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a b s t r a c t

The MarR family of transcriptional regulatory proteins in bacteria and archaea respond to environmental
changes and regulate transcriptional processes by ligand binding or cysteine oxidation. MepR belongs to
the MarR family, and its mutations are associated with the development of multidrug resistances,
causing a growing health problem. Therefore, it has been of great interest to locate the ligand binding site
of MepR and reveal the ligand-mediated transcriptional regulation mechanism. Here, we report on the
crystal structure of Bacillus cereus MepR-like transcription factor, BC0657, at 2.16 Å resolution. Inter-
estingly, BC0657 was complexed with fortuitous pseudo-ligands, which were assessed to be lipid mol-
ecules containing a long fatty acid, rather than phenolic compounds previously observed in other MarR
proteins. The BC0657-ligand interaction provides the first molecular view of how MepR recognizes li-
gands to respond to toxic chemicals. Moreover, our comparative structure analyses of ligand binding sites
on BC0657 and its homologs suggest that transcriptional repression by MepR would be relieved by
ligand-induced changes in dimerization organization.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Bacteria have developed a variety of molecular protection sys-
tems against harmful environmental chemicals and stresses. Mul-
tiple antibiotic resistance regulator (MarR) family proteins are
transcriptional regulators that modulate the expression of genes
involved in oxidative stress responses as well as degradation or
export of toxic chemicals, such as phenolic compounds, antibiotics,
and detergents [1e6]. The MarR protein was first reported in
Escherichia coli and is now one of the largest transcription regulator
families, including over 15,800 members (http://www.ebi.ac.uk/
interpro/entry/IPR000835/proteins-matched). E. coli MarR nega-
tively regulates gene expression of the marRAB operon by binding
to the operator DNA upstream of the transcription start site and
inhibiting RNA polymerase-mediated transcription initiation. MarR
binding to its ligand, such as sodium salicylate, attenuates the
tructural factors for BC0657
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ng).
MarReoperator interaction, allowing RNA polymerase to initiate
transcription of the resistance gene [7,8].

Structural and biochemical studies have been performed on
numerous MarR family members to date. Despite the large varia-
tion in primary sequences, MarR proteins adopt the triangular
shape of a homodimer with the similar structural fold of the
winged helix-turn-helix (wHTH) domain and the homodimeriza-
tion domain [6,9]. It is well documented that the two wHTH do-
mains of the triangular homodimer recognize palindromic
sequences of double-stranded DNA in a symmetrical manner
[10e15]. However, for the transcriptional regulation mechanism,
each MarR protein appears to have developed a unique ligand
recognition mode and, consequently, undergoes different confor-
mational changes upon ligand binding. Several complex structures
with ligand/drug molecules have independently allowed for the
identification of up to eight discrete, ligand-binding sites for one
MarR protomer, indicating multiple regulatory mechanisms in the
MarR family [9,16e18].

MepR from Staphylococcus aureus belongs to the MarR family
and is a multidrug-binding transcription regulator for expression of
mepA and mepR [19,20]. MepA is a multidrug efflux pump that
confers resistance to a wide range of toxic compounds, including
biocides, fluoroquinolones, glycylcycline, tigecycline, and dyes.
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Mutations of themepR gene [replacements of glutamine for proline
residue at 18 (Q18P), of phenylalanine for leucine at 27 (F27L), and
of alanine for valine at 103 (A103V)] have been associated with
multidrug-resistance of clinical S. aureus isolates [21]. A recent
structural study revealed that the MepR mutations were located in
the dimerization interface and caused severe distortions in qua-
ternary conformations of the MepR dimer [15]. However, due to the
absence of the MepR-ligand complex structure, it is currently un-
clear how the MepR transcription factor recognizes ligand mole-
cules to function as a transcriptional regulator.

Here we present the crystal structure of Bacillus cereus MepR-
like transcription regulator, BC0657, at 2.16 Å resolution. BC0657
is homodimeric and contains the canonical wHTH domain, as is
found in other MarR transcriptional regulators. Interestingly, extra
electron density was observed inside a hydrophobic cavity in the
dimerization interface and was assessed as fortuitous lipid-like
pseudo-ligands. Furthermore, our comparative structural analyses
suggest an allosteric mechanism for ligand-mediated disruption of
the MepReoperator interaction.

2. Materials and methods

2.1. Preparation of the recombinant BC0657 protein

BC0657 expression plasmid was prepared and recombinant
BC0657 protein was expressed and purified as described elsewhere
(paper in preparation). Briefly, the BC0657 gene (residues 1e152)
was amplified by PCR from the genome DNA of B. cereus and
inserted into a modified pET49b vector (pET49bm) that contains
the N-terminal His6 tag and thrombin cleavage site. The resulting
ligation product was transformed into E. coli DH5a cells and
nucleotide sequences were confirmed by DNA sequencing.

Recombinant BC0657 protein was overexpressed in the E. coli
strain, BL21 (DE3) in the presence of 1 mM isopropyl b-D-1-thio-
galactopyranoside at 18 �C for ~16 h. Cells were harvested and lysed
by sonication. The lysate was cleared by centrifugation
(~25,000 � g) and the supernatant was incubated with Ni-NTA
resin (Qiagen). The soluble BC0657 protein was eluted using PBS
containing 250 mM imidazole, and dialyzed against 20 mM Hepes,
pH 7.4/150 mM NaCl/5 mM b-mercaptoethanol (bME). The N-ter-
minal His6 tag was removed by thrombin and was further purified
by gel filtration chromatography using a Superdex 200 16/600
column (GE Healthcare) in 20 mM Hepes, pH 7.4/150 mM NaCl/
5 mM bME. Fractions for BC0657 were pooled and concentrated to
~34 mg/ml for crystallization.

2.2. BC0657 crystallization and X-ray diffraction data collection

The BC0657 protein was crystallized by the sitting drop vapor
diffusion method at 18 �C. BC0657 crystals were obtained in 0.1 M
phosphate citrate, pH 4.0/1.8 M ammonium sulfate. For X-ray
diffraction data collection, BC0657 crystals were cryoprotected in a
solution of 0.1 M phosphate citrate, pH 4.0/2.4 M ammonium sul-
fate/30% glycerol. A single crystal was flash-frozen under the cryo-
stream at �173 �C. X-ray diffraction was performed at beamline 7A
of the Pohang Accelerator Laboratory (PAL). Diffraction data were
indexed, integrated, and scaled using the HKL2000 package [22]. X-
ray diffraction statistics are shown in Table S1.

2.3. Structure determination of BC0657

The BC0657 structure was determined by molecular replace-
ment with the PHASER program [23] using structure coordinates
(PDB ID IS3J) of a MarR protein, YusO, as a search model. The
BC0657 structure was iteratively built and refined using the COOT
and REFMAC5 programs, respectively [24,25]. The final model in-
cludes residues 5e146, 69 waters, and putative lipid-like pseudo-
ligand molecules. The final model has excellent stereochemistry,
with no Ramachandran outliers [28]. Structure refinement statistics
are shown in Table S1.

3. Results

3.1. The overall crystal structure of BC0657

The BC0657 structure was solved by molecular replacement and
refined to 2.16 Å resolution (Table S1). The asymmetric unit (ASU)
contains one chain of BC0657 (Fig. 1A). The BC0657 structure
contains 142 residues (residues 5e146) from the entire molecule
(residues 1e152). The overall fold of BC0657 is similar to those of
other MarR family members consisting of six helices and three b
strands with a topology of H1 (residues 8e33) e H2 (residues
37e49) e b1 (residues 51e53) e H3 (residues 54e61) e H4 (resi-
dues 65e77) e b2 (81e85) e b3 (93e97) e H5a (99e111) e H5b

(114e121) e H6 (126e143) (Fig. 1A and B). The non-helical nature
of the BC0657 at residue 113 divides helix 5 into two separate he-
lices, H5a and H5b. Single-turn 310 helices are also observed in
residues 59e61, 65e57, 76e78, 108e110, and 125e127. As for other
MarR protein structures, the BC0657 monomer is divided into two
functional domains, the dimerization domain and the wHTH
domain. The dimerization domain involves the N- and C-terminal
helices (H1, H2, H5, and H6) and mediates BC0657 homodimeri-
zation. ThewHTH domain consists of b1, H3, H4, b2, and b3, and is a
putative DNA binding domain.

DALI analyses indicate that the BC0657 structure is closely
related to other MarR family proteins, including S. aureus MepR
Q18P mutant (PDB ID 4LD5; RMSD value of 2.9 Å for 137 residues;
21% sequence identity), Bacillus subtilis YusO (PDB ID 1S3J; RMSD
value of 3.9 for 129 residues; 32% sequence identity), B. subtilis
OhrR (BsOhrR, PDB ID 1Z9C; RMSD value of 4.0 for 137 residues;
18% sequence identity), and Streptomyces coelicolor PcaV (PDB ID
4FHT; RMSD value of 3.3 for 137 residues; 16% sequence identity)
(Fig. 1B). The wHTH domains of MarR homologs superpose well on
that of BC0657, whereas dimerization domains showed severe
structural deviations (Fig. 1C).

3.2. The dimerization interface of the BC0657 protein

MarR family proteins function as homodimers. Consistently,
BC0657 forms a crystallographic dimer (Fig. 1D). The dimerization
interface of BC0657 is mainly constituted by helices H1, H2, H5, and
H6 of the dimerization domain and supplemented by additional
residues including residue 60 of helix H3 and residues 61-62 of an
H3eH4 linker. Dimerization of BC0657 buries an accessible surface
area of 2180 Å2 per subunit mostly by hydrophobic interactions, as
is found in other MarR members [9,10,16].

In the BC0657 structure, it is noteworthy that the N-terminal
helix H1 is simultaneously engaged in various interactions,
including intra-subunit H1eH5 interactions, homodimeric assem-
bly, and BC0657-ligand recognition (Fig. 2). A C-terminal part
(residues 21e33) of H1 makes extensive intra-subunit interactions
with H5 (Arg104, Glu107, Ala108, Ala111, Arg112, Asn113, His115,
Ile116, and Tyr119), suggesting that the C-terminal H1 is essential in
the formation of the globular monomeric fold (Fig. 2C). In contrast
to the C-terminal H1, the N-terminal region of H1 (residues 8e20)
protrudes out of the monomer without significant contribution to
intra-subunit interactions (Fig. 1A). Instead, the N-terminal H1 is
plugged inside a bundle of helices of the other subunit, including
H20, H30, H50, and H60 (the prime symbol denotes a 2-fold
symmetry-related molecule) and plays a primary role in



Fig. 1. Overall structure of BC0657. (A) A ribbon diagram of one BC0657 subunit complexed with pseudo-ligand molecules (ball-and-stick models). The structure is rainbow-colored
from blue at the N-terminus to red at the C-terminus. The secondary structures are labeled and the N- and C-terminal ends of BC0657 are indicated as N and C, respectively. (B)
Primary sequence alignment of BC0657 and its structural homologs in the MarR family (YusO, MepR, BsOhrR, XcOhrR, PcaV, TcaR). The multiple sequence alignment was performed
using ClustalW. The secondary structural elements of BC0657 are indicated by rods (a- and 310-helices) and arrows (b-strands) in rainbow colors above the primary sequence of
BC0657. Ligand binding or sensing residues are shaded in yellow, except for MepR, in which multidrug resistant mutation residues are highlighted in yellow. (C) Structural
comparison of MarR family proteins [BC0657 (red), MepR (yellow), YusO (green), PcaV (magenta), and BsOhrR (cyan)]. wHTH domains are circled in dashes. D. Ribbon diagram of
the BC0657 dimer in complex with pseudo-ligands (ball-and-stick models). One subunit is colored in rainbow and its dyadic mate is colored in gray. The dimerization domain is
highlighted in a dotted box. Interfaces mediated by H1 residues (H1eH5 contact, H1 dimerization, and H1-ligand recognition) are labeled and colored accordingly. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dimerization (Figs. 1D and 2). The center of the H1 helix is involved
in pseudo-ligand binding (see below). As a result, the H1 helix
buries a total surface area of 1234 Å2 (the H1eH5 contacts, 276 Å2;
H1-ligand contacts, 203 Å2; H1 dimerization contacts, 755 Å2) via
mostly hydrophobic and some hydrophilic interactions. Four and
five hydrogen bonds are observed in the H1eH5 contact (Glu25-
Tyr119, Glu25-Asn113, Thr33-Arg104, and Gly34-Arg104) and the
H1-dimerization interface (Thr6-Arg1280, His7-Glu1290, Asp9-
Lys440, Lys10-Try410, and Gln23-Gln230), respectively. In addition,
three salt bridges are formed between Asp9 and Arg1120, and be-
tween Lys10 and Glu136.
Fig. 2. Simultaneous engagement of BC0567 helix H1 in inter-subunit, intra-subunit, and
interactions in (B). (B) H1 and H5b of one subunit are colored in a manner identical to that of
dimerization, pseudo-ligand binding, and intra-subunit H1eH5 interaction are colored in ye
both dimerization and lipid binding (Gln12, Ala5, Phe16, and Gln23) and in both lipid
respectively. BC0657 interface residues are also depicted by sticks (carbon; yellow, oxyge
residues are shown in green, magenta, and cyan ball-and-stick models, respectively, with ox
and salt bridges. (For interpretation of the references to color in this figure legend, the rea
3.3. Fortuitous lipid-like pseudo-ligands in the hydrophobic cavity
of BC0657

A striking feature of the BC0657 crystal structure is that tadpole-
shaped electron density was additionally observed in the FoeFc
map, even after the protein part was completely built in the
structure model (Fig. 3A). The extra density was found in a cavity
formed in the dimerization interface (Fig. 3B). The head portion of
the tadpole-shaped electron density (density site-A) penetrates
deeply into the cavity, whereas the tail (density site-B) is partially
buried and stretched along the BC0657 surface. The electron density
pseudo-ligand interactions. (A) and (C) are open-book views of BC0657 dimerization
Fig. 1A and helices from the second subunits are colored in gray. (A and C) Interfaces for
llow, magenta, and cyan, respectively, on the H1 surface. Interface residues involved in
binding and H1eH5 interaction (M22) are highlighted in orange or green surfaces,
n; red, nitrogen; blue). Residues from dimerization partners, lipid molecules, and H5
ygen atoms in red and nitrogen atoms in blue. Dashed lines represent hydrogen bonds
der is referred to the web version of this article.)



Fig. 3. Pseudo-ligand binding sites in the BC0657 dimerization interface. (A) Two electron density sites, A and B, (2.0 s level in the FoeFc composite omit map) inside the hy-
drophobic cavity in the dimerization interface. The two subunits of BC0657 are shown in different colors, yellow and green. BC0657 residues that surround the density sites are
shown in ball-and-stick models. (B) Ligand sites of MarR family members. Representative ligand sites are assigned by ligand site-1-3 (ligand site-1, light blue, PDB ID 1JGS and
4EM0; ligand site-2, light green, PDB ID 4FHT, 3BPX and 3GF2; ligand site-3, PDB ID 3KP6 and 2PFB). Ligand site-1 of MarR is formed between recognition helix H4 and the winged
regions. Ligand site-2 is generated between helix H4 of the wHTH domain and helix H10 of the dimerization domain in ST1710. Pseudo-ligands of BC0657 in gray wires are co-
localized with ligand site-3 of TcaR and XcOhrR. (C) Sequence conservation of cavity-forming residues in BC0657 homologs. Amino acid sequences were aligned by ClustalW
and colored by JalView. Pseudo-ligand binding residues are boxed in red and their consensus sequences are shown below the alignment with polar residues colored in blue. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for a linker between density site-A and site-B was very weak,
presumably due to the high flexibility in the middle of one molecule
or the presence of two separate molecules.

The internal volume of the cavity surrounding density sites-A
and -B, is estimated to be ~360 Å3 [26]. The cavity was formed
by H1, H2, b1, H10, and H50 residues (Ile11, Gln12, Ala15, Phe16,
Gly19, Lys20, Gln23, Thr24, Phe135, Leu138, Ile180, Gly190, Met220,
Gln230, Phe1200, and Phe1350). The cavity-forming residues are
highly conserved in BC0657 homologs with at least 61% sequence
identity (Fig. 3C). The internal surface of the cavity is highly hy-
drophobic except for the oxygen atom (OE1) of Gln12 at density
site-A, and for the positively charged nitrogen atom (NZ) of Lys20
at the cavity entrance in density site-B. Interestingly, negatively
and positively charged side atoms at Gln12 and Lys20 are abso-
lutely conserved in BC0657 homologs by chemically homologous
changes to glutamate (Q/E), and arginine or glutamine (K/R/Q),
respectively (Fig. 3C and Fig. S2), suggesting that the two polar
residues, Gln12 and Lys20, play a critical role in ligand specificity
in the hydrophobic environment. These observations demonstrate
that hydrophobic cavity sites with partial charges at dimerization
domains are common features in BC0657 and its homologs.
Moreover, the pseudo-ligand would be a charged lipid-like
molecule, such as a lipid molecule containing an extended hy-
drophobic acyl chain.

The shape of the electron density and the chemical nature of its
environment allowed us to separately build isoquinoline (ISQ) and
lauric acid (dodecanoic acid; DAO) as pseudo-ligand molecules into
elliptical head density (density site-A) and elongated tail density
(density site-B), respectively, although we cannot rule out possi-
bilities of other abundant cellular lipids or drugs (Fig. 3A and
Fig. S1A). ISQ and DAO fit well into density sites-A and -B, respec-
tively, and were in good agreement with refinement statistics. The
N2 nitrogen atom of ISQ and the carboxylic oxygen atom of DAO
preferentially interact with the polar side chain of Gln12 (distance
between Gln12 OE1 and ISQ N2, 2.9 Å) in density site-A and the
positive charge of Lys20 (distance between Lys20 NZ and DAO O1,
3.2 Å) in density site-B, respectively (Fig. S1).
3.4. Comparisons of ligand binding sites of BC0657 with other MarR
proteins

Most MarR proteins sense a variety of lipophilic compounds,
and OhrR and SarZ respond to oxidative stresses. Structural studies
on oxidized Xanthomonas campestrisOhrR (XcOhrR) [27] andMarR-
lipophilic drug complexes, includingMarR-salicylate [9,17], ST1710-
salicylate [14], PcaV-protocatechuate (PcaV) [16], MarR-kanamycin,
and TcaR-salicylate (TcaR) [18] have identified eight discrete ligand
binding sites, three of which have been confirmed as physiologi-
cally relevant ligand binding and functional regulatory sites (ligand
sites-1, -2 and -3) (Fig. 3B). MarR ligand site-1 and ST1710 ligand
site-2 involve residues from the DNA binding region of the wHTH
domain and thus, ligand association directly inhibits DNA binding.
In contrast, ligand site-3 in the oxidized XcOhrR and the TcaR-
salicylate complex was constituted by residues only from dimer-
ization helices H1 and H5, and ligand associations induce confor-
mational changes of quaternary structures to disable the wHTH
domain in DNA binding (Fig. 3B). The BC0657 cavity that encloses
the pseudo-ligand molecules is positioned in the dimerization
domains and overlaps with ligand site-3. Since the pseudo-ligand
binding site of BC0657 does not involve any residues from the
wHTH domain, BC0657 ligand would not directly compete with
DNA for BC0657. Instead, ligand binding to BC0657 would induce
structural rearrangements to dissociate wHTH domains from
operator DNA through an allosteric regulatory mechanism as for
XcOhrR and TcaR.



Fig. 4. DNA binding of BC0657. (A) A model of BC0657 in complex with dsDNA. The model was generated by overlaying the wHTH motif of BC0657 on that of the MepReDNA
structure (PDB ID 4LLN). BC0657 and dsDNA are shown in electrostatic surface potentials (positive charge, blue; negative charge, red) and in the dark gray cartoon, respectively. (B)
Structural overlay of the MepReDNA complex (PDB ID 4LLN; blue and cyan) and the BC0657eDNA model (red and gray). dsDNA is represented by a dark gray cartoon and proteins
are shown in ribbons and transparent surface representations. In the BC0657eDNA model, Gln23 (red spheres) and pseudo-ligands (magenta and light pink sticks) sterically crash
collide with DNA molecules. (C and D) Distorted dimerization helices H1 and H5 of MepR Q18P mutant and pseudo-ligand-bound BC0657 compared to wild-type MepR bound to
DNA. Wild-type MepR, MepR Q18P, and BC0657 are shown in ribbons colored in blue, green, and red, respectively. Helical axes were calculated by the Chimera program and are
shown by sticks inside helices. Some residues of MepR mutants positioned at 18 and 108 and of BC0657 at 20, 23, and 113 are shown by sticks for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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3.5. Implications of the BC0657 structure in the MerR transcription
regulation mechanism

Structure surface analysis and DNA binding modeling suggest
that the BC0657 monomer is able to interact with operator DNA.
Based on electrostatic potential analysis, BC0657 exhibits highly
positive patches in the wHTH domain, as is seen in other MarR
proteins. In a BC0657 monomereDNA complex model, positively
charged Arg53, Lys59, and Lys64 from the helix-turn-helix motif
and His85, Arg83, Arg90, and Arg91 from the winged region of the
wHTH domain are positioned into major and minor grooves,
respectively, of B-form dsDNA, without noticeable steric crashes,
and make attractive ionic interactions with negatively charged
phosphate groups of dsDNA (Fig. 4A).

In contrast tomonomer, the other subunit of the dimeric BC0657
structure does not optimally interact with dsDNA. When one sub-
unit of dimeric BC0657 is superposed on the MepReDNA complex
structure, thewHTHdomainof the secondBC0657 subunit is rotated
by~40� away fromtheDNAanddoes notmake any interactionswith
DNA (Fig. 4B). Interestingly, the DNA binding-incompatible confor-
mationof theBC0657dimerwas recapitulated in the structure of the
MepR Q18P mutant that is incapable of DNA binding. Dimerization
helices are distorted via bent H1 and broken H5 into H5a and H5b in
both BC0657 and MepR Q18P, and as a result, the second subunit is
not able to make optimal contacts with dsDNA. Collectively, the
BC0657 structure that we have determined represents a DNA
binding-incompatible conformation of MepR-like transcription
factor shaped by the presence of a pseudo-ligand. Finally, we pro-
pose, as an allosteric derepression mechanism, that pseudo-ligand
binding can distort the dimerization interface of BC0657 and allow
BC0657 to be released from operator DNA.
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