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Bacteria and archaea encode members of the large multiple antibiotic resistance regulator (MarR) family of transcriptional
regulators. Generally, MarR homologs regulate activity of genes involved in antibiotic resistance, stress responses, virulence or cata-
bolism of aromatic compounds. They constitute a diverse group of transcriptional regulators that includes both repressors and acti-
vators, and the conventional mode of regulation entails a genetic locus in which the MarR homolog and a gene under its regulation
are encoded divergently; binding of the MarR homolog to the intergenic region typically represses transcription of both genes, while
binding of a specific ligand to the transcription factor results in attenuated DNA binding and hence activated gene expression. For
many homologs, the natural ligand is unknown. Crystal structures reveal a common architecture with a characteristic winged helix
domain for DNA binding, and recent structural information of homologs solved both in the absence and presence of their respective
ligands, as well as biochemical data, is finally converging to illuminate the mechanisms by which ligand-binding causes attenuated
DNA binding. As MarR homologs regulate pathways that are critical to bacterial physiology, including virulence, a molecular under-
standing of mechanisms by which ligands affect a regulation of gene activity is essential. Specifying the position of ligand-binding
pockets further has the potential to aid in identifying the ligands for MarR homologs for which the ligand remains unknown.

Keywords: MarR, ligand binding, transcription factor, DNA binding

Introduction

Bacteria and archaea employ a number of efficient mechanisms to
affect differential gene expression in response to internal and
external stimuli. First characterized in Escherichia coli, multiple
antibiotic resistance regulator (MarR) family proteins constitute
a diverse group of transcriptional regulators that modulate the
expression of genes encoding proteins involved in a wide
variety of cellular processes including metabolic pathways,
stress responses, virulence and degradation or export of
harmful chemicals such as phenolic compounds, antibiotics and
common household detergents (Cohen et al., 1993; Ariza et al.,
1994; Martin and Rosner, 1995; Sulavik et al., 1995; Alekshun
and Levy, 1999a). MarR homologs are identified and annotated
in genome databases by sequence homology to known MarR pro-
teins (Pfam: PF01047; Finn et al., 2010). There are more than
12000 MarR-like proteins annotated in bacterial and archaeal
genomes to date, amongst which around 100 have been
studied in terms of their physiological role.
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MarR homologs constitute a subgroup of winged helix-turn-
helix (WHTH) DNA-binding proteins; they exist as dimers and
bind palindromic sequences within target promoters, resulting
in either transcriptional repression or activation (and sometimes
both). The genomic loci in which the MarR homolog is encoded
generally include divergent genes with the MarR homolog func-
tioning as a regulator of both. In addition, distant genes may be
regulated by a given homolog. Another defining feature of MarR
homologs is that they respond to specific ligands; in absence of
ligand, specific DNA binding occurs, most often resulting in
repression of gene activity. On binding of the ligand, DNA
binding is attenuated, resulting in de-repression of transcription
(Wilkinson and Grove, 2006). What has hampered progress in
understanding the molecular mechanisms by which ligand-
binding causes attenuated DNA binding is that the natural
ligand often is unknown.

We are summarizing here recent data that point to general
mechanisms by which ligand binding induces a conformation
that is incompatible with DNA binding. This analysis is rendered
both timely and incisive by the recent publication of several struc-
tures and biochemical analyses of MarR homologs in their apo
forms and in complex with various ligands. Common features of
ligand-binding pockets are emerging, furnishing long-sought
clues to the mechanisms of ligand-mediated gene regulation of
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Figure 1 Multiple antibiotic resistance (mar) locus from E. coli. MarR binds two palindromic sequences in the intergenic region between marRAB
and marC repressing their expression. MarR is shown in space-filled rendering and colored according to secondary structure elements; helix in

red, B-sheet in yellow and loop regions in green.

MarR homologs and promising to aid in the identification of
ligands for MarR homologs for which ligands still remain elusive.

Transcriptional regulation by MarR
homologs

The signal to which MarR homologs respond communicates a
change in the environment, for example, in the form of availability
of substrates for a specific metabolic pathway or noxious com-
pounds that the cell needs to extrude. Many MarR homologs
are encoded adjacent to divergently transcribed genes they regu-
late, with their binding site(s) residing in the intergenic region
spanning those genes. This was first demonstrated for E. coli
MarR, which binds to the intergenic region between marC and
marRAB at two palindromic sequences, obstructing the —10
and —35 promoter elements (Figure 1; Martin and Rosner,
1995). This mode of binding would hinder the recruitment of
RNA polymerase, hence repressing the transcription of both
marC and marRAB genes (Martin et al., 1995). Additional mechan-
isms of transcriptional repression have been proposed for MarR
homologs, including impeding promoter escape or transcriptional
elongation by RNA polymerase and competing with a transcrip-
tional activator for promoter binding (Cohen et al., 1993;
Stapleton et al., 2002; Galan et al., 2003). Other homologs bind
upstream sites, where they may act as an activator by stabilizing
the RNA polymerase or by competing for DNA binding by a repres-
sor (Kovacikova et al., 2004; McCallum et al., 2004; Oh et al.,
2007; Di Fiore et al., 2009). Thus, the choice of being an activator
or a repressor depends on the position of binding relative to the
promoter sequence. For example, Streptomyces coelicolor OhrR
acts as a repressor as well as an activator by binding to the
same operator region between ohrR and ohrA (Oh et al., 2007).
The reduced form of scOhrR binds co-operatively to the intergenic
operator sequence covering the —10 and —35 promoter
elements hindering the recruitment of RNA polymerase. Upon oxi-
dation, scOhrR binds loosely towards ohrA (—35) promoting RNA
polymerase recruitment to the divergent ohrR gene, thus acting
as an activator of ohrR transcription.

Regulation of catabolic pathways

The metabolic pathways regulated by MarR homologs generally
involve catabolism of aromatic compounds. The ligands for
these MarR homologs are typically substrates of the regulated
metabolic enzymes. For example, 3-chlorobenzoate is a
pollutant that is metabolized by Comamonas testosteroni. The
MarR homolog CbaR represses the cbaABC operon, which

encodes enzymes involved in the oxidation of 3-chlorobenzoate
(Providenti and Wyndham, 2001). Ligand specificity is exemplified
by the observation that transcriptional repression is relieved
when CbaR binds 3-chlorobenzoate, but DNA binding is enhanced
on binding benzoate analogs with a hydroxyl or carboxyl group at
the 3-position. Comamonas testosteroni also encodes MobR,
which functions as a repressor of the mobA gene that encodes
a 3-hydroxybenzoate 4-hydroxylase. The ligand for MobR is
3-hydroxybenzoate, whose binding attenuates DNA binding and
results in efficient induction of mobA expression (Yoshida et al.,
2007).

The beta-ketoadipate pathway is involved in catabolism of the
lignin-derived aromatic compounds protocatechuate and cate-
chol. The enzymes of the protocatechuate branch of this
pathway are encoded by the pca genes. Transcription of the struc-
tural genes in S. coelicolor is repressed by a MarR homolog
encoded by a divergently oriented gene, and it is induced by pro-
tocatechuate and p-hydroxybenzoate (Davis and Sello, 2010).
Thus, MarR homologs are efficient at detecting the presence of
aromatic compounds, which represent a significant nutrient
source for soil-dwelling organisms, and induce the expression
of enzymes involved in their degradation.

Control of virulence factor
expression

The regulatory pathways that govern bacterial virulence are
complex, in part as multiple regulators may act on an individual
gene. Secondly, gene expression is temporally regulated, with
cell wall proteins and surface adhesins expressed during the
early, colonizing stages of infection, whereas toxins and secreted
proteins are expressed during the subsequent tissue-damaging
phase of disease. A number of MarR homologs have been
shown to participate in these events, but the signals to which
they respond have in many cases proved difficult to ascertain.
Examples include Dickeya dadantii (Erwinia chrysanthemi) PecS
and SlyA, both essential for virulence in this phytopathogenic
enterobacterium that infects numerous economically important
plant species. PecS is involved in global regulation of virulence
during host colonization. It was initially described as a regulator
of pectinase genes (hence the name) and it has been shown to
regulate expression of indigoidine biosynthetic genes and
genes involved in flagellum development, virulence factors
required for infection (Reverchon et al., 1994; Praillet et al.,
1997; Rouanet et al.,, 1999, 2004; Reverchon et al.,, 2002;
Nasser et al., 2005; Hommais et al., 2008). The ligand for PecS
is unknown. More recently, SlyA has also been shown to
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contribute to the regulation of pectinase (Haque et al., 2009).
SlyA has been primarily characterized in Salmonella, where it
was shown to regulate, for example, hemolysin and flagella pro-
duction, both of which are critical for S. typhimurium infection
(Buchmeier et al., 1997; Stapleton et al., 2002; Wyborn et al.,
2004).

An example of a MarR homolog that uses peroxide stress to
induce virulence gene expression is SarZ from Staphylococcus
aureus (Ballal et al., 2009; Chen et al., 2009; Poor et al., 2009).
SarZ belongs to the single-cysteine class of OhrR—MgrA proteins
that play key roles in oxidative stress resistance and regulation of
virulence genes in various bacteria and whose DNA binding
is modulated by cysteine oxidation. In contrast, OhrR from
Xanthomonas campestris pv. phaseoli requires formation of a
disulfide bridge between two cysteines for inactivation of its
repressor function (Panmanee et al., 2006).

Not only do MarR homologs respond to ligands by altered
DNA binding and changes in gene activity, some have been pro-
posed to activate gene expression by competing with the global
repressor H-NS. This mode of activity has, for example, been
proposed for SlyA in its activation of the hemolysin gene in
E. coli (Westermark et al.,, 2000). RovA is a SlyA homolog
that was first identified as a positive regulator of the gene
coding for invasin in response to temperature and growth
phase in Yersinia (Cathelyn et al., 2007). Both the inv gene
that encodes invasin and other genes under RovA control are
subject to repression by H-NS, leading to the inference that a
principal function of RovA in Yersinia enterocolitica is to act
as an antagonist of H-NS-mediated transcriptional silencing
(Cathelyn et al., 2007).

Response to environmental stress

A number of MarR homologs are involved in multiple antibiotic
resistance phenotypes and their control of multidrug efflux
pumps have been studied in several species (George and Levy,
1983; Poole et al., 1993; Martin et al., 1995; Seoane and Levy,
1995; Sulavik et al., 1997; Kaatz et al., 2006). Escherichia coli
MarR was discovered based on genetic selections to identify
mutants that conferred resistance to a range of antibiotics
(George and Levy, 1983; Cohen et al.,, 1993). MarR regulates
the marRAB operon encoding MarA, which is a transcriptional
activator of a number of genes responsible for the mar pheno-
type, including a multidrug efflux pump. MarR responds to a
range of anionic lipophilic compounds such as 2,4-dinitrophenol,
menadione and salicylate (Cohen et al., 1993; Seoane and Levy,
1995). The affinity of MarR for its ligands is low; e.g. salicylate
binds MarR with an apparent K4 of 0.5 mM (Martin and Rosner,
1995; Alekshun and Levy, 1999a).

Other MarR homologs have been identified that directly regu-
late a multidrug efflux system. Examples include the emrRAB
operon in E. coli, which is regulated by EmrR. EmrB pumps
drugs across the cytoplasmic membrane whereas EmrA is
thought to facilitate their passage through the periplasm.
Binding of EmrR is inhibited by structurally unrelated antibiotics,
including the MarR ligands salicylate and 2,4-dinitrophenol
(Lomovskaya et al.,, 1995; Xiong et al., 2000). MepR from
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S. aureus represses expression of mepA, which encodes a multi-
drug efflux pump; MepR is induced by multiple cationic toxins,
which are also substrates of MepA (Kaatz et al, 2006;
Kumaraswami et al., 2009).

MexR from Pseudomonas aeruginosa has been extensively
characterized. It is encoded adjacent to the oppositely oriented
mexAB-oprM operon that encodes a multisubstrate efflux pump
that contributes to this organism’s intrinsic multidrug resistance;
MexR represses its own transcription and that of the mexAB-oprM
operon (Poole et al., 1993; Srikumar et al., 2000). The signals to
which MexR respond have long eluded detection; however, a
recent report shows that cysteine oxidation confers a confor-
mational change that is consistent with attenuated DNA binding
(Chen et al., 2008).

Several MarR homologs mediate responses to oxidative stress.
The gene encoding OhrR from X. campestris pv. phaseoli is
co-transcribed with the adjacent gene, ohr, which is involved in
protection against organic peroxides. Transcription is repressed
by OhrR, a repression that is relieved by organic peroxides
(Mongkolsuk et al., 1998; Sukchawalit et al., 2001). In Bacillus
subtilis, the OhrR and ohr genes are divergently encoded;
B. subtilis OhrR represses transcription of ohr and although it is
responsive to organic peroxides, its expression does not appear
to be autoregulated (Fuangthong et al.,, 2001). OspR from
P. aeruginosa likewise senses oxidative stress and induces both
antioxidant production and antibiotic resistance as a result (Lan
et al., 2010).

A unique homolog has been described in Deinococcus radio-
durans, which is particularly resistant to agents with the potential
to damage cellular components, including that induced by oxi-
dative stress. HucR represses its own expression as well as that
of a divergently encoded uricase, a repression that is relieved
on binding the ligand urate, the substrate for uricase. As a conse-
quence, cellular levels of urate are intricately regulated, ensuring
that optimal concentrations of this potent antioxidant are main-
tained (Wilkinson and Grove, 2004, 2005; Perera et al., 2009).
This genomic locus is unique to D. radiodurans, suggesting that
control of urate levels contributes to the characteristic oxidative
stress resistance in this species.

Structure of MarR family
transcriptional regulators

MarR homologs are homodimeric proteins, which generally
assume a triangular shape with pseudo-2-fold symmetry
(Figure 2). Structures generally comprise six a-helices and three
B-strands assuming an al-a2-Bl-a3-as4—R2-P3-a5-ab top-
ology (Figure 2). An additional N-terminal helix is present in the
structure of D. radiodurans HucR (Bordelon et al., 2006).
Homologs annotated in databases as PecS contain N-terminal
extensions, predicting that they also feature this additional sec-
ondary structure element. The N- and C-terminal helices interdigi-
tate to create a compact inter-subunit dimerization interface
consisting of mainly hydrophobic interactions and intermolecular
hydrogen bonds (Alekshun et al., 2001; Hong et al.,, 2005;
Bordelon et al., 2006; Newberry et al., 2007; Saridakis et al.,
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Figure 2 Sequence alignment and general architecture of MarR homologs. (A) Sequence alignment of selected MarR homologs. (B) Crystal
structure of M. thermoautotrophicum MTH313 depicts the general MarR scaffold. Secondary structure elements are color coded with reference
to the crystal structure of E. coli MarR. (C) Crystal structure of D. radiodurans HucR. The additional N-terminal helix a1’ is only present in HucR.

2008). The dimerization domain dictates the distance between
the DNA recognition helices, thus indirectly affecting the affinity
of the protein binding for its cognate DNA. Indeed, mutations
in the dimer interface have been shown to cause reduced
DNA-binding affinity (Andrésen et al., 2010), and C-terminal del-
etions in MarR homologs have been shown to decrease their
ability to form dimers, which correlates with attenuated
DNA-binding affinity and elevated multiple antibiotic resistance
phenotypes in E. coli (Linde et al., 2000).

Crystal structures reveal that each monomer contains a wHTH
motif, the DNA-binding domain that is characteristic of MarR
homologs (Alekshun et al., 2001). wHTH is a variant of the
common helix-turn-helix DNA-binding domain, most of which
function as transcriptional regulators (Gajiwala and Burley,
2000). The core of the domain consists of three a-helices (a1,
a2 and a3) with a2 and o3 constituting the helix-turn-helix
portion. The wing consists of two antiparallel beta sheets (32
and B3), which is stabilized in part by a short beta strand (81),

creating a three-stranded beta sheet. Although the wing of the
DNA-binding domain is not refined well in most crystal structures
due to its flexibility, it is generally well resolved when the protein
is co-crystallized with the cognate DNA or when it aids in crystal
packing. The DNA-binding domains, which are generally well sep-
arated and make few direct contacts, are connected to the dimer-
ization domain by helices 1 and 5 (Figure 2).

DNA binding by MarR homologs

The recognition helix of the wHTH domain binds the DNA major
groove while the wing contacts the adjacent minor groove
(Figure 3A and B). This binding mode generally does not induce
major conformational distortions in the DNA. The wing is vital
for DNA interaction as evidenced by several mutational studies,
which show that the terminally positioned positively charged resi-
dues are important for association with cognate DNA. Mutation of
Arg94 at the tip of the wing to Cys abolishes the repressor
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Figure 3 MarR-DNA interactions. (A) MarR (1Z9C) interacting with
cognate DNA (ventral view). The recognition helix (bronze) interacts
with consecutive major grooves while the wing (W: blue) interacts
with the adjacent minor groove. (B) Topology of the wHTH domain
of MarR family transcriptional regulators. Color coding as for (A); N
and C denote the amino and carboxyl termini of the domain.

function of E. coli MarR, whereas mutation of positively charged
amino acids in the wing abolishes DNA binding of ST1710
(Alekshun et al., 2000; Kumarevel et al., 2009). Conversely,
manipulation of the wing can also increase DNA-binding affinity,
as exemplified by the E. coli MarR G95S super repressor whose
affinity is increased up to 30-fold in vitro (Alekshun and Levy,
1999b). Whereas mutation of conserved arginines in the wing
may lower DNA-binding affinity, specificity is not always affected
(Wilkinson and Grove, 2005).

MarR proteins associate with 1620 bp inverted repeats which
may or may not be completely palindromic (e.g. Martin and
Rosner, 1995; Martin et al., 1996; Evans et al., 2001; Wilkinson
and Grove, 2004). These sequences often overlap promoter
elements, resulting in transcriptional repression. MarR homologs
may bind as a single dimer to an operator or they may associate
as multiple dimers at adjacent sequences. D. radiodurans HucR
exemplifies single dimer binding to the operator sequence
(Wilkinson and Grove, 2004). In contrast, DNase | footprinting
of Sulfolobus solfataricus BIldR bound to the operator sequence
of gene Ss02536 shows protection of ~40 bp, suggesting that
two protomers associate with this site (Fiorentino et al., 2007),
and footprinting of D. dadantii PecS binding to different operator
sequences within its regulon shows varying spans of protection
from 20 to 100 bp, suggesting that PecS may associate as
single or multiple dimers at different operators (Hommais et al.,
2008). Although they are sequence-specific in their binding,
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some MarR homologs are capable of associating with highly
degenerate sequences (Rouanet et al., 2004).

The spacing between the two halves of the palindrome places
the centers of each half-site at two consecutive major grooves,
thus the spacing between the two DNA-binding domains, deter-
mined by the dimer interface, is critical for binding to cognate
DNA. If the two DNA recognition helices are separated by
~34 A, the protein may associate with cognate B-DNA without
major conformational rearrangements, an energetically favorable
situation. For instance, HucR, having 29 A between the DNA rec-
ognition helices, can be easily modeled in silico onto B-DNA,
perhaps explaining its high affinity (Wilkinson and Grove, 2004;
Bordelon et al., 2006). In contrast, MexR is incompatible with con-
tacts to consecutive major grooves in its closed conformation that
has 23 A spacing between recognition helices, whereas recog-
nition helices are separated by 29.2 Ain the open conformation
(Lim et al., 2002).

The two co-crystal structures of cognate DNA-bound B. subtilis
OhrR and ST1710 from the archaeon Sulfolobus tokodaii provide
insight to how MarR homologs associate with DNA (Hong et al.,
2005; Kumarevel et al., 2009). OhrR (with a mutation of C15S
to prevent oxidation) was co-crystallized with 29 bp of its oper-
ator DNA, which encompasses the —10 region of its promoter.
The association of OhrR results in an ~10° DNA bend and a
3.5A shortening of the binding site, but it still conforms to
B-form. Further, the insertion of the binding helix widens the
major groove by 5.5 A. Although the DNA recognition residues
between OhrR and ST1710 are conserved, ST1710 binds
without causing major conformational changes in its cognate
DNA. However, a substantial unequal conformational change
between the two subunits occurs in the protein in order to facili-
tate DNA binding, demonstrating the conformational flexibility of
MarR homologs. One of the subunits of ST1710 translocates 13 A
in order to reorient itself on DNA, although the DNA recognition
helix is elevated in one subunit and helix 6 is lowered in the other.

In the OhrR—ohrA complex, the wing plays a major role in con-
tacting cognate DNA. It is longer than in most prokaryotic wHTH
domains and resembles more closely the wing of eukaryotic pro-
teins (Ramakrishnan et al., 1993; Gajiwala et al., 2000). The wing
spans over 67 A with the tip inserted in the minor groove, creating
a local overtwisting of ~7°. The wing and recognition helices
contact DNA directly or through water-mediated hydrogen
bonding. The recognition helices bind to two consecutive major
grooves with relatively few contacts, but the N-termini of the
helices point towards the base of the groove to make specific con-
tacts. Besides the main DNA contacts to the recognition helix and
the wing, the positive dipole of helix 3 and the helix—helix motif
consisting of helices a1 and a2 also contribute to DNA binding by
contacting the phosphate backbone.

Simultaneous association of multiple MarR homologs with
cognate DNA may also be mediated by the wing. Cooperative
DNA binding by MarR homologs may occur by lateral association
of adjacent proteins via their DNA-binding domains, since the top-
ology of the protein may not favor contacts between other parts
without major distortions to the bound DNA. When binding
sites are separated by ~10 bp the proteins may bind DNA in
tandem order on the same face of DNA (Martin and Rosner,
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1995). Mutations in the C-terminal helix 5, extending from
the wing motif, also affect the DNA-binding affinity of MarR; the
mutations were located facing helix 1 of the wHTH domain,
which may cause a global conformational change in the
DNA-binding domain (Alekshun et al., 2000). This further
suggests that subtle local conformational changes can modulate
DNA-binding affinity of a MarR homolog.

Structural basis for
ligand-mediated attenuation
of DNA binding

Ligands for MarR homologs are of two varieties. Many homologs
bind small phenolic compounds, resulting in a conformational
change that renders the protein incapable of binding DNA.
Homologs that regulate metabolic pathways fall in this category,
as do many proteins that regulate efflux pumps, as they often
share substrate preferences with the enzymes or efflux pumps
they regulate. The other variety of ligand interacts transiently
with its target to effect a covalent modification, specifically
cysteine oxidation; this covalent modification likewise causes
attenuated DNA binding due to induced conformational
changes, and this mechanism serves an important function in
oxidative stress responses, including the production of virulence
factors.

Binding of phenolic ligands

The founding member of this protein family, E. coli MarR has been
studied extensively in terms of its response to various small mol-
ecules. Early studies demonstrated that MarR binds salicylate and
that a multiple antibiotic resistance-phenotype is induced by sal-
icylate (Martin and Rosner, 1995; Alekshun and Levy, 1999a).
Inspired by this observation, subsequent work has focused on
the effect of salicylate on other MarR homologs, although a
direct physiological relevance may not be readily apparent. The
structure of E. coli MarR was solved with the proposed aromatic
ligand salicylate (PDB ID: 1)GS) (Alekshun et al., 2001). Two
binding sites for salicylate were identified in each subunit, each
of which were relatively surface exposed and flanking the DNA
recognition helix. Ligand-binding at the more buried site,
designated SAL-A, includes contacts to T72 of the recognition
helix and R86 from the wing, residues that are highly conserved
in MarR homologs. The second site, SAL-B, is surface exposed,
and bound ligand is contacted by residues from the recognition
helix. Although the identified sites were speculated in sub-
sequent literature to be an artifact of using high concentrations
of salicylate that facilitated crystal packing, this work led to
a number of subsequent co-crystal structures of MarR
homologs with salicylate; Methanobacterium thermoautotrophi-
cum MTH313, S. typhimurium SlyA, S. tokodaii ST1710 (PDB
IDs: 3BPX, 3DEU and 3GF2, respectively) and Staphylococcus
epidermidis TcaR (Saridakis et al., 2008; Kumarevel et al.,
2009; Chang et al., 2010).

Salicylate associates with MarR homologs and attenuates DNA
binding only at high concentrations, questioning its biological
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relevance as a ligand. Nonetheless, shared features of available
co-crystal structures point to the existence of a conserved
ligand-binding pocket. The first direct evidence for ligand-
mediated conformational changes was furnished by the struc-
tures of M. thermoautotrophicum MTH313 in its apo form and
with the ligand salicylate (Saridakis et al., 2008). MTH313 crystal-
lized with one salicylate molecule per monomer; one salicylate
binding pocket (SAL1) was identified between the dimer interface
and the DNA-binding domain (Figure 4). This pocket is composed
of largely hydrophobic residues, and salicylate forms ionic inter-
actions to K8 and R16 from helix 1, neither of which is conserved
in all MarR homologs, suggesting that MTH313 may associate
with diverse ligands. The binding site in the other lobe (SAL2)
is asymmetrically disposed and consists of a shallow binding
site 5 A away from the symmetrical site; in this site, salicylate
was not sufficiently resolved to identify direct contacts. Overlay
of apo and salicylate-bound structures suggests that only the
deeper binding site (SAL1) is biologically relevant, as its occu-
pancy imparts conformational changes in which the DNA recog-
nition helix is pushed away from its position in the apo
structure and rotated 5 A. However, as previously noted (Wilke
et al., 2008), salicylate-bound MTH313 may be superimposed
on the DNA-bound OhrR with 2.3 A rmsd for Ca residues. This is
consistent with the significant residual DNA binding seen on
addition of salicylate to MTH313 (Saridakis et al., 2008), and it
suggests that salicylate may not be the natural ligand for
MTH313. That the conformation of apo MTH313 is incompatible
with DNA binding further predicts that significant conformational
changes will accompany DNA binding.

The structure of the archaeal homolog ST1710 was solved in its
apo form and bound to either DNA or salicylate. ST1710 also has
low-affinity for salicylate; the ST1710-salicylate dissociation con-
stant is ~20 mM, but attenuation of DNA binding was only
observed at 200-250 mM salicylate concentrations (Kumarevel
et al., 2009). The ligand-bound structure is only modestly differ-
ent from the apo structure, with distances between the recog-
nition helices of ~30 A and only minor conformational changes
in the wing. Bound salicylate is located at the interface
between the dimerization domain and the wHTH domain with
ionic contacts to K17 and R20 of helix 1, comparable interactions
to those seen in the MTH313 binding pocket SAL1. In contrast to
the MTH313 structure, an asymmetrical binding pocket in the
other protein lobe was not seen. These data suggest either that
salicylate is not the natural ligand for ST1710 or that binding of
salicylate stabilizes the protein in a closed-conformation, restrict-
ing its association with DNA; the latter inference is supported by
the significant conformational rearrangement associated with
DNA binding, while the former is corroborated by the high salicy-
late concentrations required to disrupt DNA-complex formation
(Kumarevel et al., 2009).

Coordinates representing the structure of SlyA in complex with
three salicylate molecules per monomer have been deposited.
Notably, one of the identified sites approximately corresponds
to SAL1 from MTH313 and to the site seen in the structure of
salicylate-bound ST1710. The second site is also between the
dimerization and DNA-binding domains, but closer to the DNA rec-
ognition helix compared with MTH313 site SAL2. The third site is
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Figure 4 Conformational changes induced on ligand binding to MarR homologs. Superimposed Apo (light blue) and ligand-bound (dark blue)

structures of (A) MTH313-salicylate (B) TcaR-salicylate.

on the solvent-exposed face of helix 5. No apo structure is avail-
able, precluding a direct comparison. However, it is notable that
occupancy of a deep binding pocket between the dimerization
and DNA-binding domains is a recurring feature among available
structures of salicylate-bound proteins. It must also be con-
sidered, however, that the deprotonated salicylate may interact
with MarR homologs non-specifically to equalize charges. This
may be the reason behind association of salicylate with highly
solvent exposed areas and the facilitation of crystal packing
observed for E. coli MarR and presumably SlyA. Carrying an
aromatic ring would allow salicylate to be drawn into the
mostly hydrophobic common binding pocket in MTH313,
ST1710 and SlyA.

Initially described as a regulator of the teicoplanin-associated
locus, TcaR was subsequently found to regulate a number of
distal genes, including the ica operon that encodes membrane
proteins involved in biofilm formation (Jefferson et al., 2004;
McCallum et al., 2004). Staphylococcus epidermidis-encoded
TcaR was crystallized in its native form and complexed with sali-
cylate and with four antibiotics (Chang et al., 2010). Crystals of
ligand-bound protein were obtained by soaking the native crys-
tals in the mother liquor containing the appropriate ligand. This
is in contrast to attempts at crystal soaking to obtain the cocrystal
structure of HucR—urate, which failed due to cracking of crystals,
suggesting a significant conformational change (Bordelon et al.,
2006).

Eight salicylate molecules bound to TcaR (Chang et al., 2010).
Of these, two salicylate molecules were found in the deep binding
pocket corresponding to that described for MTH313 (SAL1), while

two were found in the more shallow binding pocket in each
monomer; the remainder were solvent exposed and two were
asymmetrically disposed in the two subunits. In contrast to the
MTH313-salicylate structure, salicylate was found to occupy all
four symmetry related sites in TcaR. It would be interesting to
assess the cooperativity of salicylate binding to TcaR in such a
mode of occupancy, and a systematic mutational analysis of
MarR homologs that associate with multiple ligands would be
instructive to assess the biological relevance of these sites.
Unlike salicylate, the antibiotics interact with the protein at only
two sites each. One site is near the DNA recognition helix, and
it is highly solvent-exposed. The other site overlaps the
shallow binding site. Notably, the drugs bind at only a single
symmetry-related binding pocket of the two, which may be due
to negative cooperativity of binding. Compared with the apo
structure, salicylate- and antibiotic-bound structures show
asymmetrical conformational alterations, primarily in the wHTH
domain. The distances between the DNA recognition helices
have not changed significantly compared with the apo structure.
Measuring the distance between Ca of Lys65 to Ca of Lys65’ of
the other monomer of the apo structure reveals 24.7 A
distance between the two binding helices, which suggests
that TcaR is not preconfigured for DNA binding. Compared with
that, TcaR-ampicillin, TcaR-kanamycin, TcaR-methicillin and
TcaR-penicillin G have 22.5, 22.0, 21.1 and 26.4 A distances
between the above mentioned Lys residues, respectively. In the
energy minimized model of the TcaR-DNA structure, the authors
report that the distance between the two Lys residues is 31.2 A,
suggesting a conformational alteration required for binding
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DNA. This conformational change may be precluded by ligand-
binding, making drug-bound TcaR incompatible with DNA
binding.

Taken together, results of structural analyses suggest that a
common ligand-binding pocket is found in the crevice between
the dimerization domain and the DNA-binding lobe. In the case
of MTH313, occupancy of this site results in a conformational
change that produces a structure that cannot be docked onto
DNA. The data also suggest, however, that ligand-binding may
in some cases lock the protein in an apo configuration that is
incompatible with DNA binding and that it is instead the inter-
action with DNA that requires conformational changes, as seen
for ST1710 and TcaR. A mechanism by which ligand-binding
may induce a conformational change that propagates to the
DNA recognition helix was proposed for binding of HucR to its
ligand urate (Perera et al., 2009). A blind docking approach was
used to predict the ligand-binding site of HucR and mutational
analysis used to validate the prediction; urate was found to
bind a Trp from the additional N-terminal helix unique to HucR
(designated o’ in Figure 2A) and Arg from «2. This binding site
overlaps the SAL1 binding site of MTH313. The mechanism by
which urate-binding is communicated to the recognition helix is
via a salt bridge between Arg from the recognition helix and
Asp in a2; on binding of N3-deprotonated urate, a charge repul-
sion occurs that is propagated to the recognition helix. On the
basis of this model, ligand binding in the deep binding pocket
may lock the DNA-binding lobe in place by acting as ‘molecular
glue’ between the dimerization domain and «2 of the wHTH
domain, preventing conformational changes required for DNA
binding. For proteins such as HucR that appear to be preconfi-
gured for DNA binding, ligand-binding may induce a confor-
mational change that is communicated to the recognition helix
through its interaction with «2.

Salicylate binding to MTH313 and to E. coli MarR, urate binding
to HucR and several other ligand interactions with MarR homo-
logs show negative cooperativity (Wilkinson and Grove, 2005;
Saridakis et al., 2008). A single physiologically relevant binding
site being filled in MTH313 was attributed to negative cooperativ-
ity between the sites on the two subunits with filling of one
site preventing the filling of the other. Negative cooperativity in
HucR-urate interaction was also attributed to a communication
between equivalent binding sites in the two monomers
(Wilkinson and Grove, 2005). Binding of different ligands to
EmrR was investigated by equilibrium dialysis, which revealed a
relatively high affinity for its ligands (2—50 wM) and a stoichi-
ometry of binding of 1:1 (Brooun et al., 1999). This finding was
inferred to result from occupancy of only a single site due to nega-
tive cooperativity. Negative cooperativity in ligand binding may
allow the MarR homolog to be responsive to a wider range of
ligand concentration.

Antirepressor-modulation
of MexR activity

Efficient efflux mechanisms render the opportunistic human
pathogen P. aeruginosa resistant to a wide variety of antibiotics
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(Poole et al., 1993). Although there are a large number of mem-
brane bound efflux pumps found in P. aeruginosa, MexAB-OprM
operon may be the best characterized (Poole and Srikumar,
2001). Mutations in MexR lead to the overexpression of the tripar-
tite efflux pump system causing the multi drug resistant pheno-
type (Saito et al.,, 1999; Srikumar et al., 2000). Along with
MexR, which binds to two palindromic sequences in the intergenic
region, the expression of mexAB-oprM is synergistically regulated
by the TetR family proteins NalC and NalD, which regulate the pro-
duction of ArmR (Evans et al., 2001). The protein modulator ArmR
has been identified as an antirepressor of MexR, which lowers the
affinity of MexR for its cognate DNA (Cao et al., 2004). A number
of small molecule effectors have also been identified as derepres-
sors of the mexAB-oprM operon.

The MexR crystal structure reveals considerable flexibility (Lim
et al., 2002). Although the DNA-binding domains do not show
much flexibility, the dimer interface is highly malleable. This flexi-
bility allows the two binding domains to be displaced by a up to
7.7 A between the midpoints of the DNA recognition helices.
This may also be partly caused by the complete absence of inter-
actions between the two DNA-binding domains. Of the four confor-
mational states observed in unbound MexR, the conformation
with 29.2 A spacing between the two recognition helices
(between Arg73 of each monomer) would likely bind DNA with
least energetic cost (Lim et al., 2002). The mechanism by which
ArmR derepresses MexR-regulated gene expression was revealed
from the co-crystal structure of MexR with a fragment of ArmR. The
structure shows that the C-terminus of ArmR is inserted through a
cleft in one MexR monomer and extends across the dimer inter-
face, reaching the other monomer and occupying both ligand
binding pockets (Wilke et al., 2008). Association of ArmR causes
a global conformational change in MexR which is pronounced in
the DNA binding lobes where the recognition helices and wings
are displaced by 13 and 18 A, respectively, making the
ArmR-bound MexR incompatible with DNA binding.

Despite intensive studies, the mechanisms by which genes
under MexR control are induced have been elusive. However, a
recent report shows that two Cys residues in MexR are redox
active and form an inter-monomer disulfide bond (Chen et al.,
2008). On mild oxidation, MexR is displaced from its cognate
DNA, and mutational analysis established that Cys30 from one
monomer and Cys62 from the other participate in a disulfide
bond that may decrease the spacing between recognition
helices, thus resulting in reduced DNA-binding affinity.

MarR homologs as sensors
of oxidative stress

Direct interaction of oxidative agents with MarR homologs consti-
tutes a response to oxidative stress that is independent of the
global sensor OxyR (Sukchawalit et al., 2001). Organic peroxide
sensing repressor (OhrR) is a repressor of the gene ohrA, which
encodes a thiol peroxidase that detoxifies organic hydroperoxides
(OHPs; Mongkolsuk et al., 1998; Atichartpongkul et al., 2001;
Fuangthong et al., 2001; Ochsner et al., 2001; Klomsiri et al.,
2005). Oxidation-sensitive Cys residues in the C/N-terminal
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helices have been implicated in the mechanism of conformational
change in order to attenuate DNA binding in OhrR as well as in
MgrA and SarZ (Newberry et al., 2007; Soonsanga et al., 2007;
Chen et al., 2009; Poor et al., 2009). Bacillus subtilis OhrR
(BsOhrR) contains a single reactive Cys residue per monomer
whereas X. campestris OhrR (XcOhrR) contains two reactive Cys
residues per monomer (Panmanee et al.,, 2006; Lee et al.,
2007). OhrR gets oxidized only by OHPs, but not by hydrogen per-
oxide (Zheng et al., 1998; Fuangthong et al., 2001). The crystal
structure of reduced XcOhrR shows a solvent exposed, shallow
hydrophobic-channel leading to the reactive Cys residues,
which may confer its selectivity towards OHPs (Newberry et al.,
2007). The OhrR structure further reveals a hydrophobic
OHP-landing patch conserved among its homologs. The con-
served hydrophobic residues may aid long-chain non-polar hydro-
peroxides to properly orient towards the reactive Cys residues in
the binding site. Although MgrA shows conservation of these resi-
dues, it reacts less selectively with both hydrogen peroxide and
OHPs (Luong et al., 2003; Chen et al., 2006). This was attributed
to the differences in the residue interactions surrounding the
reactive Cys, such as having Ser-Cys hydrogen bonding instead
of the conserved Tyr-Cys hydrogen bonding in OhrR.

Although the reactive Cys residues are near the proposed
general ligand-binding site of MarR homologs, they present a
novel mechanism for attenuation of DNA binding upon oxidation.
In OhrR, the reactive Cys residues are 15.5 A apart and to form a
disulfide bond between them requires major conformational
rearrangement (Figure 5). Although all three Cys residues per
monomer are within 15 A distance, only Cys 22 and 127 can par-
ticipate in the intersubunit disulfide bond (Panmanee et al.,
2006). Upon oxidation, helix 5 is separated into two helices con-
nected by a loop region. This rearrangement allows C127 to rotate
135° and move 8.2 A towards the N-terminal a1 which harbors
C22' (where ’ denotes the other subunit). Such movement inter-
changes positions of a6 and a6’ without a major alteration of
the dimer interface. Further, a1l extends by a single turn at the
N- and C-termini causing the DNA-binding domain to rotate 28°
away from the position in the reduced form, which can be directly
related to the attenuated DNA binding in the oxidized OhrR.

In single-Cys proteins such as MgrA and SarZ and a subset of
OhrR homologs, a single Cys is oxidized to a sulfenic acid followed
by reaction with an external small-molecule thiol to generate a
mixed disulfide bond. This Cys oxidation leads to an altered
protein conformation, reduced DNA binding and activation of
the corresponding regulon (Panmanee et al., 2006; Newberry
et al., 2007). The structure of S. aureus SarZ shows that the
sulfenic acid form of Cys13 is stabilized by hydrogen bonding
to neighboring residues without significant conformational
changes (relative distances between recognition helices of 32
and 30 A for reduced and sulfenic acid-modified SarZ, respect-
ively). However, on formation of a mixed disulfide, a confor-
mational change is induced that results in a displacement of
the recognition helix by 7A, a displacement that would lead to
steric clashes with duplex DNA (Poor et al., 2009). Notably, the
reactive Cys points directly towards the shared ligand-binding
pocket (SAL1 in MTH313), suggesting conservation of effector
sites in MarR homologs.
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Figure 5 Conformational changes on oxidation of X. campestris OhrR.
Reduced and oxidized xcOhrR are in ribbon representation, except the
wing and recognition helices that are in cartoon representation.
Disulfide bond formation between C22 and C127 (yellow stick) is pre-
vented by a C22S mutation in reduced OhrR; C127 is in orange stick
representation. Oxidation of reactive Cys residues (dark blue) creates
a major conformational change in the DNA-binding domain compared
with the reduced form (light blue). Structure was rotated 90° to show
the top view of the intersubunit disulfide bond.

Iron sulfur clusters occur in a number of redox-sensitive tran-
scriptional regulators (Kiley and Beinert, 2003). The recent
characterization of PqrR from P. aeruginosa adds a MarR
homolog to the list; PqrR contains an iron sulfur cluster formed
by four C-terminal Cys residues and its proper formation is vital
for the function of PqrR (Rungrassamee et al., 2009). These Cys
residues are conserved in a number of MarR homologs suggesting
that a subgroup of MarR-like proteins may contain a redox-
sensitive iron sulfur cluster to sense oxidative stress.

Biochemical studies reinforced by structural information are
thus finally converging to propose models for the mechanism
by which external stimuli cause attenuated DNA binding. Crystal
structures reveal a conformational plasticity in MarR homologs
that is exploited on binding of either cognate DNA or ligand;
the spacing between recognition helices is essential for
association with two consecutive DNA major grooves, and
ligand-binding appears either to alter a DNA-compatible confor-
mation into one that cannot interact with cognate DNA or to
prevent conformational changes required for DNA binding in the
case of homologs that do not come preconfigured for DNA
binding. What is particularly notable is that such conformational
changes originate in the region between the DNA binding lobe
and the dimerization interface, whether due to binding of pheno-
lic ligands as exemplified by MTH313 binding pocket SAL1 or due
to cysteine modification as seen in the structure of SarZ.



252 | Journal of Molecular Cell Biology

Concluding remarks

MarR family transcriptional regulators constitute a diverse group
of proteins that regulate a number of important biological func-
tions, rendering an understanding of the molecular mechanisms
governing their response to external stimuli and their transcrip-
tional regulation essential. Despite sequence variations, MarR
homologs adopt a shared topology, as evidenced by the numer-
ous structures now available. Although only a limited number of
structures exist in which a MarR homolog is co-crystallized with
either DNA or ligand, additional shared features are becoming
apparent. First, the malleability of the dimer interface is a recur-
ring feature that ensures that requisite conformational changes
may be induced on binding of either DNA or ligand. Perhaps
even more noteworthy is the emerging picture of a shared effec-
tor site, located in the deep crevice between the dimerization
domain and the DNA-binding lobe. Although the specifics of
the conformational changes induced on ligand binding vary
between homologs, the common theme is to maintain a separ-
ation between recognition helices that is compatible with DNA
binding. For some homologs, it appears that the apo structure
is incompatible with contacts to two consecutive DNA major
grooves and that significant conformational changes are
required for such interaction; in those cases, binding of ligand
may freeze the apo configuration, precluding DNA binding. In
cases where the apo conformation is preconfigured for DNA
binding, ligand-binding is the event that is associated with con-
formational changes, required to prevent DNA binding. In either
case, the conformational changes appear to originate from the
shared effector site, whether it is occupied by a phenolic
ligand or a modified cysteine. The two-state model of MarR
protein function discussed above is based on available structural
information; it is possible that an ensemble model may more
accurately describe the population of relevant conformational
states, however, little experimental data are available on MarR
homologs that can inform such models, suggesting a substantive
avenue for further research. This issue notwithstanding, what is
particularly intriguing about the existence of such shared effec-
tor sites is the potential for identifying ligands for homologs
whose ligands still remain elusive. The advent of computational
docking routines is likely to provide a powerful means for such
predictions.
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