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ABSTRACT

The PadR family is a large group of transcriptional
regulators that function as environmental sensors.
PadR negatively controls the expression of phenolic
acid decarboxylase, which detoxifies harmful pheno-
lic acids. To identify the mechanism by which PadR
regulates phenolic acid-mediated gene expression,
we performed structural and mutational studies of
effector and operator recognition by Bacillus sub-
tilis PadR. PadR contains an N-terminal winged helix-
turn-helix (wHTH) domain (NTD) and a C-terminal ho-
modimerization domain (CTD) and dimerizes into a
dolmen shape. The PadR dimer interacts with the
palindromic sequence of the operator DNA using the
NTD. Two tyrosine residues and a positively charged
residue in the NTD provide major DNA-binding en-
ergy and are highly conserved in the PadR fam-
ily, suggesting that these three residues represent
the canonical DNA-binding motif of the PadR family.
PadR directly binds a phenolic acid effector molecule
using a unique interdomain pocket created between
the NTD and the CTD. Although the effector-binding
site of PadR is positionally segregated from the
DNA-binding site, effector binding to the interdo-
main pocket causes PadR to be rearranged into a
DNA binding-incompatible conformer through an al-
losteric interdomain-reorganization mechanism.

INTRODUCTION

Microorganisms use danger-sensing mechanisms to defend
themselves from toxic environments (1,2). Phenolic acids,
including p-coumaric acid and ferulic acid, are prevalently
found in soil, food and the gut, but they have toxic effects
on some bacteria (Supplementary Figure S1) (3,4). For ex-

ample, high phenolic acid levels in the diet of ruminants
were shown to inhibit the growth of enterohemorrhagic Es-
cherichia coli strain O157:H7 in the colon (5). To avoid the
toxicity of phenolic acids, some bacterial species, such as
Bacillus subtilis, Bacillus pumilus, Pediococcus pentosaceus
and Lactobacillus plantarum, express phenolic acid decar-
boxylase (padC gene product in B. subtilis), which converts
antimicrobial phenolic acids into less toxic vinyl deriva-
tives, as a defense mechanism known as the phenolic acid
stress response (6–9). The transcription of the padC gene is
regulated by a negative transcription factor, phenolic acid
decarboxylase regulator (PadR), in a substrate-inducible
manner (8,10–13). In the absence of phenolic acids, PadR
binds palindromic sequences in the padC promoter and re-
presses the transcription of the padC gene. However, when
p-coumaric acid or ferulic acid are present, PadR senses
the phenolic acids and dissociates from the padC operator
DNA, resulting in the derepression of the padC transcrip-
tion.

Since PadR was first reported in P. pentosaceus, the PadR
family has continued to expand to include at least 9000
PadR-like protein sequences in the Pfam database (10,14).
PadR family members function as transcriptional regu-
lators that are involved in various cellular survival pro-
cesses, such as toxin production, detoxification, multidrug
resistance, antibiotic biosynthesis and carbon catabolism
(13,15–20). The PadR family interacts with the opera-
tor DNA using a winged helix-turn-helix (wHTH) mo-
tif, which contains a three-helix motif (�1, �2 and �3)
and a �-stranded wing (�1 and �2) (16,19–24) and ex-
hibits a high structural similarity to the multiple antibi-
otic resistance regulator (MarR) family in the wHTH su-
perfamily (20,25). Moreover, PadR and its homologues
commonly form a homodimer as the DNA-binding unit
(19,20,23,26). Although the PadR family members share
the conserved DNA-binding features, the PadR family is
subdivided into subfamily-1 and subfamily-2, which are dif-
ferent in their molecular sizes and dimerization patterns
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(16). PadR belongs to the subfamily-1, along with Vib-
rio cholerae AphA, Listeria monocytogenes LadR, Strepto-
myces argillaceus MtrY and Corynebacterium glutamicum
VanR, and the molecular weights of these proteins are in
the range of 19–22 kDa (16–18,20). The PadR subfamily-1
contains two domains and dimerizes using the C-terminal
domain that is physically separated from the N-terminal
wHTH motif (20). In contrast, the subfamily-2 that in-
cludes Lactococcus lactis LmrR and Synechococcus elonga-
tus Pex adopts a single-domain structure with a molecular
weight of 11–13 kDa and forms a dimer primarily through
the C-terminal helix that is appended to the wHTH motif
(19,23,24,26,27).

Despite the discovery of a growing number of PadR fam-
ily members and the increasing interest in their critical func-
tions, the structural basis of effector-mediated gene regula-
tion is poorly understood in the PadR family because of the
highly limited structural information concerning the inter-
actions of PadR family members with effectors and oper-
ator DNAs. The structure of LmrR, a subfamily-2 mem-
ber, in complex with its effectors was solely characterized
in bacteria (19,22). LmrR contains a pocket between the
two subunits of the LmrR dimer where it binds an effector
molecule. However, it is questionable if the effector-binding
mode of LmrR is similarly employed by PadR subfamily-
1 members. Moreover, because of the unavailability of the
structures of complexes between PadR family proteins and
operator DNAs, we do not understand how PadR family
members recognize their operator DNAs and how effec-
tors induce the dissociation of PadR family members from
the DNAs. To reveal the structural mechanism by which
PadR regulates effector-responsive transcription, we per-
formed comparative structural and mutational analyses of
B. subtilis PadR interactions both with phenolic acid effec-
tors and with the operator DNA. PadR binds phenolic acid
in the interdomain pocket, and effector binding allosteri-
cally induces PadR to dissociate from the DNA through an
interdomain-reorganization mechanism.

MATERIALS AND METHODS

Construction of PadR expression vectors

The PadR gene (UniProt E0TW95; residues 1–182) was
amplified by PCR from the genomic DNA of B. subtilis
using a forward primer (5′-TAAGGATCCGATGAG
AGTATTAAAATACGCCATATTAGG-3′, the BamHI
restriction-enzyme site in bold) and a reverse primer (5′-
TAAGGCGTCGACCTAATCCTCATCTATCATAGCTA
AAATCG-3′, the SalI restriction-enzyme site in bold). The
PCR product was ligated into a modified pET49b vector
that contains an N-terminal His6 tag and a thrombin
cleavage site to construct the PadR expression vector
(28,29). The ligation product was transformed into E.
coli strain DH5� and a correct clone was confirmed by
restriction enzyme digestion and DNA sequencing. For
PadR overexpression, the PadR expression vector was
transformed into E. coli strains BL21 (DE3) and B834
(DE3). The PadR gene was mutated using the QuikChange
site-directed mutagenesis protocol (Agilent) with DNA
primers containing the mutated sequences. The sequences
of the PadR mutants were verified by DNA sequencing.

Expression and purification of PadR protein

Escherichia coli BL21 (DE3) cells transformed with the
PadR expression vector were grown in LB medium at 37◦C,
and PadR overexpression was induced by adding IPTG to a
final concentration of 1 mM when the optical absorbance at
600 nm reached 0.6. The cells were further grown for ∼17
h at 18◦C and harvested by centrifugation. The cell pellet
was resuspended and sonicated in a solution containing 50
mM Tris, pH 8.0, 200 mM NaCl and 1 mM phenylmethyl-
sulfonyl fluoride. The cell lysate was cleared by centrifuga-
tion. The resulting supernatant containing the soluble PadR
protein was incubated with Ni-NTA resin (Qiagen) in the
presence of 10 mM imidazole for 2 h at 4◦C. The resin was
washed with a solution of 10 mM imidazole, 50 mM Tris,
pH 8.0 and 200 mM NaCl. The PadR protein was eluted
with a solution of 250 mM imidazole, 50 mM Tris, pH 8.0
and 200 mM NaCl and dialyzed against a solution of 20
mM Tris, pH 8.0 and 150 mM NaCl. The PadR protein
was digested with thrombin to remove the His6 affinity tag.
The tag-free PadR protein was further purified by anion-
exchange chromatography using a Mono Q 10/100 column
(GE Healthcare) with a NaCl gradient of 0–500 mM.

Selenomethionine-labeled PadR (SeMet-PadR) protein
was expressed in E. coli B834 (DE3) cells using L-SeMet-
supplemented M9 minimal medium (Molecular Dimen-
sions) and purified to homogeneity with Ni-NTA affin-
ity chromatography and anion-exchange chromatography,
similar to the native protein.

Crystallization and structure determination of PadR

PadR was crystallized at 18◦C using the sitting-drop vapor-
diffusion method. The native PadR protein was crystallized
under the condition of 20% polyethylene glycol (PEG) 3350
and 0.1 M sodium acetate, pH 4.0. SeMet-PadR crystals
were produced in a similar condition to the native crystals.
To grow diffraction-quality-sized SeMet-PadR crystals, the
streak-seeding method was applied by placing crystal seeds
in a drop containing 0.5 �l of 10 mg/ml SeMet-PadR pro-
tein and 0.5 �l of 20% PEG 3350 and 0.1 M sodium acetate,
pH 4.0. PadR–effector complex crystals were obtained via
soaking and co-crystallization methods. The PadR crystals
were soaked in 10 mM p-coumaric acid (or 10 mM ferulic
acid), 22% PEG 3350 and 0.1 M sodium acetate, pH 4.0, for
18 h. For co-crystallization, PadR at 10 mg/ml was mixed
with a 3-fold molar excess of p-coumaric acid and crystal-
lized in 12% PEG 3350 and 0.1 M phosphate-citrate, pH
5.5. PadR was also co-crystallized with a 28-bp dsDNA (5′-
C1GGAACATGTAAATAGTTACATGATTAC28-3′; sub-
scripts represent base numbers), containing the padC op-
erator sequence (underlined), in a drop comprising 0.5 �l
of 10 mg/ml PadR–dsDNA complex and 0.5 �l of 1.4 M
ammonium sulfate, 0.1 M MES, pH 6.5 and 0.2 M lithium
sulfate. The crystals were flash-cooled at 100 K in the pres-
ence of 25% glycerol or 25% ethylene glycol and diffracted
at beamlines 5C and 7A at the Pohang Accelerator Labo-
ratory. The X-ray diffraction data were indexed and scaled
using the HKL2000 program (30).

The SeMet-PadR structure was determined by single-
wavelength anomalous diffraction (SAD) phasing on the
X-ray diffraction data collected at the peak wavelength
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(0.97930 Å) of selenium. The selenium positions were lo-
cated and the phases were calculated using the AutoSol pro-
gram of the Phenix suite (31,32). The SeMet-PadR model
was constructed and refined using the Coot and Refmac5
programs, respectively (33,34). The crystal structures of na-
tive PadR and its complexes with p-coumaric acid, ferulic
acid or dsDNA were determined by molecular replacement
with the Phaser program using the SeMet-PadR and native
PadR structures, respectively, as search models, and the fi-
nal models were generated through iterative cycles of model
building and refinement (33–35).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
performed using a MicroCal iTC200 instrument (Malvern).
A total of 1 mM p-coumaric acid in a syringe was titrated
into the sample cell containing 80 �M PadR protein at 25◦C
with stirring at 750 rpm. A total of 0.4 �l and 2 �l of p-
coumaric acid were injected for the initial injection and the
other injections, respectively. Before the ITC experiments,
the PadR protein was dialyzed against reaction buffer (20
mM Tris, pH 8.0 and 150 mM NaCl) for 12 h at 4◦C and p-
coumaric acid was dissolved in the reaction buffer used for
dialysis. Data fitting and evaluation were performed with
the Origin 7 software (MicroCal) using the one-site binding
model (36).

Fluorescence polarization

A fluorescence polarization (FP) assay was performed to
determine the dsDNA-binding affinity of wild-type (WT)
and mutant PadR (37). The PadR proteins were prepared
by dialyzing against FP assay buffer containing 20 mM
Tris, pH 8.0 and 100 mM NaCl. The dsDNA was gener-
ated by incubating a fluorescein-labeled oligonucleotide
(5′-C1GGAACATGTAAATAGTTACATGATTAC28-
3′) and its unlabeled complementary counterpart (5′-
G1TAATCATGTAACTATTTACATGTTCCG28-3′) at
95◦C for 5 min and then slowly cooling the reaction to the
room temperature. The dsDNA (1 nM) was incubated with
serially diluted PadR dimer (PadRdimer) protein (0.6 nM–4
�M) in the FP assay buffer in 96-well plates (Corning).
The FP signals were measured using an Infinite F200
PRO instrument (Tecan; excitation wavelength, 485 nm;
emission wavelength, 535 nm) and analyzed using the
Prism 5 program (GraphPad).

Electrophoretic mobility shift assay

An electrophoretic mobility shift assay (EMSA) was per-
formed using PadR protein and operator dsDNA in
the presence or absence of p-coumaric acid to moni-
tor the PadR–dsDNA interaction and the inhibitory ef-
fect of the phenolic acid on this interaction. For the
interaction assay, the purified PadRdimer protein (0.5–
2 �M) was incubated with the dsDNA (1 �M; 5′-
A4ACATGTAAATAGTTACATGAT25-3′) in 20 mM Tris,
pH 8.0 and 150 mM NaCl. The samples were elec-
trophoretically separated on 12% polyacrylamide gels in
Tris-borate-EDTA (TBE) buffer for 80 min at 120 V.

For the phenolic acid-induced inhibition assay, a mixture
of 0.6 �M PadRdimer protein and 0.2 �M dsDNA (5′-
C1GGAACATGTAAATAGTTACATGATTAC28-3′) was
incubated with 0.2–5.0 mM p-coumaric acid. The samples
were electrophoretically separated on 5% polyacrylamide
gels in TBE buffer for 40 min at 120 V. After electrophore-
sis, the gels were stained with ethidium bromide or silver to
visualize the DNA and protein, respectively.

Gel-filtration chromatography

Gel-filtration chromatography was performed using a Su-
perdex 200 10/300 column in 20 mM Tris, pH 8.0 and
150 mM NaCl for the analysis of PadR dimerization
and its interaction with the operator DNA. To deter-
mine the oligomeric state of PadR, 300 �l of PadR
WT and dimerization-disrupting mutants, Phe104Arg and
Leu156Glu, were injected into the column at a monomer
concentration of 16 �M. To examine the PadR–dsDNA in-
teraction, 300 �l of PadRdimer (1.3 �M), dsDNA (1.3 �M;
5′-A4ACATGTAAATAGTTACATGAT25-3′) and PadR–
dsDNA complex were applied to the column. The elution
profiles of the samples were monitored by UV absorption
at 280 nm.

Tryptophan fluorescence-based protein denaturation assay

To analyze the protein stabilities of PadR WT and mutants,
a tryptophan fluorescence-based protein denaturation assay
was performed in the presence of guanidine hydrochloride
(GuHCl) as a protein denaturant. The PadR protein (WT
or mutants; 20 �g) was incubated in 1.1–4.0 M GuHCl, 20
mM Tris, pH 8.0 and 100 mM NaCl for 10 min at room
temperature. Tryptophan fluorescence was measured using
a Synergy H1 instrument (BioTek; excitation wavelength,
295 nm; emission wavelength, 335 nm).

RESULTS

Overall structure of PadR

The crystal structure of the apo form of PadR from
B. subtilis was determined using SAD phasing of
selenomethionine-incorporated PadR protein, and its
native structure (PadR1 structure) was refined to 1.7 Å
resolution (Supplementary Tables S1 and 2). One PadR
polypeptide chain is located in the asymmetric unit of the
crystal and forms a homodimer with its crystallographic
partner (Figure 1). In the monomer, the PadR structure is
separated into two domains, N-terminal and C-terminal
domains (NTD and CTD, respectively) (Figure 1; Sup-
plementary Figures S2 and 3). The NTD displays the
canonical wHTH domain structure with four �-helices (�1,
�2, �3 and �4) and two antiparallel �-strands (�1 and �2)
in the order of �1-�2-�3-�1-�2-�4. The NTD is connected
to the CTD via an extended 11-residue loop. The CTD
consists of one short �-helix (�5) and two longitudinal
�-helices (�6 and �7) and presents the signature structure
of the PadR subfamily-1 (see below).

PadR is homodimeric as for other wHTH superfam-
ily members. In gel-filtration chromatography, PadR was
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Figure 1. Structure of the PadR dimer. Two PadR chains related by the crystallographic 2-fold symmetry are depicted as ribbons. One chain is rainbow-
colored [N-terminus (N), blue; C-terminus (C), red] and the other is colored in magenta. The dsDNA-binding and phenolic acid-binding sites of PadR are
schematically shown as red and black boxes, respectively. Secondary structural elements are labeled and a prime symbol indicates the dimerization partner.

eluted as a single peak at the size of its dimer (Supple-
mentary Figure S4A). Moreover, in the crystal structure,
PadR dimerizes in a similar manner to AphA, displaying
the PadR superfamily-1-specific dolmen shape with two an-
gled NTD legs under a plate of two CTDs (Figure 1 and
Supplementary Figure S5) (20). Upon dimerization, PadR
buries a surface area of ∼3460 Å2 on each side through
both polar and apolar interactions (Supplementary Figure
S4B). Depending on the domains involved in dimerization,
the dimerization interface is segregated into two surfaces:
(i) the NTD-CTD′ interface and its 2-fold symmetry-related
interface, NTD′-CTD and (ii) the CTD-CTD′ interface (the
prime indicates the dimerization partner) (Supplementary
Figure S4B). At the NTD-CTD′ dimerization interface, the
upper part of the NTD interacts with the N-terminal re-
gion of the CTD′. The CTD-CTD′ interface is generated by
the symmetrical interaction between the two CTDs of the
PadRdimer. Although both the NTD and the CTD partici-
pate in dimerization, the CTD is responsible for ∼70% of
the dimerization interface and is considered as the primary
dimerization domain.

The PadR dimerization interface observed in the PadR
structure was verified by a mutational study in solution.
PadR Phe104 and Leu156 residues at the NTD-CTD′ and
CTD-CTD′ interfaces were replaced with arginine and glu-
tamate residues, respectively. In gel-filtration chromatogra-
phy, both mutant proteins were eluted as monomers, indi-
cating that PadR dimerization occurs through the dimer-
ization interface that includes the Phe104 and Leu156
residues (Supplementary Figure S4A). The dimerization
defect also destabilized the PadR protein. In a tryp-
tophan fluorescence-based protein denaturation analysis,
Phe104Arg and Leu156Glu mutations substantially low-
ered protein stability [denaturant concentrations at half de-
naturation (C1/2) of 1.81 M and 1.76 M, respectively] than
the WT (C1/2, 2.96 M), suggesting that PadR protein is sta-
bilized through dimerization (Supplementary Figure S6).

Interaction of PadR with the operator DNA

As a transcription factor, B. subtilis PadR recognizes palin-
dromic sequences (bsPadR-1 and bsPadR-2 operator se-
quences shown in Supplementary Figure S7) within the

padC promoter region (13). We further probed the interac-
tion of the PadR protein with the bsPadR-1 operator ds-
DNA using an array of biophysical methods. In an EMSA,
the addition of PadR protein altered the mobility of the op-
erator dsDNA in a saturable manner (Supplementary Fig-
ure S8A). In gel-filtration chromatography, the mixture of
PadR and dsDNA was eluted as a peak that corresponded
to a 1:1 PadRdimer:dsDNA complex (Supplementary Fig-
ure S8B). An FP assay using a fluorescein-labeled operator
DNA revealed the relatively high dsDNA-binding affinity
of PadRdimer with an equilibrium constant (Kd) of 8.3 ±
1.8 nM (Supplementary Figure S8C and Table 1). Based on
our biophysical studies of the PadR–DNA interaction, one
PadR dimer directly interacts with one copy of the bsPadR-
1 operator dsDNA.

PadR–DNA binding interface

The molecular interaction of PadR with the operator DNA
was visualized in the crystal structure of PadR in complex
with a 28-bp dsDNA containing the bsPadR-1 operator se-
quence (PadRdsDNA) (Figure 2 and Supplementary Table
S2). In the structure of the complex, the dsDNA diago-
nally traverses the PadRdimer between the two NTDs under
the CTDs. The PadR dimer symmetrically recognizes the
palindromic sequence of the dsDNA using the two NTDs,
with a 1:1 stoichiometry of PadRdimer to dsDNA. The PadR
monomer simultaneously recognizes the major and minor
grooves of the dsDNA, forming major and minor groove
interaction sites, respectively (Figure 2A).

The major groove interaction site is primarily generated
by inserting the N-terminal regions of the �2 and �3 helices
into the major groove of dsDNA, covering ∼68% of the en-
tire buried surface area (∼1000 Å2 on one PadR monomer)
(Figures 2 and 3A). In the major groove interaction site,
five PadR residues (Tyr20, His38, Ser39, Gln40 and Tyr42)
from the �2 and �3 helices make direct contacts with the
bases of C6, T8, G9, T10, T17′ and T18′. The side chains of
Tyr20 and Tyr42, which are located at the beginning of the
�2 and �3 helices, respectively, form van der Waals inter-
actions with DNA bases at C6 and T8. The side chains of
His38 and Ser39 form hydrogen bonds with oxygen atoms
at G9 O6 and T18′ O4, respectively, in addition to van der
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Figure 2. PadR–dsDNA interaction observed in the PadRdsDNA structure. (A) Overall PadRdsDNA structure. PadRdimer is depicted as ribbons (cyan and
light blue), and the dsDNA is shown as a surface representation (magenta and salmon). PadR residues located in the binding interface are shown as ball-
and-stick models (green and yellow). (B) A schematic diagram of the PadR–dsDNA interaction. Red and blue arrows indicate hydrogen bonds and van
der Waals interactions, respectively. PadR residues in the minor groove interaction site are shown in italics and are underlined to differentiate them from
the residues of the major groove interaction site. DNA bases that PadR makes contacts with are labeled in red.

Waals interactions with T8, G9, T10, T17′ and T18′. These
direct contacts between the PadR residues and DNA bases
are buttressed by DNA backbone interactions located on
both sidewalls of the major groove (Figures 2B and 3A). On
one side, the Arg2, Trp34, Lys37, Gln40 and Lys95′ residues
of PadR make contacts with the DNA backbone at A15′,
T16′ and T18′. On the opposite wall of the major groove,
the Tyr20 and Tyr42 residues of PadR extensively interact
with the DNA backbone at C6-G9 through a network of
hydrogen bonds and van der Waals interactions.

Whereas the major groove interaction is mediated by the
helix-turn-helix motif of the PadR NTD, the minor groove
interaction occurs by positioning the �-stranded wing of the
PadR NTD in the minor groove of the operator dsDNA
at C6, G23′, T24′ and T25′ residues (Figures 2 and 4A).
The main chain atoms of PadR residues 61–65 from the �1
and �2 strands and their connecting loop primarily inter-
act with the phosphate-ribose backbone of DNA T24′ and
T25′. PadR Leu65 is the only residue of which the side chain
is inserted into the minor groove toward the DNA bases at
C6 and G23′.

The �2 strand from the �-stranded wing is also involved
in DNA binding using Lys67 and Lys68. The side chains of
PadR Lys67 and Lys68 run in opposite directions and sta-
bly reside on a ridge between the major and minor grooves
of dsDNA (Figures 2B and 4A). The Lys67 and Lys68 side
chain atoms form hydrogen bonds with the phosphate oxy-

gen atoms at DNA A7 and G9 and also make van der Waals
contacts with the backbone atoms of DNA at A7-G9.

Critical residues of PadR in the PadR–DNA interaction

To evaluate the energetic significance of PadR interface
residues in DNA binding, fourteen PadR residues were
selected for alanine scanning mutagenesis. Among nine
alanine mutations in the major groove interaction site,
Tyr20Ala and Tyr42Ala remarkably reduced the DNA-
binding affinity of PadR by 17-fold and at least 100-fold,
respectively, suggesting that Tyr20 and Tyr42 form a DNA-
binding hot spot for the major groove interaction (Figure
3B and Table 1). To exclude the possibility that the mu-
tational defects of PadR in DNA binding were caused by
protein misfolding, the protein stability of PadR mutants
was assessed using a tryptophan fluorescence-based pro-
tein denaturation assay. PadR Tyr20Ala and Tyr42Ala mu-
tants exhibited similar tryptophan fluorescence profiles to
the PadR WT in the presence of a protein denaturant, indi-
cating that the Tyr20Ala and Tyr42Ala mutations did not
affect the protein stability of PadR (Supplementary Fig-
ure S6). Thus, we suggest that the observed DNA-binding
defects of the mutants are directly caused by the loss of
the interaction of the Tyr20 and Tyr42 side chains with
DNA, but not by protein misfolding. Interestingly, Tyr20
and Tyr42 are highly conserved throughout the PadR fam-
ily, including subfamily-1 and subfamily-2, suggesting that



Nucleic Acids Research, 2017, Vol. 45, No. 22 13085

Figure 3. Major groove interaction site and its mutational analysis. (A) Major groove interaction in the PadRdsDNA structure. PadR is shown as cyan rib-
bons, and its DNA-binding residues are depicted as green ball-and-stick models. Tyr20 and Tyr42, which play a key role in DNA binding, are labeled in red.
The dsDNA is colored in magenta and salmon for leading and non-leading strands, respectively, and its PadR-interacting residues are shown as sticks. Hy-
drogen bonds are represented by dotted lines. (B) FP analysis of the interaction between PadR WT or mutants (Tyr20Ala, His38Ala, His38Ala/Ser39Ala,
Tyr42Ala and Lys95Ala) and the operator dsDNA. The affinity differences between the mutants and the WT are shown in parentheses. The data are
representative of at least three independent experiments that yielded similar results. (C) FP analysis of the interaction between PadR and the WT or mu-
tated operator DNAs (C6A, T8A, G9T and T18C). The affinity differences between the mutants and the WT are shown in parentheses. The data are
representative of at least three independent experiments that yielded similar results.

Figure 4. Minor groove and boundary interaction sites and their mutational analysis. (A) Minor groove and boundary interactions in the PadRdsDNA

structure. PadR is shown as cyan ribbons, and its DNA-binding residues are depicted as green ball-and-stick models. PadR residues in the minor groove
interaction site are shown in italics. Lys67, which plays a key role in DNA binding, is labeled in red. The dsDNA is colored in magenta and salmon for
the leading and non-leading strands, respectively, and its PadR-interacting residues are shown as sticks. Hydrogen bonds are represented by dotted lines.
(B) FP analysis of the interaction between PadR WT or mutants (Leu65Ala, Lys67Ala, Lys68Ala and �wing) and the operator dsDNA. The affinity
differences between the mutants and the WT are shown in parentheses. The data are representative of at least three independent experiments that yielded
similar results.
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Table 1. Operator dsDNA-binding capacity of WT and mutant PadR

PadR Kd (nM) Kd ratio (mutant/WT) Bmax (mP) Bmax ratio (mutant/WT)

WT 8.3 ± 1.8 269 ± 4

Major groove interaction site
Arg2Ala 8.3 ± 0.7 1.0 229 ± 12 0.85
Tyr20Ala 141.2 ± 15.9 17.1 269 ± 7 1.00
Trp34Ala 11.9 ± 1.7 1.4 256 ± 3 0.95
Lys37Ala 13.2 ± 0.8 1.6 240 ± 5 0.89
His38Ala 27.4 ± 4.9 3.3 260 ± 6 0.97
Ser39Ala 13.9 ± 0.5 1.7 253 ± 4 0.94
Gln40Ala 8.7 ± 0.1 1.1 259 ± 2 0.96
Tyr42Ala >1000 >100
Lys95Ala 37.0 ± 12.7 4.5 217 ± 4 0.81
Tyr20Ala/His38Ala 540.6 ± 99.7 65.3 267 ± 9 0.99
His38Ala/Ser39Ala 83.5 ± 16.3 10.1 247 ± 8 0.92
His38Ala/Tyr42Ala >1000 >100

Minor groove interaction site
Gln61Ala 10.0 ± 0.8 1.2 266 ± 2 0.99
Lys64Ala 23.9 ± 2.3 2.9 242 ± 9 0.90
Leu65Ala 75.0 ± 5.8 9.1 216 ± 2 0.81
�wing >1000 >100

Boundary interaction site
Lys67Ala 534.2 ± 96.2 64.5 264 ± 2 0.98
Lys68Ala 48.8 ± 5.5 5.9 252 ± 2 0.94

Phenolic acid-binding site
His154Ala 17.2 ± 1.8 2.1 258 ± 1 0.96
Arg164Ala 17.0 ± 1.8 2.1 262 ± 2 0.98
His154Ala/Arg164Ala 12.9 ± 1.7 1.6 258 ± 5 0.96

Allosteric center
Gln32Ala 7.8 ± 0.2 0.9 265 ± 6 0.99
Gln32Glu 11.1 ± 0.4 1.3 264 ± 3 0.98

The PadR–dsDNA binding affinity was determined using the FP assay and is represented by the dissociation equilibrium constant, Kd. The maximal
binding level, Bmax, is also shown. The data represent the means ± S.D. from at least three independent experiments.

the two tyrosine residues constitute the consensus DNA-
recognition motif of the PadR family (Supplementary Fig-
ure S2). Notably, in the PadRdsDNA structure, the Tyr20 and
Tyr42 residues interact with C6, A7, T8 and G9, of which
the conformers deviate from a regular B-form DNA (twist
values of 18–25◦ for DNA C6, A7, T8 and G9 residues;
a twist value of 36◦ for a regular B-form DNA; an aver-
age twist value of ∼32◦ for the 28-bp operator DNA in the
PadRdsDNA structure), causing the structure of the operator
dsDNA to be slightly bent (38). In addition to mutations at
the two tyrosine residues, alanine mutations at His38 and
Lys95 reduced the DNA-binding affinity of PadR by 3- to 4-
fold. In contrast, a single alanine mutation for PadR Ser39
had a minimal effect on the DNA-binding affinity of PadR
(1.7-fold) in solution although Ser39 forms multiple con-
tacts with DNA bases at T10, T17′ and T18′ in the crys-
tal. However, the mutational effect of Ser39Ala would not
be negligible due to the cooperativity of Ser39 with His38
in DNA binding. The His38Ala/Ser39Ala double mutation
lowered the DNA-binding affinity of PadR by ∼10-fold,
whereas the His38Ala and Ser39Ala single mutations low-
ered the affinity by 3.3-fold and 1.7-fold, respectively. There-
fore, Ser39 displays weak positive cooperativity with His38
in DNA binding. Interestingly, in the PadRdsDNA structure,
Tyr20, His38, Ser39 and Tyr42 are colocalized at one side
of the protruding �2 and �3 helices and are inserted into

the concave side of the major groove, contributing to shape
complementarity between PadR and dsDNA.

In the minor groove interaction site, alanine substitu-
tions at Leu65 and Lys64 reduced DNA-binding affinity
by 9- and 3-fold, respectively (Figure 4B and Table 1).
The side chain of Leu65 protrudes into the minor groove
and appears to optimize shape complementarity to improve
DNA binding. The critical role of the minor groove inter-
action in PadR–DNA binding was confirmed by a deletion
mutant (�wing) in which PadR residues 60–66 at the �-
stranded wing were replaced with a Gly-Ala-Ala tripeptide.
The PadR �wing was severely deficient in DNA binding;
the mutant exhibited only ∼15% of the maximal binding
level of the PadR WT, even at a PadRdimer concentration
of 4 �M (Figure 4B and Table 1). Based on these data, we
conclude that the minor groove interaction is required to
maximize the PadR–DNA-binding affinity.

In addition to PadR residues at the major and minor
groove interaction sites, two lysine residues, Lys67 and
Lys68, found at the boundary between the major and mi-
nor groove interaction sites also play a critical role in DNA
binding (Figure 4A). Lys67Ala and Lys68Ala mutants dis-
played 65-fold and 6-fold lower DNA-binding affinity, re-
spectively, compared to the WT (Figure 4B and Table 1). In
particular, Lys67 is highly conserved as a positively charged
residue in both PadR subfamily-1 and subfamily-2, suggest-
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Table 2. PadR-binding capacity of the operator dsDNA and its sequence variants

dsDNA Kd (nM) Kd ratio (mutant/WT) Bmax (mP) Bmax ratio (mutant/WT)

Native operator
C6A/C6′A 311.5 ± 45.5 37.6 267 ± 3 0.99
C6G/C6′G 200.4 ± 21.7 24.2 269 ± 3 1.00
C6T/C6′T 160.5 ± 6.9 19.4 271 ± 3 1.01
T8A/T8′A 41.0 ± 4.0 4.9 264 ± 3 0.98
G9T/G9′T 37.8 ± 6.7 4.6 261 ± 1 0.97
G9A/G9′A 15.7 ± 2.9 1.9 262 ± 5 0.97
T10A/T10′A 11.6 ± 1.3 1.4 265 ± 6 0.99
T17A/T17′A 9.4 ± 1.4 1.1 268 ± 10 1.00
T18C/T18′C 20.8 ± 1.9 2.5 261 ± 9 0.97
T18G/T18′G 9.9 ± 1.7 1.2 271 ± 12 1.01

Bridge operator 8.9 ± 2.1 1.1 246 ± 8 0.92

The PadR–dsDNA binding affinity was determined using the FP assay and is represented by the dissociation equilibrium constant, Kd. The maximal
binding level, Bmax, is also shown. The data represent the means ± S.D. from at least three independent experiments.

ing that in addition to Tyr20 and Tyr42, residue 67 is a sig-
nature residue of the PadR family required for DNA recog-
nition (Supplementary Figure S2).

DNA base specificity of PadR

In the PadRdsDNA structure, each PadR monomer makes di-
rect contacts with six nucleotide bases at C6, T8, G9, T10,
T17′ and T18′ (Figure 2B). The base specificity of PadR
observed in the PadRdsDNA structure was verified by deter-
mining the binding affinity of PadR for a 28-bp operator
DNA in which the PadR-contacting DNA bases (C6, T8,
G9, T10, T17′ and T18′) were individually changed (Fig-
ure 3C and Table 2). Base substitution at DNA residues
C6 and T8 reduced the PadR-binding affinity of dsDNA
by at least 4-fold. The most significant effect of base sub-
stitution was observed at C6, of which the changes to ade-
nine, guanine and thymine reduced the PadR-binding affin-
ity of dsDNA by 38-, 24- and 19-fold, respectively, indicat-
ing that the cytosine base at DNA residue 6 is indispens-
able for DNA recognition by PadR (Table 2). The cyto-
sine preference of PadR can be explained by the direct in-
teraction between the DNA C6 base and the PadR Tyr20
side chain in the major groove interaction site and by shape
complementarity between the protruding Leu65 side chain
and the C6-G23′ base pair in the minor groove interac-
tion site (Figures 3A and 4A). T8A substitution reduced
the PadR-binding affinity by 5-fold by disrupting interac-
tions with Tyr42 and His38. G9T and G9A changes de-
creased the affinity by 5- and 2-fold, respectively, suggest-
ing that PadR displays a weak purine preference poten-
tially due to a steric clash of His38 with pyrimidine bases.
T18C substitution lowered the affinity by 3-fold presumably
through the loss of interaction with Ser39. Thus, our muta-
tional analysis, combined with the structural study, demon-
strated that the PadR dimer symmetrically recognizes 18-
bp dsDNA (C6NT8G9NA11NNNNNNT18NC20A21NG23,
N representing any nucleotide in the leading DNA strand)
containing the two palindromic repeats of 6-bp dsDNA that
are separated by a 6-bp spacer.

In the PadRdsDNA crystal, the asymmetric unit con-
tains four PadR dimers (dimers 1–4) and two DNA
duplexes, to be inconsistent with the 1:1 molecular

stoichiometry of the PadR dimer and 28-bp dsDNA
(Supplementary Figure S9). In the crystal, the blunt-
ended DNA duplexes are longitudinally aligned through
crystal packing to form a pseudo-continuous duplex.
Fortuitously, two neighboring DNA duplexes are brought
to build another operator site (named as bridge oper-
ator DNA) by combining the latter half of one duplex
and the former half of the other duplex. Although the
bridge operator is partially different in DNA sequence
from the native operator (native operator sequence,
5′-C1GGAACATGTAAAT14:A15GTTACATGATTAC28-
3′; bridge operator sequence, 5′-
A15GTTACATGATTAC28:C1GGAACATGTAAAT14-3′;
identical sequences in bold and base specificity sites
underlined), the bridge operator satisfies the sequence
(C6NT8G9) and 6-bp spacer length requirements of the
native operator DNA, and thus the two halves of the
bridge operator are clasped by the PadR dimer 2 or dimer
4 in the crystal. In support of this observation, the bridge
operator DNA exhibited a similar PadR-binding mode in
the PadRdsDNA structure and displayed essentially identical
DNA-binding affinity in the FP assay compared to the
native operator DNA (Table 2).

Interaction of PadR with phenolic acids

Bacterial transcription factors regulate gene expression by
interacting with effector molecules. The direct binding of
PadR to the p-coumaric acid effector was analyzed us-
ing ITC to understand the first step in the phenolic acid-
responsive transcriptional derepression of the padC gene by
PadR. The PadR-p-coumaric acid interaction is exothermic
and exhibits an intermediate binding affinity (Kd, 6.2 �M)
(Figure 5A). The interaction is predominantly enthalpy-
driven (�H, −10.4 kcal/mol; −T�S, 3.3 kcal/mol), indi-
cating that the effector-binding energy of PadR is mainly
provided by hydrophilic interactions rather than hydropho-
bic interactions.

The effector-recognition mode of PadR was resolved
by determining the crystal structures of PadR in complex
with p-coumaric acid using two crystal forms (PadR2CA
and PadR3CA) (Supplementary Figure S10 and Table
S2). The PadR3CA crystal was prepared via a soaking
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Figure 5. p-coumaric acid recognition by PadR. (A) ITC profiles for the interactions of WT PadR or its mutants (His154Ala, Arg164Ala and
His154Ala/Arg164Ala) with p-coumaric acid. The data are representative of two independent experiments that yielded similar results. (B) The PadR-p-
coumaric acid interaction observed in the PadR2CA-A structure. PadRdimer is shown as light blue and magenta ribbons. The two p-coumaric acid molecules
bound to PadRdimer are depicted as green and orange surfaces (left) or ball-and-stick models (right). The p-coumaric acid-binding residues of PadR are
shown as light blue or magenta sticks. His154 and Arg164, which play a key role in effector recognition, are labeled in red. (C) Schematic diagram of the
interactions of PadR with the two polar terminal ends of p-coumaric acid.

method, and its structure is essentially identical to the
apo-PadR (PadR1) structure (root-mean-square deviation
for 176 C� atoms, 0.20 Å), except for the presence of p-
coumaric acid. The PadR2CA crystal was generated through
PadR-p-coumaric acid cocrystallization, and its asymmet-
ric unit contains three PadR chains (A, B and C). Chain
A (PadR2CA-A) is complexed with p-coumaric acid and
forms a dimer through a two-fold crystallographic sym-
metry operation. Chain B (PadR2CA-B) also contains p-
coumaric acid and forms a non-crystallographic dimer with
chain C (PadR2-C), which lacks p-coumaric acid. Thus,
the PadR2CA structure appears to represent both the apo
form and the effector-bound form of PadR. Because the
three p-coumaric acid-bound PadR structures (PadR2CA-
A, PadR2CA-B and PadR3CA) exhibit an identical effector-
binding mode, the PadR2CA-A structure will be used for the
structural description of the PadR–effector complex unless
otherwise specified.

In the PadR-p-coumaric acid complex structure, a PadR
monomer binds one p-coumaric acid molecule in a narrow

interdomain pocket between the NTD and the CTD from
the same subunit (Figure 5B and C). Therefore, one PadR
dimer simultaneously binds two p-coumaric acid molecules.
Furthermore, p-coumaric acid mainly interacts with the �2-
�3 loop of the NTD and the �6 and �7 helices of the
CTD and also makes contacts with the �4′-�5′ loop. The
apolar portion in the middle of p-coumaric acid is sand-
wiched by two layers of PadR residues (Gln32 and Phe33
from the �2-�3 loop; Leu131, Ser134, Val157, Leu158, and
Ala161 from the �6 and �7 helices). The two polar termini
of p-coumaric acid are flanked by four hydrophilic residues
(Lys127, His154, Arg164 and Thr93′), which allow PadR to
specifically recognize phenolic acids by defining the chemi-
cal properties and lengths of the effectors that PadR binds.
The oxygen atoms at the carboxy-terminus are electrochem-
ically stabilized by salt bridges with the positively charged
Arg164 residue and are also clasped by Thr93′ and Lys127
through a hydrogen bond and a weak ionic interaction, re-
spectively. The hydroxyl end of p-coumaric acid is hydrogen
bonded to His154.
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To verify the specific interactions observed in the p-
coumaric acid-bound PadR structures, mutations were
introduced into the p-coumaric acid-binding pocket of
PadR. Single alanine mutations at either His154 or Arg164
severely disrupted the PadR-p-coumaric acid interaction,
and the His154Ala/Arg164Ala double mutant did not ex-
hibit any detectable binding to p-coumaric acid in the ITC
experiment, indicating that His154 and Arg164 play a key
role in effector recognition by PadR (Figure 5A). As a re-
sult, the mutations disrupted the p-coumaric acid-mediated
dissociation of PadR from the operator DNA (Supplemen-
tary Figure S11). However, the mutations at His154 and
Arg164 did not substantially modulate PadR–DNA bind-
ing or PadR protein stability (Supplementary Figure S6 and
Table 1). The His154 and Arg164 residues are absolutely
conserved across the amino acid sequences of PadR ortho-
logues, suggesting that the proposed effector-recognition
mechanism is commonly used by PadR orthologues, re-
gardless of bacterial species (Supplementary Figure S2).

In addition to p-coumaric acid, PadR responds to fer-
ulic acid as an effector molecule (13). To generalize the
effector-recognition mode of PadR, we also determined a
PadR structure in complex with ferulic acid (PadR3FA) us-
ing ferulic acid-soaked PadR crystals (Supplementary Table
S2). The PadR3FA structure exhibits a comparable effector-
binding mode to the PadR3CA structure due to the similar
chemical properties of ferulic acid to p-coumaric acid al-
though small structural differences are observed, such as the
additional hydrogen bond of the methoxy group of ferulic
acid to Ser134 and a slight shift of ferulic acid compared to
p-coumaric acid (Supplementary Figures S1 and 12).

Structural mechanism by which phenolic acids inhibit the
PadR–DNA interaction

To examine the inhibitory effect of phenolic acids on the
PadR–DNA interaction, we performed an EMSA in the
presence of p-coumaric acid. Consistent with previous re-
ports, p-coumaric acid dissociated PadR from its operator
dsDNA in a dose-dependent manner (Figure 6A) (8,13).
Furthermore, we propose a structural mechanism for the p-
coumaric acid-induced PadR–DNA dissociation based on
the comparative analysis of the DNA-bound and effector-
bound PadR structures. When the PadRdsDNA structure is
overlaid on the PadR2CA-A and PadR3CA structures using
the CTDs, p-coumaric acid is located at least 14 Å away
from the dsDNA, indicating that p-coumaric acid does not
directly compete with the DNA for access to the PadR pro-
tein (Figure 1). Instead, p-coumaric acid binding to the in-
terdomain pocket of PadR shifts residues 29–33 in the �2-
�3 loop (Figure 6B). In addition, the NTD of PadR is dis-
placed away from the CTD by translational and rotational
movements (Figure 6B and C). Consequently, the DNA-
binding residues of PadR in the �2 and �3 helices and the
�-stranded wing of the NTD are dislodged and cannot op-
timally interact with the DNA. Moreover, the NTD-NTD′
distance of the PadR dimer is enlarged to distort the PadR
dimer into a more open conformation in which the NTDs
do not fit into the major or minor grooves of the operator
dsDNA (Figure 6C). Therefore, our comparative structural
analysis suggests that p-coumaric acid disrupts the PadR–

DNA interaction through an allosteric mechanism in which
p-coumaric acid rearranges the interdomain organization of
PadR into a conformation incompatible with DNA bind-
ing.

Among the �2-�3 loop residues of PadR that undergo
p-coumaric acid-induced structural rearrangements, the
side chain of Gln32 in the PadRdsDNA structure displays
steric clashes with the carboxylic group of p-coumaric
acid in the PadR2CA-A and PadR3CA structures when
the DNA-bound and effector-bound structures are over-
laid (Figure 6B). In addition, the conformer of Phe33 in
the PadRdsDNA structure would be chemically incompatible
with p-coumaric acid because the hydrophobic side chain
of Phe33 in the PadRdsDNA structure is in close proximity to
the negatively charged carboxylic group of p-coumaric acid.
Thus, upon p-coumaric acid binding, Gln32 and Phe33
should be dislodged to make room for p-coumaric acid,
providing an explanation for the movement of the �2-
�3 loop and interdomain reorganization. Therefore, Gln32
and Phe33 are considered as an allosteric center where
the effector-induced structural changes are initiated. The
Gln32-mediated allosteric mechanism was verified by the
Gln32Ala mutation of PadR. The Gln32Ala mutant exhib-
ited essentially identical affinity for p-coumaric acid and op-
erator DNA as the WT protein (Figure 6D and Table 1).
However, the Gln32Ala mutation impaired the ability of
PadR to dissociate from DNA in response to phenolic acids
(Figure 6A). Higher concentrations of p-coumaric acid were
required to dissociate the Gln32Ala mutant from the DNA
than for the WT PadR. We anticipate that the Gln32Ala
mutation would alleviate the steric clashes between residue
32 and p-coumaric acid because the alanine at residue 32
has a smaller side chain than glutamine and the Gln32Ala
mutant would be less efficient in effector-mediated interdo-
main reorganization. In contrast to Gln32, we could not
assess the functional role of Phe33 as an allosteric center
by mutation because the Phe33Ala mutant was deficient
in p-coumaric acid binding and thus could not be used
for the effector-induced PadR–DNA dissociation assay. In-
stead, the functional importance of Phe33 in the allosteric
response of PadR to the effector would be supported by
its absolute sequence conservation in PadR orthologs and
its close proximity to Gln32 (Supplementary Figure S2).
Residue 32 is also conserved, with glutamine residues in B.
subtilis PadR and Paenibacillus polymyxa PadR and with
glutamate residues in P. pentosaceus PadR and L. plantarum
PadR. To verify the conserved role of glutamine and gluta-
mate residues as an allosteric center in PadR orthologs, we
mutated Gln32 to a glutamate residue in B. subtilis PadR.
Unlike the Gln32Ala mutant, the Gln32Glu mutant exhib-
ited identical p-coumaric acid-induced DNA dissociation to
the PadR WT, suggesting that glutamine and glutamate at
residue 32 are interchangeable as an allosteric center (Sup-
plementary Figures S6B and 13). Collectively, our struc-
tural and mutational studies demonstrate that PadR regu-
lates transcription via the effector-induced allosteric mech-
anism in which PadR Gln32 and Phe33 function as the al-
losteric center.
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Figure 6. A proposed allosteric mechanism for the phenolic acid-induced PadR–dsDNA dissociation. (A) EMSA for the PadR WT (left) and the PadR
Gln32Ala mutant (right). The PadR Gln32Ala mutant shows a defect in the p-coumaric acid-induced PadR–dsDNA dissociation. The data are represen-
tative of three independent experiments that yielded similar results. (B) Structural rearrangements of the PadR NTD through the allosteric center of Gln32
and Phe33 upon p-coumaric acid binding. The structures of the PadRdsDNA (magenta ribbons), PadR2CA-A (light blue ribbons) and PadR3CA (cyan rib-
bons) monomers are superimposed using their CTDs. Because the PadR2CA-B structure is highly similar to the PadR2CA-A structure (root-mean-square
deviation for 162 C� atoms, 0.37 Å), the PadR2CA-B structure is not shown in the figure for clarity. The allosteric center residues (Gln32 and Phe33) and
DNA-binding residues (Tyr20 and Tyr42) are depicted as sticks. The dsDNA backbones and p-coumaric acid are represented by yellow coils and by gray
molecular meshes and sticks, respectively. The binding of p-coumaric acid induces the movements (arrows) of Gln32, Phe33, the �2 helix, the �3 helix
and the wing. (C) The p-coumaric acid-induced structural rearrangement of PadRdimer. The structures of the PadRdsDNA (magenta), PadR2CA-A (light
blue) and PadR3CA (cyan) dimers are superimposed. The binding of p-coumaric acid (molecular mesh in gray wires) induces rotational and translational
interdomain movements (arrows) in PadR. As a result, the NTD–NTD′ distance of PadR increases and PadR adopts a more open dimeric conformation.
The distance between the C� atoms of Tyr20 and Tyr20′ is shown. (D) Similar p-coumaric acid-binding affinity of the PadR Gln32Ala mutant to the WT
PadR. According to ITC experiments, the Gln32Ala mutant binds p-coumaric acid with a Kd value of 7.0 ± 0.4 �M, similar to the WT PadR (Kd, 6.2 ±
0.1 �M; Figure 5A). The data of the PadR Gln32Ala mutant are representative of three independent experiments that yielded similar results.

DISCUSSION

PadR represses padC transcription by binding the padC op-
erator DNA. The basic DNA-binding function of the tran-
scription factor is mediated by the wHTH motif. Based on
the structural and mutational studies, we demonstrated that
Tyr20, Tyr42, Leu65 and Lys67 in the PadR wHTH mo-
tif play a key role in DNA binding as a DNA-binding hot
spot. In particular, the Tyr20, Tyr42 and Lys67 residues
are highly conserved throughout the PadR family and al-
low PadR family members to converge into a single group.
However, the PadR family diverges into two distinct sub-
families (subfamily-1 and subfamily-2) because of their dif-

ferent dimerization modes. PadR superfamily-1 members,
including PadR and AphA, present a structure consisting
of two separate domains, NTD and CTD. The CTD of the
PadR superfamily-1 contains two long �-helices, �6 and �7,
that are not observed in the PadR superfamily-2 (Supple-
mentary Figure S14A). The CTD allows PadR to be shaped
into a two-legged plate through a unique dimerization mode
and to form an interdomain pocket that accommodates
an effector molecule. In contrast to the PadR subfamily-1,
PadR subfamily-2 members fold into single-domain struc-
tures and assemble into a dimer using the N-terminal or C-
terminal dimerization helices that continuously extend from
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the wHTH motif and do not constitute an independent do-
main.

In addition to the dimerization mode, PadR differs from
the PadR subfamily-2 in both the effector-binding region
and stoichiometry. Each PadR monomer contains two do-
mains and uses its interdomain pocket to accommodate one
phenolic acid molecule. Thus, a PadR dimer binds two ef-
fector molecules with a 1:2 stoichiometry (Supplementary
Figure S15A). In contrast, LmrR, a member of the PadR
subfamily-2, contains only one domain consisting of �1-
�4 helices and a �-stranded wing and thus lacks the inter-
domain pocket observed in PadR (Supplementary Figures
S14A and 15B) (19,22). Instead, LmrR has exceptionally
long terminal helices, �1 and �4, which provide the dimer-
ization interface. As a result of �1/�4-mediated LmrR
dimerization, a unique intersubunit space that can accom-
modate an effector molecule is created by the �1, �4, �1′
and �4′ helices (Supplementary Figure S15B). In the struc-
ture of LmrR in complex with its effector, daunomycin,
one LmrR dimer binds only one daunomycin molecule us-
ing the intersubunit pocket with a 1:1 stoichiometry. There-
fore, we conclude that the subfamily-1 and the subfamily-
2 evolved distinct modes of domain organization, dimer-
ization, and effector binding although the three key DNA-
binding residues (Tyr20, Tyr42 and Lys67) are conserved in
the two groups.

Recently, the structures of an archaeal segregation pro-
tein A (AspA) were revealed in complex with DNA (39).
AspA was identified as an unusual PadR subfamily-2 mem-
ber because AspA is not a transcription factor but a
centromere-binding protein required for DNA segregation.
In addition to the different cellular function, the �-stranded
wing of AspA is shorter than that of PadR and does not
provide the minor groove interaction that was observed in
the PadRdsDNA structure. Despite their distinct features, the
bacterial PadR and the archaeal AspA commonly interact
with the major groove of dsDNA through the �3 helix. In
structural overlays, AspA Tyr41 from the �3 helix mimics
PadR Tyr42 by simultaneously interacting with the DNA
backbone and base (Supplementary Figure S16). Thus, the
DNA-recognition mode of the PadR transcription factor
appears to be partially conserved in even the archaeal seg-
regation protein, suggesting that the PadR family evolved
from a common ancestor of DNA-binding proteins to tran-
scription factors in bacteria and to segregation factors in
archaea.

PadR is the most homologous to the MarR family in the
DNA-binding domain among wHTH superfamily mem-
bers. However, PadR is distinct from MarR family mem-
bers in dimerization, DNA recognition and effector bind-
ing. Unlike PadR, proteins in the MarR family form a tri-
angular shape by dimerizing mainly through two helices
(�0 and �5) that are appended to the N-terminal and C-
terminal ends of the wHTH domain (Supplementary Fig-
ures S14B and 17A). Although PadR Tyr20 and Tyr42 play
a key role in DNA binding, the two tyrosine residues are re-
placed with other types of residues (Lys58 and Thr72 in B.
subtilis OhrR, a MarR family member) in the MarR family
for DNA recognition (40). Moreover, in contrast to PadR,
the effector-binding sites of the MarR family are diversely

located within the wHTH domain or in the intersubunit
pocket (Supplementary Figure S17) (25,41–43).

Phenolic acid binding to PadR repositions the NTD with
respect to the CTD and rearranges the PadR dimer into
an open conformer that is incompatible with DNA binding
(Figure 6C). This effector-induced allostery has been widely
proposed as a transcriptional regulation mechanism in two-
domain transcriptional regulators, including NagR, TetR,
FadR, OxyR and Fur (44–48). Although the two-domain
transcriptional regulators accommodate effectors into posi-
tionally diverse sites, effector binding generally induces the
allosteric movement of the NTD through interdomain re-
arrangement or the structural changes of the CTD to regu-
late DNA-binding ability. Based on the comparative analy-
sis combined with our structure-based mutational and bio-
physical studies, we conclude that PadR represents a well-
coordinated two-domain transcriptional regulator that al-
losterically induces transcriptional derepression through ef-
fector recognition in the interdomain pocket.

Because we have revealed the various structures of PadR
in apo forms and in complex with effector and operator
DNA molecules, the structural dynamics of PadR would
be readily analyzed through structural comparison. DNA-
bound and effector-bound PadR proteins adopt mutually
exclusive structural states in the conformation of allosteric
center residues and the relative arrangement of the NTD
and the CTD (Supplementary Figure S18). In the DNA-
bound PadR structure, the Gln32 and Phe33 residues pro-
trude toward the �6 and �7 helices of the CTD in up-
right positions. However, in the effector-bound structures,
including PadR2CA-A, PadR2CA-B and PadR3CA, Gln32
and Phe33 consistently prefer squat positions to avoid steric
clashes with the effector. Moreover, effector-bound PadR
exhibits a more open interdomain conformation compared
to DNA-bound PadR. Interestingly, apo-PadR was ob-
served in two distinct forms represented by the PadR1
and PadR2-C structures (Supplementary Figure S18). The
PadR1 structure adopts squat positions at the Gln32 and
Phe33 residues and exhibits an interdomain orientation
similar to the PadR3CA structure. In contrast, the apo form
of the PadR2-C structure adopts upright positions of the
Gln32 and Phe33 residues in a similar manner to the DNA-
bound form with an interdomain arrangement intermediate
between the DNA-bound and effector-bound forms. Thus,
our comparative analysis suggests that apo-PadR is confor-
mationally diverse in local structures and interdomain ori-
entations.

AVAILABILITY

The atomic coordinates and structure factors for PadR
(PDB ID: 5X12) and its complex with dsDNA (PDB ID:
5X11), p-coumaric acid (PDB IDs: 5Y8T and 5X13) and
ferulic acid (PDB ID 5X14) have been deposited in the Pro-
tein Data Bank (www.pdb.org).
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Supplementary Data are available at NAR Online.
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