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Members of the multiple antibiotic resistance regulator (MarR) family regulate the expression of genes
related to antibiotic resistance, oxidative stress, and virulence in bacteria and Archaea. Here, we deter-
mined the structure of PA1374 from Pseudomonas aeruginosa at 2.3 A resolution. PA1374 belonged to
the MarR family and its structure revealed a tightly bound dimer with each subunit containing a winged
helix-turn-helix (WHTH) DNA-binding motif. Conserved arginine residues, Arg55, Arg74, and Arg77,
were located in the wHTH region, which might be important to DNA binding. Furthermore, each mono-
mer contained a pocket made of conserved hydrophobic residues. A highly conserved Cys11 located at
one end of this pocket may undergo oxidation by organic hydroperoxide molecules, as shown in other

MarR family proteins acting as redox-sensing regulators. These results provide insights about the role
of PA1374 as a putative oxidative-stress sensing transcriptional regulator.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Upon bacterial infection, the host innate immune system gener-
ates reactive oxygen species (ROS) as a defense mechanism.
Accordingly, it is not surprising that many bacteria have developed
oxidation-sensitive regulators to survive oxidative stress [1]. The
majority of ROS-sensing systems employ highly conserved cysteine
residues that are oxidized by ROS, leading to conformational
changes and transcriptional activity [2,3]. The organic hydroperox-
ide resistance regulator (OhrR) protein, a member of the MarR
family, is a transcriptional repressor that responds to oxidative
stress caused by organic hydroperoxides (OHPs) [4,5]. For example,
Xanthomonas campestris OhrR undergoes oxidation of a reactive
cysteine residue close to the N-terminus upon exposure to OHPs
such as linoleic acid hydroperoxide, followed by the formation of
intersubunit disulfide bonds and conformational changes [6].
These changes lead to the release of OhrR from DNA and expres-
sion of thiol peroxidases, which reduce OHPs to less harmful alco-
hols [7,8]. OhrR family proteins can be divided into the 2-cysteine
family as in X. campestris and the 1-cysteine family as in B. subtilis
[4]. The binding affinity of B. subtilis OhrR, a member of the 1-cys-
teine family, to its cognate DNA was reduced by the oxidation of a
single conserved cysteine residue located near the N-terminus to
the corresponding cysteine-sulfenic acid, and perhaps to higher
oxidation states [9].
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Here, we describe the crystal structure of P. aeruginosa PA1374,
a homodimer with a large dimer interface including three anti-
parallel B-sheets made of B-strands from both subunits. Structure
analysis revealed that PA1374 contained a wHTH motif in which
conserved Arg residues located in the recognition helix as well as
the loop in the wing region can interact with the major and minor
grooves of DNA, respectively. Further, PA1374 contained a highly
conserved Cys11 located nearby a hydrophobic pocket that may
undergo oxidation by OHPs, as shown in other OhrR family pro-
teins. Based on the presence of a wHTH motif and hydrophobic
pocket close to a highly conserved cysteine, we propose that
P. aeruginosa PA1374 is an oxidative stress sensor of OHPs.

2. Materials and methods
2.1. Cloning, protein preparation, and purification

The PA1374 gene was amplified from P. aeruginosa genomic
DNA by polymerase chain reaction (PCR) using primers (5'-TACT-
TCCAATCCAATGCAATG CAACGCAAGACCTTCGC-3/, 5'-TTATCCAC-
TTCCAATGTTATCATCGAGCCGGTA-GCTCG-3’). The purified PCR
product was cloned into pLIC-Tr3Ta-HA vector containing an N-
terminal Hisg-tag and TEV protease cut site. After TEV protease
treatment, three amino acids (SNI) from the vector sequence were
left in the N-terminus of PA1374 protein. The construct was trans-
formed into BL21(DE3) E. coli strain (Novagen). Cells were grown in
M9 medium containing 30 pg/mL of carbenicilin at 37 °C until an
ODgoonm Of 0.6, after which an amino acid mixture (100 mg/L each
of Lys, Phe, and Thr; 50 mg/L each of lle, Leu, Val, and Sel-Met) was
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added 30 min before induction with 1 mM isopropyl B-b-1-thioga-
lactopyranoside (IPTG). Growth was continued for 15 h at 18 °C,
after which cells were harvested by centrifugation and lysed by
sonication in 20 mM Tris-HCI (pH 7.5) and 250 mM NacCl buffer (ly-
sis buffer). The lysate was then cleared by centrifugation, after
which the supernatant was loaded onto a Ni-Sepharose 6 affinity
column and eluted with a stepwise gradient of 50-400 mM imidaz-
ole in lysis buffer. After the N-terminal Hiss-tag from the vector was
cut by TEV protease at 4 °C, PA1374 was further purified using a
Superdex75 size-exclusion column (GE Healthcare) equilibrated
with a buffer composed of 20 mM Tris-HCI, 200 mM NacCl, 2 mM
dithiothreitol, and 2 mM EDTA. Purity of the protein was analyzed
by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

2.2. Crystallization, data collection, and structure determination

Purified PA1374 was concentrated to 12.2 mg/mL by centrifugal
ultrafiltration (Amicon). Crystals of PA1374 were obtained by the
hanging-drop vapor-diffusion method at 20 °C using a well solu-
tion composed of 5.9% polyethylene glycol (PEG) 3350, 0.1 M so-
dium chloride, 0.1 M phosphate-citrate (pH 3.6), and 25%
glycerol. Crystals were then transferred into a cryoprotectant solu-
tion composed of 5.9% polyethylene glycol (PEG) 3350, 0.1 M so-
dium chloride, 0.1 M phosphate-citrate (pH 3.6), and 30%
glycerol and flash-frozen in liquid nitrogen. X-ray diffraction data
were collected at a resolution of 2.3 A at Photon Factory beamline
BL-5A (Japan). Data were processed with HKL2000 [10], and an ini-
tial model of PA1374 was obtained using the Phenix program [11]
with the peak and edge dataset. The space group was C2, and the
asymmetric unit contained 12 subunits. The Matthews coefficient
(Vm) was 2.4 A3/Da, and the estimated solvent content of the crys-
tal was 48.8%. The model was refined with REFMAC [12], and man-
ual model building was performed using the COOT program [13].
Two hundred ninety-nine residues out of 2016 were not observed
in the electron density and were thus not included in the final
model. The Ramachandran plot produced by PROCHECK showed
that 97.4% of the residues are in the most favored and 2.6% in
the favored region [14]. Data collection and refinement statistics
are summarized in Table 1. Coordinate and structure factors of

P. aeruginosa PA1374 have been deposited in the RCSB Protein Data
Bank with accession code 4GCV.

3. Results and discussion
3.1. Overall structure

The structure of P. aeruginosa PA1374 was determined to 2.3 A
resolution by the multiple-wavelength anomalous dispersion
method using selenomethionine-substituted protein crystals. The
crystals belonged to the space group C2, and the asymmetric unit
contained 12 subunits (or six dimers) of PA1374. The root-mean-
square deviation (RMSD) between the 12 subunits in the asymmet-
ric unit ranged from 0.55 A to 1.03 A, indicating that they shared
very similar structures. The overall structure of PA1374 contained
a winged-helix-turn-helix DNA binding motif formed by helices
o3 and o4 as well as B strands 1 and B2, which is similar to those
of other MarR family proteins (Fig. 1A). The B strands 1 and B2
formed an anti-parallel p-sheet with a connecting loop region
containing conserved Arg residues for DNA binding [15,16]. The
structure of PA1374 consisted of six a-helices, six B-strands, and
one single-turn 3o helix defined by DSSP [17] with the following
topology: a1 (residues 11-20), a2 (residues 22-34), a3 (residues
38-47), a4 (residues 11-20), p1 (residues 66-70), B2 (residues
78-82), a5 (residues 83-10), B3 (residues 112-115), B4 (residues
123-129), B5 (residues 132-135), 3;9 (residues 137-139), B6
(residues 140-143), and a6 (residues 150-156) (Fig. 1C).

PA1374 formed tightly intertwined dimer with a buried surface
area of 3463 A2, which is 32% of the solvent accessible surface area
(ASA) of each monomer [18]. This dimerization interface is the
largest among all known MarR family member proteins (Table 2).
The dimer interface involved 85 residues with 52 hydrogen bonds,
16 salt bridges, and numerous hydrophobic interactions. The major
dimerization interface included helices a1, a4, a5, and o6 as well
as B-strands B3, B4, B5, and p6. There were three anti-parallel B-
sheets in the dimer interface formed by B3 (subunit A) and 6’
(subunit B), by B4, B5, p4’, and B5, and by B6 and B3'. These
anti-parallel B-sheets contributed 22 hydrogen bonds and two salt
bridges to the dimer interface. Hydrophobic residues such as

Table 1
Data collection and refinement statistics.
Peak Edge
Data collection statistics
Wavelength (A) 0.97919 0.97937
Space group c2 2
Unit cell dimensions a=128.90 a=129.06
b=74.45 b=74.58
c=230.49 c=230.80
B=90.03 A =90.02A

Resolution (A)?
Observed reflections

30.0-2.30 (2.34-2.30)
1,718,940

30.0-2.30 (2.34-2.30)
1,707,264

Unique reflections 96,489 96,909
Completeness (%) 99.4 (99.2) 99.4 (99.2)
Reym (%)° 0.070 (0.633) 0.047 (0.797)
Ifo (I 404 (2.9) 265 (2.3)
Refinement statistics
No. of Residues 1717

Rcryst (%)/Rfree (%)d 214/287
RMSD bonds (A) 0.016
RMSD angles (°) 1.771

2 Resolution range of the highest shell is listed in parentheses.

b Ryym =>_ | I—(I) | />_I, where I is the intensity of an individual reflection and (1) is the average intensity over symmetry equivalents.

¢ I/a(I) is the mean reflection intensity/estimated error.

d Reryst =>_ || Fo | — | Fe || /3= | Fo, where Fo and F. are the observed and calculated structure factor amplitudes, Ry is equivalent to Rys: but calculated for 5% randomly

chosen set of reflections that were omitted from the refinement process.
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Fig. 1. Overall structure of PA1374 homodimer. (A) Overall structure of P. aeruginosa PA1374 dimer with one subunit colored in cyan and the other subunit in green.
Secondary structure elements of the cyan subunit are labeled. (B) 90° rotated (top view) of (A). The N- and C-terminus of the cyan subunit are labeled. (C) Multiple sequence
alignment of homologous sequences identified by BLAST search. The secondary structure elements of PA1374 are shown as o for alpha helix, B for p strand and n for 34, helix.
Residues that are identical in homologs are colored in red, highly conserved amino acids in yellow. Cysteine 11 of PA1374 is indicated with red arrow, arginine residues that
can interact with DNA are marked with blue arrows and residues that form the hydrophobic pocket with purple arrows. The proteins used for the alignment are from the
following organisms: PA1374, Pseudomonas aeruginosa; S. proteamacilans, Serratia proteamaculans; R. eutropha, Ralstonia eutropha; C. metallidurans, Cupriavidus metallidurans;
Janthiniobacterium sp., Janthinobacterium sp. Marseille; and T. auensis, Tolumonas auensis. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Val20, Phe89, Val91, Val92, Phe96, Trp99, Leu113, Val122, Phe125,
and Leu137 formed hydrophobic interactions in the center of the
dimer. Among these hydrophobic residues, Val20, Val92, and
Trp99 were completely conserved between homologous proteins,
whereas Phe89, Val91, Phe96, Leul13, and Val122 were substi-
tuted with other hydrophobic residues (Fig. 1C).

3.2. Structural comparison

A search of structurally related proteins using the monomer of
PA1374 using the DALI server [19] found five proteins with a
Z-score higher than 10 with RMSDs ranging from 2.5A to 3.9 A
(Table 3). These proteins were identified as putative transcription
factors from P. aeruginosa (PDB ID: 2F2E) [20], hypothetical
transcriptional regulator from Sulfolobus tokodaii (2YR2),

transcriptional repressor from Methanobacterium thermoautotroph-
icum (3BPV) [21], putative transcriptional regulator YtcD from B.
subtilis (2HZT), and redox-sensing regulator HypR from B. subtilis
(4A5 M) [2]. All of these proteins are transcription factors with
wHTH DNA-binding motifs. Although the structures of the mono-
mers are similar, their orientations in the dimer are quite variable
[20]. 2F2E, another putative transcription factor from P. aeruginosa
shared similar dimeric organization with PA1374 (Supplementary
Fig. 1). 2YR2 and 3BPV, although similar in size (both of them with
146 amino acids, compared to PA1374 with 168 amino acids),
showed quite different dimer structures and their RMSD’s with
PA1374 were 16.98 and 14.02 A, respectively, when dimers were
used for the superposition. 2HZT and 4A5M consist of 126, and
125 amino acids, respectively, and they superpose to the N-
terminal part (from N-terminus to the a5 region) of PA1374. It is
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Table 2

Comparison of dimerization parameters.
Protein Area?® % Area® # Residues® H-bond?* Salt®
4GCV 3463 32 85 52 16
2F2E 3204 31 72 34 10
2YR2 3148 31 63 16 16
3BPV 2390 23 54 10 16
2HZT 1423 21 39 6 1
4A5M 1421 22 38 6 1

2 Column headings refer to the following: (Area) The solvent accessible surface
area of an individual monomer buried in the dimer interface (A2); (% Area) the
percentage of total monomer solvent accessible surface area found in dimer
interface; (# Residues) the number of residues of a monomer involver in dimer-
ization; (H-bond) the number of H-bonds formed across dimer interface; (Salt) the
number of salt bridges formed across dimer interface.

Table 3

DALI search results of structurally related proteins.
Protein Z-score® RMSD*? %ID?
2F2E 12.7 3.8 38
2YR2 115 33 15
3BPV 11.2 3.6 16
2HZT 111 2.5 29
4A5M 11.0 2.7 27

2 Column headings refer to the following: (Z-score) similarity score from DALI;
(RMSD) root mean square deviations; (%ID) % sequence identity with PA1374.

noteworthy that only PA1374 and 2F2E contained B-sheet in the
dimer interface, whereas other proteins were mostly a-helical
and contained B-sheet only in the wHTH region.

3.3. Hydrophobic pocket near the conserved Cys

A pocket with a size of 209 A? calculated by the pocket-finder
program [22] was observed in each monomer (Fig. 2). The pocket
was formed mainly by hydrophobic residues, including Ile13,
Leul7, Trp23, Ile26, Leu27, Arg30, Leu33, GIn34, Arg90, Leu93,
Met94, Val 97, and Val111, from one subunit and Thr141, Val142,
Met152, and Leu156 from the other subunit (Fig. 1C, purple ar-
rows). Among these residues, Leu17, Trp23, Leu27, and Arg30 were
completely conserved, whereas eight others were replaced by sim-
ilar hydrophobic residues. Residues such as Leu33, GIn34, and
Arg90 formed the opening of the pocket (indicated with an arrow
in Fig. 2A and B). Interestingly, highly conserved Cys11 was located
at one end of the pocket. In other MarR family transcription factors,
a conserved cysteine residue close to the N-terminus is shown to
undergo oxidation that leads to large conformational changes
and plays an important role in the oxidative-stress sensing mech-
anism [6]. Hydrophobic pocket close to the oxidation-sensitive cys-
teine was observed in other OhrR family proteins and implicated in
OHP binding [2,6]. Comparison of these hydrophobic pockets
showed that the shape and size are quite variable and PA1374 con-
tained the largest pocket with a length of approximately 14 A and
diameters of 9 A and 4 A in the wide and narrow part, respectively
(Supplementary Fig. 2). This dumbbell-shaped pocket of PA1374 is
large enough to encompass most part of linoleic acid (cis, cis-9, 12-
octadecadienoic acid) when modeled in the pocket (Supplemen-
tary Fig. 2). Although PA1374 contains another cysteine residue
(Cys140) in its C-terminal region, it is located on the other side
with distances to Cys11 (same subunit) and Cys11’ (other subunit)
of 32 A and 23 A, respectively, which makes the formation of intra-
or inter-subunit disulfide bonds unlikely. Therefore, PA1374 could
be a member of the 1-cysteine OhrR family.

Fig. 2. The hydrophobic pockets near the conserved cysteine 11. (A) The ribbon representation of PA1374 dimer with the pockets in each subunit shown in mesh. Residues
forming the pocket are shown as ball-and-stick and the opening of the pocket is indicated with an arrow. (B) 90° rotated (top view) of (A). (C) Stereoview of the pocket. Pocket
is shown in grey mesh and the highly conserved cysteine that can undergo oxidation is shown as pink ball-and-stick.
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Fig. 3. Model of PA1374-DNA complex. (A) Model of PA1374 dimer binding to double stranded DNA (B) crystal structure of OhrR-ohrA operator complex (PDB ID: 1Z9C) (C)
structure of SlyA-DNA complex (3Q5F) (D). PA1374 is shown as an electrostatic potential of the molecular surface. The basic regions are shown in blue, and the acidic regions
in red. (E) 90° rotated (bottom view) of (D). The positions of conserved arginines (Arg55, Arg74 and Arg77) are indicated.

3.4. PA1374 and DNA binding

The structures of MarR family proteins with operator DNA have
demonstrated that dimers bind to DNA [15,23]. To determine
whether or not PA1374 has the appropriate size and properties to
bind to DNA, we modeled PA1374 in complex with B-form DNA
using energy minimization method [24] (Fig. 3A). One of the com-
mon interactions observed in the previous structures is the inser-
tion of the recognition helix (o4) of the HTH motif into the major
groove of DNA, and another interaction is between the tip of the
wing and the minor groove of DNA (Fig. 3B and C). In these complex
structures, conserved arginine residues were shown to play major
role in the interaction with DNA [15,23]. The model of PA1374-
DNA complex showed that the a4 recognition helix and wing of
the PA1374 dimer had the right dimensions to interact with the
major and minor grooves of DNA, respectively (Fig. 3A). These
DNA-binding elements (the recognition helix and wing region of
wHTH motif) also contained very well conserved Arg residues such
as Arg55 in helix o4 and Arg74 and Arg77 in the wing (Fig. 1C, blue
arrows), which can interact with a negatively charged DNA (Fig. 3D
and E). Although the exact orientations of DNA-binding elements of
PA1374 in this model are different from other structures shown in
Fig. 3, PA1374 might undergo conformational changes for binding
to DNA as often shown in other MarR family proteins [15,16,23].

In summary, PA1374 is a homodimer with a winged helix-
turn-helix motif adopted by other transcriptional repressors such
as MarR family proteins. The DNA-binding elements of the wHTH
motif, including the o4 recognition helix and the wing, contain
conserved Arg residues that can potentially interact with DNA.

The presence of a hydrophobic pocket near the highly conserved
Cys11 suggests that PA1374 might respond to oxidative stress
induced by OHPs through oxidation of Cys11. However, further
biochemical experiments are required to elucidate the exact role
and regulation mechanisms.
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