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Abstract

The MarR (multiple antibiotic resistance regulator)
family of prokaryotic transcriptional regulators includes
proteins critical for control of virulence factor production,
bacterial response to antibiotic and oxidative stresses
and catabolism of environmental aromatic compounds.
Recognition of the adaptive cellular responses mediated
by MarR homologs, and the clinical isolation of antibiotic-
resistant bacterial strains harboring MarR mutations, has
garnered increasing medical and agricultural attention to
this family. MarR proteins exist as homodimers in both free
and DNA-bound states. Sequence specific DNA-binding to
palindromic or pseudopalindromic sites is mediated by a
conserved winged helix fold and, for numerous homologs,
this association is attenuated by specific anionic lipophilic
ligands. The mechanism of ligand-mediated allosteric
control of DNA binding is unique amongst prokaryotic
transcriptional regulators in that the DNA- and ligand-
binding domains almost completely overlap in the
residues involved. Until recently, our understanding of
ligand-binding has been limited to a MarR-salicylate co-
crystal structure, with little information on the allosteric
mechanisms linking ligand-recognition and DNA-binding.
However, recent biochemical and biophysical data on
MarR homologs have begun to resolve the mechanisms
by which these proteins mediate ligand-responsive
transcriptional control.

Introduction
Proteins belonging to the MarR (multiple antibiotic
resistance regulator) family of transcriptional regulators
serve physiological roles as sensors of changing
environments, a capacity particularly critical for pathogenic
bacteria. Homologs of MarR are distributed throughout
the bacterial and archaeal domains and it has been
suggested that the MarR family is one of nine families of
transcription factors to have evolved before the divergence
of these domains over 3 billion years ago (Pérez-Rueda
and Collado-Vides, 2001; Pérez-Rueda et al., 2004).
Transcriptional regulation by MarR proteins is modulated
by specific anionic lipophilic (usually phenolic) compounds
which attenuate the ability of MarR homodimers to bind
their cognate DNA sequences. The DNA binding domains
of MarR proteins adopt a conserved winged helix (or
winged helix-turn-helix, wHTH) fold (Fig. 1).

Since identification of the winged helix DNA-binding
motif in the eukaryotic transcription factor HNF-3y
(Clark et al., 1993), numerous DNA-binding proteins

*For correspondence: agrove@lsu.edu

© Horizon Scientific Press. Offprints from www.cimb.org

with a winged helix DNA recognition motif have been
characterized in eukarya, prokarya, archaea and viruses.
Particular interest in regards to elucidating archaeal
transcriptional regulation has stemmed from analyzes
of the sequenced archaeal genomes which suggest that
most of the predicted HTH proteins, and most of the
putative transcriptional regulators, belong to the winged
helix subfamily (Aravind and Koonin, 1999; Ouhammouch
and Geiduschek, 2001; Pérez-Rueda et al., 2004).

The winged helix DNA binding motif is defined
topologically by secondary structure elements arranged
in the following order: H1-S1-H2-H3-S2-W1-S3-W2,
where “H” represents o-helix, “S” represents 3-strand and
“W” represents a loop (Gajiwala and Burley, 2000). The
sequence spanning o-helices H2 through H3 constitutes
the general HTH motif, with H3 being the DNA recognition
helix. The two eponymous “wing” structures are actually
formed by B-strands and loops; “wing 1” is a B-hairpin
motif, comprised of the S2-W1-S3 secondary structure
elements and “wing 2” is formed by the S3-W2 elements.
The three B-strands interact to form an antiparallel (-
sheet, however, in some winged helix proteins S1 is
represented by a single, hydrophobic residue (Wilson et
al., 1992; Clark et al., 1993; Martinez-Hackert and Stock,
1997; Alekshun et al., 2001). Whereas wing 1 is invariably
present in winged helix proteins, some members of this
family do not contain wing 2, as observed in the crystal
structures of the winged helix DNA-binding domains of
E2F4, DP2, histone H5 and MarR (Brennan, 1993; Zheng
etal., 1999; Alekshun et al., 2001). As observed in HNF-3A,
the length of the turn in the winged helix motif can deviate
significantly from the 3-4 residues found in canonical
HTH proteins (Clark et al., 1993). Consequently, greater
variation in the angle between the two helices of the HTH
motif is observed amongst the proteins in the winged helix
family than in the canonical HTH proteins. For example,
the turn in DP2 is ~10 residues, whereas the turn in BirA
is ~3 amino acids, allowing angles of 100° and 150°,
respectively, in these winged helix proteins (Wilson et al.,
1992; Zheng et al., 1999; Gajiwala and Burley, 2000).

Structural analysis of winged helix proteins complexed
with their target DNAreveals that the DNA-recognition helix
(H3) almost invariably contributes most of the contacts
determining sequence-specificity. However, the role of
the wing(s) in contributing to DNA-binding affinity and
specificity seems to vary widely, with the wings of some
proteins being critical for site-specific DNA-binding by
mediating numerous base-specific and sugar-phosphate
backbone contacts, while in other proteins mediating few
contacts. Moreover, the relative contributions from each
wing (when both are present) also varies (Clark et al.,
1993; Raman et al., 1997; Marsden et al., 1998; Jin and
Liao, 1999; Jin et al., 1999; Zheng et al., 1999; Gajiwala
et al., 2000; Zheleznova Heldwein and Brennan, 2001;
van Aalten et al., 2001; Wojciak et al., 2001).
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Here we summarize physiological roles of the MarR
family of winged helix proteins and emphasize biochemical
and structural data on the mechanisms of ligand- and
DNA-recognition (Fig. 1). Recent data that has begun
to elucidate the allosteric mechanisms of transcriptional
control in MarR homologs is discussed.

Discovery of the mar regulon and the identification
of MarR

Identification of the MarR family of transcriptional
regulators began with the recognition of a chromosomally
encoded mechanism of multidrug resistance in Escherichia
coli K-12 (George and Levy, 1983a; 1983b). Genetic
selections identified mutants that exhibited resistance
to a broad range of antibiotics including tetracycline,
chloramphenicol, B-lactams, puromycin, nalidixic acid,
penicillins, fluoroquinolones and organic solvents (George
and Levy, 1983a; 1983b; Cohen et al., 1989; Asako et al.,
1997). The mar phenotype was shown to be conferred
by the marRAB operon, specifically by the expression of
marA which encodes a transcriptional activator belonging
to the AraC family (Cohen et al., 1993a; Gambino et
al., 1993; Sulavik et al., 1994; Rhee et al., 1998). MarA
is an activator of the marRAB operon and induces the
expression of a number of genes responsible for the mar
phenotype, including the AcrAB-TolC multidrug efflux
system and micF that downregulates the synthesis of the
porin OmpF (Cohen et al., 1988; 1989; Jair et al., 1995;
Martin et al., 1996; Okusu et al., 1996). In vivo upregulation
of marRAB expression and the mar phenotype was
shown to be inducible by a range of antibiotics and
anionic lipophilic compounds including 2,4-dinitrophenol,
menadione, plumbagin and salicylic acid (Cohen et al.,
1993b; Seoane and Levy, 1995).

The product of the first gene of this locus, MarR
(144 amino acids), is a transcriptional repressor of the
marRAB operon, binding to two separate 21 bp sites in
the marRAB promoter/operator region (marO) with an
apparent K, of ~1 nM (Cohen et al., 1993b; Ariza et al.,
1994; Martin and Rosner, 1995). DNase | footprinting
indicated that MarR binding site | overlaps the predicted
—35 and —10 promoter elements and site Il overlaps the
putative ribosome binding site and ends immediately
before the first codon of marR. The size of each footprint
and the fact that each binding site is palindromic with 5
bp half-sites separated by 2 bp is consistent with MarR
binding as a homodimer at each site, a conclusion
supported by size-exclusion chromatography evidence
for uncomplexed MarR existing as a dimer, or higher order
oligomers, in solution. Interestingly, a number of phenolic
compounds that have been shown to increase marRAB
expression in vivo also antagonize MarR-marO complex
formation in vitro, including 2,4-dinitrophenol, menadione,
plumbagin and salicylic acid; MarR binds salicylic acid
with an apparent K, of 0.5 mM (Martin and Rosner, 1995;
Alekshun and Levy, 1999). These results in toto revealed
a system of intrinsic multidrug resistance in E. coli that
is under the control of a novel transcriptional repressor,
MarR, that responds to cytoplasmic phenolic compounds.
Clinical isolates of quinolone-resistant strains of E. coli
have been determined to have MarR mutations, indicating
the medical importance of this protein (Maneewannakul

and Levy, 1996). Functional marRAB operons have since
been identified in Salmonella typhimurium, Enterobacter
aerogenes and other enteric bacteria (Sulavik et al., 1997,
Chollet et al., 2002).

Transcriptional regulation by the MarR family
Bacteria and archaea have adapted the MarR protein
fold to regulate genes critical for response to changing
environments. The majority of characterized MarR proteins
are transcriptional repressors but several activators have
been identified (SlyA is suggested to do both). The gene
encoding each MarR homolog is generally part of a gene
cluster containing the gene(s) under its regulation (with
a couple of notable exceptions) and in some cases,
the MarR homolog is encoded in its regulated operon.
A large proportion of the characterized family members
are adjacent to the divergently transcribed gene(s) they
regulate such that the MarR homolog binding site(s)
reside in the intergenic region containing the associated,
divergent promoters. More than half of the characterized
MarR homologs have been shown to be autoregulatory.
The locations of the MarR binding sites often overlap
the —35 and/or —10 promoter elements of their target
genes, suggesting that repression is achieved by steric
inhibition of RNA polymerase binding to the promoter.
However, the homolog HpaR from E. coli likely represses
transcription by blocking promoter escape by RNA
polymerase, while SlyA from Salmonella typhimurium
has been suggested to prevent open complex formation
and the binding sites of other homologs suggest that they
impede transcriptional elongation (Stapleton et al., 2002;
Galéan et al., 2003). Cooperative binding to closely spaced
recognition sequences has been demonstrated for OhrR
from Bacillus subtilis and may occur for other MarR
homologs, as well (Evans et al., 2001; Fuangthong and
Helmann, 2002; Stapleton et al., 2002). The physiological
roles of MarR proteins can be classified into three general
categories with some proteins serving multiple regulatory
roles: 1) regulation of response to environmental stress,
2) regulation of virulence factors, and 3) regulation of
aromatic catabolic pathways.

MarR regulators of stress response and virulence factors
In addition to MarR, several homologs control transcription
of operons involved in antibiotic stress response. The
gene encoding one of the more characterized homologs,
MexR from Pseudomonas aeruginosa, is adjacent to the
oppositely oriented mexAB-oprM operon that encodes a
non-ATPase, 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., 1996; Srikumar et al., 2000).
A P. aeruginosa strain harboring a mexR mutation was
shown to have enhanced resistance to antibiotics (Poole
et al., 1996). EmrR from E. coli was first demonstrated
to be a repressor of microcin B and C production and
later shown to be the encoded by the first gene of the
emrRAB operon which encodes a multidrug resistance
pump (del Castillo et al., 1990; Lomovskaya et al., 1995).
EmrR represses the emrRAB locus and this repression is
relieved by certain antibiotics and protonophores that are
the targets of the EmrRAB pump. In addition, the MarR



Transcriptional Regulation by MarR proteins 53

. . . .10 . . . .20 . . . .30 ... .40 . . . .50 . . . .60 . . . .70 . . . .80
HDAR + v v eveneneenneeeneeneeaneensosesnassnsennsansesss MHDSLTIALLQAREAAMSYFRPIVKRHNLTEQQ
HDPOR et ee e et eeeeeoe e aeeeeeneennenaeeneennenneennns MHDSLTIALLOAREAAMSYFRPIVKRHNLTEQQ
- S MPTQOSKHASINIGLIQAREALMTOFRPILNOANITDOO
BAAR +vveeveenvenncanannnnnnnnss.  MMAKKRVATDNAADAKMELANRLFFRLYQCANMLHKTGTRAVEAEGLTTQQ
ONYR ¢ttt eeeeeeecaccaccasoccncsacanns MDTTTATTARTDTLLQLDNQLCFALYSANLAMHKLYRGLLKALDLTYPQ
CANR evveennranenneesesueeseesaeensassaaseesasssss  MKYDKFFMALLGAYAAHGDASRQIFNDYGLTEAQ
MAXR +vveeveennenneenesnnaasnasnaennannnns.. MKSTSDLFNEIIPLGRLIHMVNQKKDRLLNEYLSPLDITAAQ
EMER 2vveevesaneennnansnsns . MDSSFTPTEQMLKFRASRHEDFPYQE ILLTRLCMHMOSK LLENRNKMLKAQGINETL
PEOS v ttetet e, MARYLEVSDIVQOWRNERPDLDVE PMLVIGTLSRVSLLIDRALDKVFSKYKLSARE
HUCR «vvunnn.. MSARMDNDTAALLERIRSDWARLNHGOGPDSDGLTPSAGPMLTLLLLERLHAALGREIERTYAASGLNAAG
SLYA tetetenteraeraenaeeneeneataasaasnaannsaness  MKLESPLGSDLARLVRIWRALIDHRLKPLELTQTH
HCAR +eveveneeneesnesneeaneaneennennns. . MLRSSSVDRKREEEPRLS YMIARVDRIISKYLTEHLSALEISLPQ
MEKR et veeeeennenneeneennennenneeneennennens MNYPVNPDLMPALMAVFQHVRTRIQSELD . . CORLDLTPPD
CDAR « v eeemeemeeeeeeeeaennennennns MLARDPRKSRVTLNLDTYTPAFFTAIANKLASGASKDYLKNFGIGIET
NRHD +vveeveennenneenesannnnnnnnsssss. . MIESEAVAESGNVVRSPLVGGALEAVSRSLSRRIHNVVDREKLTPDQ
HPr  ciieiieiieeietietenncaccaccaacanas MNRVEPPYDVKEALVFTQKMAQLSKALWKS IEKDWQOWLKPYDLNINE
ExpG MERGMNHRILYPFADFGDTVAILPANETQRKGLDTPVDDRDGDDSLVTYFELARVMERASRRFSGLLRAELTKLGVEDIG
| O " a— a— —— — | =

al a2

« « « <9 . . .100 . . . 110 . . . 120 . . . 150 . . . 160
HpaR WRIVRILAE...SPSMDFHDLAYRACILRPSLTGILTRMERD EC€OALYNRAQT.QIE
HpcR WRIVRILAE...SPSMDFHDLAYRACILRPSLTGILTRMERD EC&OALYNRAQT.QIE

KLYEEIGE.EVD
HVWEVLAQPKIR
ALRSKAGA....
EIADSLIER.ID
ICEQCHQLVGQ
KEeHEFLREVLP. PQH
DEEFALINRVVEEHVE
PQERALVTHLLP .AHL
KAEPLIAEMEE.VIH
PSELDKLNQCNQ.VVQ
DEELATIHQHAEA.IMS
ECOAMHDKIILYALH

FarR WRIIRLLAE...NGTLDFQDLANQACILRPSLTGILTREEK
BadR WAV!GALSRPTVANGMSVGDLARYLMVSRQNLTGLIGRMERD
OhrR YLVMLVLWE. ..TDERSVSEIGERLYLDSATLTPLLKRIFO
CinR PKIMYILGF...NEGIVQKDFAKLCAIKPSTMTVQLAR
MarR FKVICSIRC...AACITPVELKKVLSVDLGALTRMLDR|
EmrR FMAIRITLESQE.NHSIQPSELSCALGSSRTNATRIADE
PecS FDIIRATLRRRGAPYAYSPSQIVNALMINNSTLTSRLDRI
HucR WDLIFL.TLYRSAPPEGLRPTELSALAAISGPSTSNRIVRI
S1yA WVTI®HNIHQ..LPPDQSQIQLAKAIGIEQPSLVRTLDOI
HcaR FTAWMSVLAA...KPNLSNAKLAERSFIKPQSANKILQDIMLAN]

MexR VHVIEKLIDE. ..QRGLNLODLGROMCRDKALITRKIRE GRNLVREERN..PSDQF
CbaR WRV LIAV...AGETTAQSICQFTGMDKGSVSKVMKQMLAK@LIVLATA..D'
NhhD WYVIEDIIVR...NDGIAMTEIARSLGSPAPTTTKHVDR| TTALAFELPD..H‘

Hpr HHIMWIAYQ...LNGASISEIARKFGVMHVSTAFNFSKK ERYLRFSKR. « LNDKIS! NTYVQ?EE TEVFWSLLEEFDP
ExpG PAQAMVLLAIG.EAELSVGELLDRGHYVGSNISYYLK DGDYIDaIAS..QRDIFSARIR SEKEROLCAGLRQ.AAK
C—Z—7——7—7 i Z Z1 Z—=Z——7—7 jjj:ﬁs [ ] \jjjii —Z—Z—71
a2 pr a3 o4 p2 Wi B3 as

. .+« . 170 . . . 180 . . . 190 . . . 200 . . . 210 . . . 220 . . . 230 . . . 240
HpaR EAYRQIEAQFTA....ERKMOOLTHILEEF IALGNSROEDIPGDNE c ¢ e cceeeeeeessecaccoosassoacassanesns
HpcR EAYRQIEAQFTA....EKMQOLTHIRLEEF IALGNSRQEDIPGDNE . .« e e eeeeeeeneeeaaaocoaccnannasanans
FarR ERYDAIEEVLGR....ERMLLLRDIMLAELAKIEDALNS ¢ ¢ et et e eseeeecosccssssosossosoccssosssssecsss
BadR AYYGEVLGDFSINDVTHTLHYLLKILDNMKRLDDGAAGETAATDLE. ¢ ¢t c et et veeeecocecocescoscsscccsns
OhrR .VPEQVFCASAC.....SLDELRQOIKOELEKLRSSLGAG. s s s s s s s s sssssossssssossssssssasssssssssssss
CinR NLEDISFKGFTA...... . KEQATIELSLLERVEDNLRGR . s+ ¢ v s essssavsssvssssssssssssssssssssessas
MarR DLHQELTKNLTA....... DEVATIME YLLKKVLP. ¢ c ¢t e et ot eosessccencscsscassssscsscssccssessas
EmrR NCLHOLWSALSTTEKDQLEQITRRIFLSRLDOMEQDGVVLEAMS . ¢ e s e e e e o seesessssascaccsssssasssssas
PecS .NERDILSPFSE.......EEKTHIBRALLGRVEKHLVNNR . .t ¢ttt eeeeeeeeeeeeecaccaccccsccsnnocens
HucR ATTQRVLAPLSA.......QEQRTIMEELAGRMLAGLEQGV .t ceteeteccoscossosassssosssosssosassnsans
SlyA KTRGEILAGISS....... EEIELMTKLIAKLEHNTIMELHSHD . ¢ ¢ ¢t e ettt eeveeeeeaccaceasooasanncnnss
HcaR QLEAQMLQOGVDINLAFLIRNNLELMVRNLSTFSSIDOSKE ¢ « ¢ ¢ s s s s s s assassassossassssssssasssasssass
MexR RVHDELFAPLTP.......VEQATIRVHLLDOCLAAQPLED . s s et oeseooesssssssasosssscsssssssassss
CbaR .RENSLLSVLTA.......SERETIBVRLLORLKENINRVDIDSSLYVKAHWHRESPOE ... et teeeeesocenacccans
NhhD QVEDEFMDELAIP....... DRQVIPRTVLETWFA....... T T T T I T T S
Hpr TRNAVFKGSQPLYHLFGKFPEVAEMMCMIRHIYGDDFMEIFETSLTNIDNDFESVNGKLKKKAKDSAADEPAEELEPVNS
ExpG GYERALSHGDQD......RRNLETAFQTLHRLELVWGNAARYGT . et eeeeeoossoooocncsoosossssossnnscocssns

| v a—a— Z——Z—71
as ab

Fig. 1 Multiple sequence alignment of members of the MarR family. The alignment was generated using ClustalX. Light and dark shading indicates
>70% similarity or identity at that position, respectively. Residue numbering is according to the entire alignment, and not from any one protein. Secondary
structure elements indicated below the alignment show conservation of the wHTH motif and are based on the MarR crystal structure (1JGS), with o-helices
represented as hatched boxes, B-strands as arrows and the wing as a filled box (Alekshun et al., 2001). The HTH domain corresponds to helices a3 and
a4, with o4 constituting the recognition helix. Ligand-binding sites SAL-A and SAL-B flank the recognition helix, with highly conserved residues from both
helices of the HTH motif and the wing forming the SAL-A site and most contacts to the ligand in site SAL-B mediated by residues in the recognition helix.
The B-hairpin “wing” motif is formed by the p2, W1, 33 structural elements. Helices a1, o5 and o6 form the dimerization domain.
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ligands salicylate and 2,4-dinitrophenol also induced
expression of this operon (Lomovskaya et al., 1995).

A MarR homolog has been characterized from
Neisseria gonorrhoeae that likely mediates the resistance
of this organism to antimicrobial hydrophobic agents. FarR
represses its own transcription and that of the distally
located farAB operon of N. gonorrhoeae, which encodes
an efflux pump that exports host-derived antimicrobial
agents such as long-chain fatty acids (Lee et al., 2003).

The gene encoding OhrR from Xanthomonas
campestris pv. phaseoli is co-transcribed with the adjacent
gene, ohr, which is involved in protection against organic
peroxides. Transcription of this unit is antagonized by
OhrR and this repression is relieved by certain organic
peroxides (Sukchawalit et al., 2001; Mongkolsuk et
al.,, 2002). Numerous bacteria maintain this genetic
organization of ohrR and ohr, but in B. subtilis these
genes are adjacent and oriented in the opposite direction.
B. subtilis OhrR represses transcription of ohr and is
responsive to organic peroxides but does not appear to
be autoregulatory (Fuangthong et al., 2001; Fuangthong
and Helmann, 2002).

SlyA from S. typhimurium likely serves as both a
transcriptional repressor and activator, regulating its own
expression and that of at least 23 genes including some
involved in oxidative stress response and resistance
to certain antimicrobial peptides (Spory et al., 2002;
Stapleton et al., 2002; Shi et al., 2004).

As the MarR homologs described above are
important for the organism surviving host-derived
antimicrobial agents, all could be classified as regulators
of virulence factors as well. For example, SlyA also
regulates hemolysin and flagella production, both of
which are critical for S. typhimurium infection (Stapleton
et al., 2002; Wyborn et al., 2004). Similarly, PecS from
the plant pathogen Erwinia chrysanthemi represses the
transcription of a cluster of genes involved in the synthesis
of the pigment indigoidine which is likely involved in
scavenging reactive oxygen species (Reverchon, et al.,
2002). PecS also represses the transcription of pectinase
and cellulase enzymes and genes involved in flagellum
development, virulence factors required for this organism
to infect plant cells (Praillet et al., 1996; Rouanet et al.,
1999; 2004). The MarR homolog ExpG from the nitrogen-
fixing soil bacterium Sinorhizobium meliloti has been
shown to activate transcription of three exp operons
that are involved in the production of galactoglucan, an
exopolysaccharide required for this organism to infect
plant roots for nodule formation (Becker et al., 1997;
Ruberg et al., 1999; Bartels et al., 2003).

MarR regulators of aromatic catabolism

A number of characterized MarR homologs regulate
metabolic pathways of aromatic compounds. Most of
these proteins participate in environmental surveillance
of the substrate compound, with their regulatory capacity
being mediated by direct association with the phenolic
molecule. The MarR homolog CbaR from Comamonas
testosteroni BR60 is not autoregulatory, but the location of
its binding site indicates that it represses the transcription
of the adjacent, oppositely oriented cbaABC operon
which encodes enzymes involved in the oxidation of

3-chlorobenzoate (Providenti and Wyndham, 2001).
Transcriptional repression is relieved by CbaR binding to
3-chlorobenzoate or the downstream catabolic product
protocatechuate. Similarly, HpaR from E. coli represses
transcription of the hpa-meta operon which encodes
genes for the catabolism of 4-hydroxyphenylacetic acid
and this repression is relieved by 4-hydroxyphenylacetic
acid and structurally similar compounds (Galan et
al., 2003). HucR from Deinococcus radiodurans is a
transcriptional autorepressor and repressor of an adjacent
uricase enzyme which is involved in the aerobic purine
degradation pathway (Wilkinson and Grove, 2004; 2005).
The substrate of uricase, uric acid, is an efficient antagonist
of HucR-DNA association and uric acid upregulates hucR
and uricase transcription (Wilkinson and Grove, 2004). As
uric acid is a scavenger of reactive oxygen species, HucR
is likely to be involved in the oxidative stress response of
this organism.

In contrast to the majority of MarR proteins, ligand-
binding appears to enhance the DNA-binding affinity
of some homologs involved in pathways of aromatic
catabolism. BadR from Rhodopseudomonas palustris
induces transcription of the badDEFG operon which
encodes benzoyl-CoA reductase, an enzyme involved in
the anaerobic catabolism of benzoate, and this induction
is enhanced by benzoate or 4-hydroxybenzoate (Egland
and Harwood, 1999). Whereas 3-chlorobenzoate is an
antagonist of DNA-binding by the CbaR repressor, 3-
hydroxybenzoate and 3-carboxybenzoate likely increase
CbaR DNA-binding affinity (Providenti and Wyndham,
2001).

Structural analysis of MarR homologs

Structural data are only available for a few MarR homologs,
however, several characteristic features of this family can
be discerned. First, MarR proteins exist as homodimers in
solution and the subunit association is mediated primarily
by hydrophobic contacts between intercalating N- and
C-terminal o-helices. The subunits are related by a two-
fold symmetry. Second, the dimerization domain of each
subunit is connected via long a-helices to a globular DNA-
binding domain that adopts a winged helix fold. The DNA-
binding domains in the dimer are separated by a channel
and make few direct contacts.

The 2.3 A co-crystal structure of a MarR-salicylate
complex reveals the protein to exist as a dimer with a
pyramidal shape and overall dimensions of 50 x 55 x
45 A (Fig. 2a) (Alekshun et al., 2001). Each monomer
consists of 6 a-helices and two B-strands. The N-terminal
o-helix 1 and the C-terminal helices 5 and 6 interdigitate
with the corresponding regions of the other subunit to
form a dimerization domain with a buried surface area of
3570 A2 Stabilization of the homodimer is predominantly
mediated by hydrophobic contacts involving 10 residues
from each subunit. Several inter-subunit hydrogen bonds
in this domain contribute to dimer stability: the NC of a
lysine in helix 1 H-bonds with the main chain carbonyl of
the C-terminal residue and the N of a lysine in helix 6
H-bonds with the main chain carbonyl in the N-terminal
coil region.

Helices 1 and 5 of each subunit connect the
dimerization domain to a globular DNA-binding domain



Fig. 2 Structures of MarR and MexR. A) Ribbon representation of the MarR
monomer (1JGS) with the N- and C- termini labeled. Salicylate molecules
(red) in sites SAL-A and SAL-B are shown flanking the putative DNA
recognition helix (green). The wing is composed of anti-parallel B-strands
(brown) and the intervening loop (yellow) (Alekshun et al., 2001). B) MexR
in its “open” predicted DNA binding conformation (1LNW). The individual
subunits of dimer CD are colored yellow and green, with the winged helix
motifs at the bottom of the structure (Lim et al., 2002). C) MarR salicylate
binding sites SAL-A and SAL-B. Salicylates are colored red. Oxygen,
nitrogen and sulfur atoms from MarR side-chains are colored red, blue
and yellow, respectively. Predicted hydrogen bonds are represented as
dashes with approximate distances indicated (in A).

such that the two DNA-binding “lobes” of the dimer are
juxtaposed and related by two-fold rotational symmetry.
The topological arrangement of secondary structure
elements in the DNA-binding domain (H1-S1-H2-H3-S2-
W1-S3) indicates that MarR binds via a winged helix motif.
Each DNA-binding domain is stabilized by hydrophobic
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interactions involving 14 residues from each of the
secondary structural elements. The residues spanning
helices 3 and 4 (corresponding to H2-H3 above) constitute
the HTH motif (Fig. 1). The B-hairpin (S2-W1-S3) following
the HTH motif forms the eponymous “wing” structure. The
B-strands (S1, S2, S3) in each MarR subunit form an
antiparallel B-sheet with S1 being comprised of a single
isoleucine residue, similar to the structures of OmpR and
BirA (Wilson et al., 1992; Martinez-Hackert and Stock,
1997). The wing extending from S3 in some winged helix
proteins is absent from the DNA-binding domain of MarR,
resembling the structures of E2F4, DP2, and histone H5
(Brennan, 1993; Zheng et al., 1999). The surface potential
of each DNA-binding domain is highly electropositive and
a 6 A wide cleft separates the lobes from each subunit. In
this salicylate-bound structure, the DNA-binding lobes of
MarR interact through two salt bridges: D67 from the turn
of the HTH contacts R73 in the putative recognition helix
of the other subunit (and the reciprocal interaction).

The crystal structure of P. aeruginosa MexR in the
absence of effector was solved at 2.1 A and revealed an
overall pyramidal structure very similar to MarR (Fig. 2b)
(Lim et al, 2002). Four copies of the MexR dimer were
present in the crystallographic asymmetric unit, providing
several conformational views. The 147 amino acid MexR
monomer is comprised of 6 a-helices and 3 B-strands.
The N- and C-terminal regions encompassing o-helices
1, 5 and 6 from each subunit intertwine with the reciprocal
regions in the other subunit to create a dimerization
interface with a total buried surface area of 4360—4930
A2, Stabilization of the dimer is provided almost entirely
by hydrophobic contacts. Helices 1 and 5 of each subunit
connect the dimerization domain to a compact, globular
DNA-binding domain (residues 36-97). The DNA-binding
domain adopts a winged helix fold with the sequence
spanning helices 3 and 4 forming the HTH. B-strands 2
and 3 and the intervening sequence form the wing. As
for MarR, MexR lacks a wing 2 structure. The two salt
bridges that connect the DNA-binding lobes of the MarR
dimer are absent in the MexR structure.

The structure of a SlyA homolog from the pathogen
Enterococcus fecalis was solved at 1.6 A, revealing a
dimer with an overall structure very similar to MarR and
MexR despite considerable sequence difference (Wu
et al., 2003). This 150 amino acid protein is comprised
of seven a-helices and three B-strands, with helices
1, 6, and 7 from each subunit interdigitating with their
counterparts in the other subunit to form a dimerization
domain stabilized primarily by hydrophobic interactions.
Hydrophobic interactions also stabilize a globular DNA-
binding domain that adopts a winged helix fold with the
putative DNA-recognition helix (helix 5) flanked by a wing
(B-strands 2, 3, and intervening region). The DNA-binding
domains in the dimer are separated by a channel and, like
MexR, make no direct contacts.

Sequence alignment of characterized MarR family
members reveals conservation of residues throughout the
entire protein (Fig. 1). The conservation of hydrophobic
amino acids suggests their importance in adopting a
stable fold or mediating intersubunit contacts in the
homodimeric assembly. The residues comprising the C-
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terminal portion of the winged helix motif are especially
conserved, particularly in the wing itself, with eight of the
ten highly conserved amino acids residing in this region.

DNA-binding by MarR proteins

The structural, biochemical and genetic data available to
date is insufficient to explain the DNA-binding mechanism
of MarR. However, a cumulative view of DNA-binding
properties of MarR homologs presents some characteristic
features. The cognate DNA-binding sites of MarR
proteins are invariably comprised of (pseudo)palindromic
sequences, suggesting that members of this family bind
DNA as dimers. However, the lengths of the inverted
repeats and the spacing between half-sites are variable
(Table 1). Consequently, the centers of the half-sites are
expected to vary in their relative positions on the DNA
double-helix, ranging from the same face to opposite
faces of the DNA.

The structure of salicylate-bound MarR does not
allow modeling onto B-DNA with the known MarR binding
sequences, consistent with evidence that salicylate is
a negative effector of MarR-marO complex formation.
Nevertheless, the combined data from the MarR-
salicylate co-crystal structure, footprinting experiments
and mutational studies suggest possible modes of DNA-
recognition. The identification of 5 bp inverted repeats
separated by 2 bp within each 21 bp MarR binding site
would place the half-site sequences on opposite faces
of the DNA double helix (Martin and Rosner, 1995). As

other MarR homologs bind their cognate DNA sites as
homodimers to palindromic sequences, it is reasonable to
suspect that MarR does so as well (Wilkinson and Grove,
2004; 2005). The DNA-binding lobes of the salicylate-
bound MarR structure would have to undergo significant
conformational changes to accommodate binding to DNA
half-sites on opposite faces of the double helix. Such
conformational shifts of the globular DNA-binding domains
would require flexibility in the o-helices that connect the
lobes to the dimerization domain. That MarR possesses
such intrinsic flexibility is supported by the crystal structure,
which indicates poorly ordered loop regions that might
allow conformational shifts in the o-helices that form the
dimerization domain (Alekshun et al., 2001). Also, the
van der Waals interactions that stabilize the dimer do
not require specific geometries of the residues involved,
suggesting that flexibility would be allowed at the dimer
interface. In addition, in vivo selections of MarR mutants
with altered DNA-binding activity indicated that residues
in the N- and C-terminal regions (in addition to the winged
helix motif) are important in defining DNA-binding affinity
(Alekshun and Levy, 1999b; Alekshun et al., 2000).
Furthermore, MarR crystals grown in the absence of ligand
were determined to be highly disordered, consistent with
MarR being intrinsically flexible (Alekshun et al., 2001).
Protein-induced conformational changes in the DNA-
binding site could also accommodate binding of a MarR
dimer. For example, overwinding or underwinding of the
DNA duplex to change the helical twist would serve to

Table 1. DNA binding of MarR homologs.
Protein Organism Footprint (bp)? K, (nM) (bpin '/, sites) Ref.
MarR Escherichia coli 21 1 5(2) Martin and Rosner,
1995
EmrR Escherichia coli 42 - 9(3) Xiong et al., 2000
MexR Pseudomonas aeru- 28 - 5(5) Evans et al., 2001
ginosa
CbaR Comamonas testos- 22 -- 4 (6 or9) Providenti and Wynd-
teroni ham, 2001
CinR Butyrivibrio fibrisolvens | -- - 8 (0) Dalrymple and
Swadling, 1997
HpaR Escherichia coli 27 - 9(4) Galéan et al., 2003
ExpG Sinorhizobium meliloti | 21° 0.58-1.3 6 (3) Bartels et al., 2003;
Baumgarth et al., 2005
PecS Erwinia chrysanthemi | 45 4 -200 5(3) Praillet et al., 1997;
Rouanet et al., 1999;
Reverchon et al.,
2002; Rouanet et al.,
2004
SlyA Salmonella typhimuri- | 25° -- 5(2) Stapleton et al., 2002
um
OhrR Xanthomonas camp- 44 -- 8 (17) Mongkolsuk et al.,
estris 2002
OhrR Bacillus subtilis 424 59 7(7) Fuangthong et al.,
2001; Fuangthong and
Helmann, 2002
HucR Deinococcus radio- 21e 0.29 8(2) Wilkinson and Grove,
durans 2004
aThe smaller DNase | footprint size is indicated when footprint sizes are reported for both strands; footprint size is reported for sequences with low-
est K ; °A conserved sequence found in three ExpG binding regions; °Footprint of a predicted high affinity site within a DNA sequence containing 5
predicted binding sites; “Values reported involve cooperative binding to DNA site containing adjacent perfect and imperfect repeats; °Methidiumpropyl-
EDTA-Fe(ll) footprint; Number of base pairs for each half-site (number of base pairs between half sites in parentheses).




position the major groove of each half-site in an orientation
that would require a less drastic conformational change
in the MarR dimer. Biophysical experiments to ascertain
the conformational flexibility of MarR and its cognate
DNA-binding sequence would be crucial in testing these
possibilities.

The crystal structure of MexR in the absence of a
ligand (Fig. 2b) revealed a dimer in a conformation that
could be docked to a linear B-form representation of its
known DNA-binding sequence with a reasonably good fit
(Lim et al, 2002). The sequence-specific MexR binding
site contains 5 bp half-sites separated by 5 bp, so that
the center of each half-site would likely be positioned on
the same face of the DNA duplex (Evans et al., 2001).
The MexR dimer (denoted “CD”) modeled onto the
DNA-binding site was determined to be in an “open”
conformation, such that the globular DNA-binding lobes
were separated by a distance optimal for the insertion of
the recognition helices into consecutive major grooves
and the wings were positioned to mediate contacts with
the sugar-phosphate backbone and minor groove (Lim
et al., 2002). The MexR dimer CD structure reveals the
centers of the two recognition helices to be separated
by 29.2 A, close to the 34 A distance that separates
the center of each half-site in linear B-form DNA. This
“open” conformation is likely maintained by electrostatic
repulsion between positively charged residues lining the
crevice between the DNA-binding domains. The model
suggests that bending of the DNA duplex, or an increase
in the helical twist, might occur upon MexR binding to
accommodate a tighter fit. Additionally, the DNA-binding
lobes of the MexR dimer might undergo conformational
shifts, a possibility suggested by the intrinsic flexibility of
the MexR dimer (see below).

Recent data for ExpG and HucR suggests that
the DNA-binding mechanisms in this family indeed
involve conformational flexibility of both the protein
dimer and DNA. Analysis of ExpG-DNA binding using
atomic force microscopy (AFM) revealed that the
DNA curvature at the ExpG binding site changes upon
complex dissociation, suggesting that ExpG induces
DNA bending upon complex formation (Baumgarth et al.,
2005). Electrophoretic mobility shift assays (EMSA) and
AFM experiments demonstrated that ExpG binding sites
require a palindromic sequence comprised of 6 bp half-
sites separated by 3 bp (Bartels et al., 2003; Baumgarth
et al., 2005). Binding kinetics for ExpG at 3 different sites
indicated that the ExpG dimer binds with a very high on-
rate (1.0 — 5.0 x 10° M-'s™") and dissociates with a very
low off-rate (4.3 — 1.3 x 10 s') indicating dissociation
constants of 0.58 — 1.3 nM. Interestingly, the DNA-
binding affinity of ExpG is enhanced by the presence of
short conserved sequences (“boxes 1 and 2”) located
on either side of the palindrome. The distance of these
boxes from the conserved 21 bp sequence containing
the palindrome is 5-30 bp. Dynamic force spectroscopy
was used to calculate the natural thermal off-rates for the
binding kinetics between ExpG and a wild-type binding
site, a binding-site mutated in Box 1 and a binding site
mutated in Box 2. The off-rate was increased ~10-fold
by a mutation in Box 1 and ~100-fold by a mutation in

Transcriptional Regulation by MarR proteins 57

Box 2. Sites analogous to boxes 1 and 2 have not been
described for any other MarR family member.

HucR-association with its cognate binding sequence
also involves conformational changes in the DNA double-
helix, as first suggested by sites of DNase | hypersensitivity
flanking the HucR footprint (Wilkinson and Grove, 2004).
Circular dichroism spectroscopy revealed a significant
alteration to the secondary structure of the DNA upon
complex formation with HucR consistent with a reduction
in the helical twist of the DNA duplex (Wilkinson and Grove,
2005). Equilibrium analytical ultracentrifugation indicated
that HucR predominantly exists as a dimer in solution.
EMSA and measurements of intrinsic fluorescence
confirmed that HucR binds its pseudopalindromic DNA
site as a homodimer and analysis of HucR mutants
provided evidence that the wing mediates contacts with
DNA. Intrinsic fluorescence measurements suggested
DNA-induced global conformational changes in the
HucR dimer extending to the globular protein interior of
the protein and to the dimerization domain. This inherent
flexibility in HucR to accommodate DNA-binding is
consistent with structural data on MarR, MexR and SlyA.
Taken together, the structural and biochemical evidence
for MarR homologs suggests protein conformational
flexibility to be a general requirement for accommodating
site-specific DNA-binding, with some proteins deforming
the DNA to stabilize the interaction.

Ligand recognition by MarR proteins

A defining characteristic of numerous members of the
MarR family is the capacity to bind diverse anionic lipophilic
(usually phenolic) effector molecules (Table 2). Structural
data for MarR and MexR and recent biochemical data on
HucR have provided insights into a novel mechanism of
ligand-binding in this family in which DNA- and effector-
binding domains overlap. The MarR-salicylate co-crystal
structure revealed two ligand binding sites per subunit,
labeled SAL-A and SAL-B (Fig. 2) (Alekshun et al., 2001).
Notably, the bound salicylates flank the proposed DNA-
recognition helix. Ligand binding site SAL-A is packed in
the interior of the globular DNA-binding domain, and is
formed by residues from both helices of the HTH motif
and from the wing. The side chain hydroxyl of T72 from
the recognition helix forms an H-bond with the salicylate
hydroxyl group, the guanidinium group of R86 H-bonds
with the salicylate carboxylate and the aliphatic pyrrolidone
ring of P57 is positioned within 3.5 A of the hydrophobic
ring of salicylate. SAL-B is exposed to the solvent and
most contacts with salicylate are mediated by residues
from the recognition helix. The backbone carbonyl of
A70 H-bonds to the salicylate hydroxyl, the guanidinium
group of R77 H-bonds with the salicylate carboxylate and
the hydrophobic ring of salicylate is within 3.5 A of the
hydrophobic side chain of M74. Q42 from helix 2 may also
H-bond with the salicylate carboxylate.

The H-bond forming residues in site SAL-A are
strictly conserved in MexR while the MarR proline
mediating hydrophobic contact with the salicylate ring is
replaced with a leucine in MexR. Site SAL-B, however,
is not conserved in MexR. The natural ligands of MexR
are unknown and the structure was determined in the
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Table 2. Ligand binding data for MarR homologs.

Protein Organism Ligands

K, (apparent) Ref.

EmrR Escherichia coli

Nalidixic acid, salicylate, caronyl cya-
nide m-chlorophenylhydrazone, 1995
2,4—dinitrophenol, ethidium bromide

1.3-11.1uM Lomovskaya et al.,

Brooun et al., 1999
Xiong, et al., 2000

BadR Rhodopseudomonas palustris

Benzoate, 4-hydroxybenzoate --

Egland and Har-
wood, 1999

CbaR Comamonas testosteroni

3-chlorobenzoate, protocatechuate -

Providenti and
Wyndham, 2001

CinR Butyrivibrio fibrisolvens

Cinnamic acid sugar esters --

Dalrymple and
Swadling, 1997

HcaR Acinetobacter sp. strain ADP1

hydroxycinnamoyl-CoA thioesters -

Parke and Orn-
ston, 2003

HpaR Escherichia coli

4-hydroxyphenylacetic acid, 3-hydroxy- | --
phenylacetic acid, 3,4-hydroxyphenyl-
acetic acid

Galan et al., 2003

MarR Escherichia coli

salicylate, plumbagin, 2,4—dinitrophe-
nol, menadione

0.5-1mM Cohen et al.,
1993b

Seoane and Levy,
1995

Martin and Rosner,
1995

Alekshun and
Levy, 1999a
Alekshun et al.,
2001

OhrR Xanthomonas campestris and
Bacillus subtilis

tert—butyl hydroperoxide, cumene --
hydroperoxide

Sukchawalit et al.,
2001

Panmanee et al.,
2002

Fuangthong et al.,
2001

Fuangthong and
Helmann, 2002

HucR Deinococcus radiodurans

uric acid, salicylate

Wilkinson and
Grove, 2004
Wilkinson and
Grove, 2005

11.6 uM

absence of any potential effectors (Lim et al., 2002).
However, the C-terminal polypeptide from an adjacent
dimer was inserted in the cleft between the DNA-binding
domains of MexR dimer “AB”, resulting in a dimer
significantly different in conformation than the dimer CD
that was modeled onto the MexR DNA-binding site (see
below). The polypeptide was stabilized between the DNA-
binding lobes by electrostatic interactions between the
positively charged residues of the dimer lining the crevice
and negatively charged glutamate and aspartate residues
from the inserted polypeptide. Several van der Waals
contacts between proline, leucine and isoleucine residues
in the polypeptide with hydrophobic residues lining the
crevice of the dimer also stabilized the interaction.

Proposed mechanisms of allosteric regulation of
MarR proteins

As discussed above, MarR in its salicylate-bound
conformation is unlikely to bind its sequence specific DNA-
binding site (Alekshun et al., 2001). The location of the
two salicylate binding sites on either side of the proposed
DNA recognition helix suggests possible mechanisms by
which phenolic ligands antagonize MarR-DNA interaction.
As both ligand-binding sites SAL-A and SAL-B are
composed of residues from the DNA-recognition helix and

wing motif, and as both of these regions of the winged
helix fold have been shown to be critical for DNA-binding,
it is clear that the ligand- and DNA-binding sites are not
separate. Moreover, this overlap of domains is conserved
throughout the family (Fig. 1). It is plausible that ligand
binding at one or both sites coordinates residues required
for direct or water-mediated contacts with the cognate
DNA-binding site, thus preventing complex formation
(Alekshun et al., 2000). Alternatively, or in combination
with the effect posited above, ligand binding might stabilize
a MarR dimer conformation that cannot accommodate the
insertion of the recognition helices into the major grooves
at the binding sequence half-sites. The suggested intrinsic
flexibility of MarR at the dimerization interface is consistent
with a ligand-mediated conformational shift in the relative
positions of the DNA-binding lobes, from a DNA-binding
state to the state observed in the crystal structure.

The four dimers present in the crystallographic
asymmetric unit of MexR provided a fortuitous glimpse of a
possible mechanism of ligand-mediated allosteric control
of MexR-DNA binding (Lim et al., 2002). A comparison of
the “open” MexR dimer CD conformation (Fig. 2b), that
was readily modeled onto its linear B-form DNA binding
site, with the MexR dimer AB-polypeptide conformation,
revealed the latter to be incompatible with binding to its



recognition sequence. Notably, the distance separating
the centers of the recognition helices is reduced to 22.6 A
in the MexR dimer AB, compared to the distance of 29.2
A observed in the “open” conformation. Comparisons of
all four dimer representations revealed that the basis for
this conformational shift resided in the intrinsic flexibility of
the dimerization domain. Whereas the winged helix DNA-
binding domains appeared to move as arigid body, flexible
loop regions allow for significant conformational flexibility
in a-helices 1, 5 and 6. The helix orientations of o-helices
1, 5 and 6 vary by 17°, 6.8°, and 12.1°, respectively,
with their midpoint positions deviating by 4.9 A, 1.7 A,
and 8.2 A. This flexibility of the helices that comprise the
dimerization domain is consistent with variable geometries
allowed for the van der Waals contacts that stabilize the
dimer. As o-helices 1 and 5 connect the dimerization
domain to the DNA-binding domain, their flexibility
results in concomitant shifts in the DNA-binding lobes.
The “closed” conformation observed for MexR dimer AB
suggests that ligands may disrupt MexR-DNA complex
formation by neutralizing the electrostatic repulsion that
otherwise maintain the dimer in an “open” DNA-binding
conformation. Additional hydrophobic contacts between
the ligand and residues lining the crevice of the MexR
dimer contribute to bring the DNA-binding lobes into closer
proximity. As all known ligands of MarR homologs are
anionic lipophilic compounds, it is tempting to speculate
that members of this family share a similar mechanism of
allosteric control.

The physiological relevance of two ligand-binding
sites
The physiological relevance of the two ligand-binding sites
per monomer seen in the MarR structure was unclear, as
the crystals were soaked in a very high concentration
of salicylate. Fits of equilibrium dialysis data for EmrR
suggested a single ligand-binding site per monomer
(Brooun et al., 1999). Also, despite the significant
conservation of residues comprising site SAL-A, MexR
does not respond to salicylate as an effector in vitro, while
HucR exhibits much tighter binding to its natural ligand
urate compared to salicylate. These observations suggest
an unusual conformational flexibility in this ligand-binding
site to accommodate distinct ligands. Indeed, the ability
to respond to a multitude of structurally distinct effector
molecules is a unique feature of this protein family.
Analysis of uric acid binding to HucR revealed
negative cooperativity, inferred to involve the SAL-B sites
in each monomer (Wilkinson and Grove, 2005). Notably,
this negative cooperativity is abolished upon mutation of
conserved residues in SAL-A, suggesting that occupancy
of the SAL-A site may be required for manifestation of this
regulatory mechanism. Taken together, the conservation
of residues comprising the SAL-A site (Fig. 1) and the
biochemical data from HucR support a physiological role
of ligand binding at the SAL-A site, perhaps in fine-tuning
the response of the respective transcriptional regulator to
ligands bound at the SAL-B site. Moreover, the presence
of multiple ligand binding sites per protomer is consistent
with the existence of diverse effector compounds (Table
2), and the lack of sequence conservation of the SAL-B

Transcriptional Regulation by MarR proteins 59

site corroborates the variety of ligand specificities seen
in this family.

The OhrR proteins from X. campestris pv. phaseoli
and B. subtilis employ an alternative allosteric mechanism
of ligand-induced conformational changes (Panmanee
et al., 2002; Fuangthong et al., 2002). In each of these
proteins, organic hydroperoxides antagonize DNA-binding
by oxidizing a conserved cysteine in the N-terminal region.
As this cysteine does not mediate contacts with DNA,
ligand-induced oxidation of the cysteine to a cysteine-
sulfenic acid likely causes a conformational change in
the dimerization domain of OhrR that propagates to the
DNA-recognition domain, resulting in an orientation of the
winged helix lobes of the dimer that is incompatible with
DNA binding.

The DNA- and ligand-binding data for MarR proteins
in toto is consistent with a unique mechanism of effector-
mediated DNA-binding involving overlapping DNA- and
ligand-binding domains (with the possible exception
of OhrR). This family includes the only prokaryotic
transcriptional regulators to employ such an allosteric
mechanism of multidrug recognition. The transitions
between DNA- and ligand-bound states are likely
dependent upon the intrinsic conformational flexibility
of MarR proteins and their capacity to alter DNA helical
twist at their cognate sequences. The model suggests
that ligand-binding at high-affinity sites effects a global
conformational change that alters the relative orientations
of the DNA-binding lobes of the dimer, altering the DNA-
binding capacity of the protein. We suggest that occupancy
of the SAL-A site may induce negative cooperativity of
ligand-binding to the SAL-B site, thus enhancing the
sensitivity of MarR homologs to low concentrations of
effector molecules and increasing their capacity for
transcriptional regulation.
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