer is shown as a complex, with palindromic DNA represented by a

wheat ribbon diagram. In the oxidized form of QsrR, Cys5 covalently binds to menadione, colored dark gray, which inhibits the DNA interaction.

In the reduced form of HypR, to mimic the reduced form of wild-type HypR, Cys14 was replaced with serine. In the oxidized form (right panel in

c), Cys14 and Cys490 form an intermolecular disulfide bond (yellow) between two HypR monomers
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(reduced form) and 4A5M (oxidized form)] (Palm et al.

2012).

Spx

The Spx protein is composed of 131 amino acids, acts as a

monomer and belongs to the arsenate reductase (ArsC)

family (Newberry et al. 2005). Spx is a global transcription

factor that regulates the transcription of multiple genes via

directly interacting with the C-terminal domain (CTD) of

RNA polymerase a subunit in response to disulfide stress

(Lamour et al. 2009; Nakano et al. 2010; Newberry et al.

2005) (Fig. 5). Oxidative molecules promote disulfide

formation between Cys10 and Cys13 in Spx, allowing

direct interaction with the CTD of the RNA polymerase a
subunit (Fig. 5b). The complex activates the transcription

of genes involved in thiol homeostasis, including thiore-

doxin (trxA) and thioredoxin reductase (trxB) (Nakano

et al. 2010; Newberry et al. 2005). The disulfide bond

between Cys10 and Cys13 possibly affects the rearrange-

ment of the side chains of several basic residues that are

related to DNA binding affinity (Nakano et al. 2010). In

addition to positive regulation, Spx may play a negative

role in transcriptional regulation (Nakano et al. 2010).

Structural information about Spx in complex with the

C-terminal domain of the RNA Polymerase a subunit from

B. subtilis is available (PDB codes 1Z3E, 3GFK, and

3IHQ) (Lamour et al. 2009; Nakano et al. 2010; Newberry

et al. 2005).

PrrA/PrrB (RegA/RegB), a two-component system

The PrrA/PrrB system (RegA/RegB in Rhodobacter cap-

sulatus) is a bacterial two-component regulatory system

(TCS) that is involved in anaerobic synthesis of the pho-

tosystem in Rhodobacter capsulatus (Elsen et al. 2004;

Laguri et al. 2003). For Mycobacterium tuberculosis, the

PrrA/PrrB system is active in response to host-cell inter-

actions after infection, suggesting a possible new antibac-

terial target (Nowak et al. 2006). Generally, TCS consist of

two proteins: a membrane-bound histidine kinase that

senses a specific signal and a response regulator that reg-

ulates a set of genes (Nowak et al. 2006; Capra and Laub

2012). The signal-sensor kinases have a histidine-contain-

ing dimerization domain and a catalytic domain, whereas

the response regulators have an N-terminal receiver

domain and a DNA-binding domain (Capra and Laub

2012). Structural studies have been performed on the

response regulator PrrA from R. sphaeroides [PDB code

1UMQ (effector domain); residues 125–184] and M.

tuberculosis (PDB code 1YS7; 233 amino acid residues)

(Laguri et al. 2003; Nowak et al. 2006). The M. tubercu-

losis PrrA complexed with Mg2? is shown in Fig. 6. In the

active site, one Mg2? is coordinated by Asp15, Asp58, and

Lys108. Ser86 is an important residue involved in signal

transduction via PrrB. The structure of PrrA is very similar

to those of response regulators belonging to the OmpR/

PhoB family (DrrB and DrrD), including NarL, CheB, and

RsbQ (Nowak et al. 2006).

MerR family and NmlR-like redox sensors

Mercury resistance regulators (MerR) control metal ion

resistance determinants and efflux pumps in response to a

diverse range of effectors, such as redox stress molecules

(by SoxR and NmlR), xenobiotics (by BmrR), and metal

ion overload (by MerR, ZntR, and CueR) (Counago et al.

2016; Antelmann and Helmann 2011). Generally, MerR

Fig. 5 Structures of the reduced and oxidized forms of Spx in complex with the c-terminal domain of the RNA polymerase a subunit (aCTD). In
both structures of reduced (a) and oxidized (b) Spx, aCTD and Spx are colored gray and green, respectively. All labeled residues are shown as a

ball-and-stick with carbon (green), oxygen (red), nitrogen (blue) and sulfur (yellow) atoms. In the oxidized Spx-aCTD complex, Cys10 and

Cys13 form an intramolecular disulfide bond. A sulfate ion is present and interacts with Ser12, which is adjacent to the disulfide bond of Cys10/

Cys13, and Arg92. In the reduced form, Cys10 was mutated to a serine to force the reduced conformation. No sulfate ion is present, and the

amine group of Arg92 is thus oriented away from its position in the sulfate-containing oxidized form
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family members sense metal ions by coordinating with

cysteine residues (Fig. 7). As a representative example,

Sox possesses a [2Fe–2S] cluster that senses superoxide

anions or RNS molecules by oxidation or nitrosylation,

allowing the transcriptional activation of soxS (Counago

et al. 2016; Watanabe et al. 2008). NmlR-like redox sen-

sors belonging to the MerR family have been identified in

pathogenic bacteria, such as Neisseria species, Hae-

mophilus influenza, and Streptococcus pneumoniae (An-

telmann and Helmann 2011). Their virulence is highly

related to recognition and response to RES and NO

molecules, which triggers the expression of genes that

protect cells against RNS (nitrosative stress). In the case of

H. influenza NmlR (PDB codes 5D8C, 5D90, and 5E01),

two cysteine residues (Cys54 and Cys71) sense reactive

species generated by the host in response to formaldehyde.

Via oxidation, NmlR can control the expression of an

operon consisting of adhC and estD, which are involved in

the glutathione-dependent detoxification of toxic

formaldehyde to formate (Counago et al. 2016).

The protein structures and mechanisms of MerR/NmlR

family members have been extensively studied as follows:

E. coli SoxR [PDB codes 2ZHG (DNA-bound form) and

2ZHH] (Watanabe et al. 2008); Pseudomonas aeruginosa,

a mercury(II)-dependent Tn501 MerR (PDB code 5CRL)

(Wang et al. 2016); Bacillus megaterium MerR [PDB

codes 4UA1 (Hg2?-bound form) and 4UA2] (Chang et al.

2015); B. subtilis transcription activator MtaN (PDB code

1R8D) and multidrug-efflux transporter regulator BmrR

(PDB codes 1R8E, 1EXI, and 1EXJ) (Newberry and

Brennan 2004; Heldwein and Brennan 2001); E. coli cop-

per efflux regulator CueR [PDB codes 1Q05 (Cu2?-bound

form), 1Q06 (Ag2?-bound form), and 1Q07 (AU2?-bound

form)] and zinc-sensing transcriptional regulator ZntR

(PDB codes 1Q08, 1Q09, and 1Q0A) (Changela et al.

2003); and E. coli CueR [PDB codes 4WLS and 4WLW

(DNA-bound form)] (Philips et al. 2015).

Redox sensors involved in RCS

Some redox sensors mentioned above (OxyR, OhrR, SoxR,

and Spx) are also known to recognize and respond to RCS

(Gray et al. 2013). In addition, ComR, MsrPQ, NemR,

PerR, RclR, and YjiE have been identified as RCS-sensi-

tive redox sensors. Among the RCS-responsive redox

sensors, MsrPQ is a hypersensitive redox sensor of RCS

and responds to HOCl (Ezraty et al. 2017). Escherichia coli

RclR (previously known as YkgD) belongs to the AraC

family and has highly conserved cysteine residues that are

Fig. 6 Structure of PrrA in complex with magnesium(II) ion. PrrA is

shown in yellow, with the active site residues in a ball-and-stick

diagram comprising carbon (green), oxygen (red) and nitrogen (blue).

The magnesium(II) ion is represented as a gray sphere. The Mg2? ion

is coordinated by Asp15, Asp58, Asn60, and Lys108. Ser86, one of

the important residues for signal transduction by PrrB, is also shown

Fig. 7 Structures of the apo- and mercury(II)-bound forms of the

MerR dimer. The structures of apo (a) and Hg2? (b) MerR are shown

as ribbon diagrams, and each subunit is colored gray or salmon. All

the important cysteine residues are represented as ball-and-stick

models with carbon (green) and sulfur (yellow) atoms and Hg2? ions

shown as a red sphere. To clearly understand the active sites, the

overall structures of MerR (left) are highlighted in the enlarged views

(right)
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specifically sensitive to RCS (Parker et al. 2013). In NemR

(PDB code 4YZE), Cys106 and Lys175 form a reversible

sulfenamide bond in the presence of HOCl or reactive

chloramines, such as N-chlorotaurine (Gray et al. 2015)

(Fig. 8). This chemical modification leads to the expression

of three proteins (NemR, NemA, and GloA) that block

RCS attacks from neutrophils during inflammation (Gray

et al. 2015). YjiE is a global regulator that upregulates the

genes responsible for cysteine and methionine metabolism.

YjiE also downregulates the genes responsible for iron

acquisition after HOCl treatment (Gray et al. 2013).

Conclusions

Both prokaryotic and eukaryotic cells must maintain redox

balance to survive harsh environments. If cells are exposed

to oxidative stresses, such as ROS, RES, RCS, and RNS,

cellular components, including lipids, DNA, and proteins,

can be damaged or modified, leading to cellular malfunc-

tion and death. More specifically, the oxidation of

polyunsaturated fatty acids in membranes can cause lipid

peroxidation and decrease membrane fluidity, leading to

the disruption of membrane-bound proteins (Humphries

and Szweda 1998; Cabiscol et al. 2000). Additionally,

oxidative molecules can induce single- and double-stran-

ded breaks in the DNA backbone and modify chemical

groups, which disrupts DNA replication (Cabiscol et al.

2000). Additionally, amino acids and protein structures can

be modified by oxidative species, leading to the interrup-

tion or disturbance of specific cellular metabolic steps

(Cabiscol et al. 2000). To defend against such oxidative

attacks, cells constitutively produce antioxidants, such as

NADPH/NADH pools, b-carotene, ascorbic acid, a-toco-
pherol, and glutathione (GSH), that maintain a reducing

intracellular environment or remove oxidative molecules

(Cabiscol et al. 2000; Antelmann and Helmann 2011). To

treat specific oxidative molecules and restore redox bal-

ance, cysteine thiol groups in proteins are used to activate

specific detoxification pathways (Lee et al. 2016). Specif-

ically, transcription factors with redox sensing functions

can directly sense and quickly respond to oxidative stress,

which is regarded as an efficient way for bacteria to sur-

vive. Pathogenic bacteria use this strategy to adapt to their

host immune defense system by evading oxidative attacks

from the host. For this reason, the redox sensors of

pathogenic bacteria are important potential antibiotic tar-

gets. Furthermore, low levels of ROS and RES also act as

second messengers to modulate signaling transduction

pathways in eukaryotes (Rudolph and Freeman 2009).

Redox sensor-mediated regulation reflects the elaborate

strategies bacteria use to finely tune the expression of rel-

evant antioxidant genes by sensing specific arrays of

oxidative molecules. The structures of redox sensors elu-

cidated from many studies reveal how the presence of

oxidative molecules initiate the recognition of an oxidation

state and the subsequent conformational rearrangements

that alter DNA-binding affinity at the molecular level.
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