
doi:10.1016/j.jmb.2010.07.053 J. Mol. Biol. (2010) 402, 539–551

Contents lists available at www.sciencedirect.com

Journal of Molecular Biology
j ourna l homepage: ht tp : / /ees .e lsev ie r.com. jmb
Urate Is a Ligand for the Transcriptional Regulator PecS

Inoka C. Perera and Anne Grove⁎
Department of Biological Sciences, Louisiana State University, Baton Rouge, LA 70803, USA
Received 7 July 2010;
received in revised form
17 July 2010;
accepted 26 July 2010
Available online
1 August 2010

Edited by J. Karn

Keywords:
MarR;
PecS;
urate;
oxidative burst;
plant immunity
*Corresponding author. E-mail addr
Abbreviations used: ROS, reactive

EDTA, ethylenediaminetetraacetic a
serum albumin.

0022-2836/$ - see front matter © 2010 E
PecS is a member of the MarR (multiple antibiotic resistance regulator)
family, which has been shown in Erwinia to regulate the expression of
virulence genes. MarR homologs typically bind a small molecule ligand,
resulting in attenuated DNA binding. For PecS, the natural ligand has not
been identified. We have previously shown that urate is a ligand for the
Deinococcus radiodurans-encoded MarR homolog HucR (hypothetical uricase
regulator) and identified residues responsible for ligand binding. We show
here that all four residues involved in urate binding and propagation of
conformational changes to DNA recognition helices are conserved in PecS
homologs, suggesting that urate is the ligand for PecS. Consistent with this
prediction, Agrobacterium tumefaciens PecS specifically binds urate, and
urate attenuates DNA binding in vitro. PecS binds two operator sites in the
intergenic region between the divergent pecS gene and pecM genes, one of
which features two partially overlapping repeats to which PecS binds as a
dimer on opposite faces of the duplex. Notably, urate dissociates PecS from
cognate DNA, allowing transcription of both genes in vivo. Taken together,
our data show that urate is a ligand for PecS and suggest that urate serves a
novel function in signaling the colonization of a host plant.
© 2010 Elsevier Ltd. All rights reserved.
Introduction

Plants are aerobic organisms. During the reduction
of O2 to H2O, reactive oxygen species (ROS) are
generated, and environmental stress conditions,
including invading bacteria, result in overproduc-
tion of ROS as a defense mechanism. Several
enzymes, including NADPH oxidase and xanthine
oxidase, have been implicated in such ROS produc-
tion; the latter participates in the catabolism of
purines by converting hypoxanthine into xanthine
and by converting xanthine into urate, and both
reactions are associated with the production of
ROS.1–3

Bacteria that interact with plants commonly need
to alternate between a soil-dwelling saprophytic
lifestyle and a symbiotic or pathogenic phase asso-
ciated with colonization of the plant host. Examples
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include soil bacteria belonging to the order Rhizo-
biales, which invade legume roots to form nitrogen-
fixing root nodules, and Erwinia species, which cause
soft-rot diseases in a variety of plants.4,5 The success
of such bacterial species therefore depends on their
ability to counter host defenses such as the produc-
tion of ROS. Thus, production of antioxidants is vital
for survival during host invasion. Among others,
indigoidine has been shown to be an important anti-
oxidant in a number of plant-pathogenic bacteria
and has been best characterized in Erwinia chry-
santhemi (Dickeya dadantii).6 It was shown that
indigoidine biosynthesis and secretion via the efflux
pump PecM are regulated by the transcriptional
regulator PecS.7–9 Indeed, PecS regulates numerous
genes that are essential for infectivity and disease
progression, and is named for its regulation of
pectinase gene expression in Erwinia sp.; pectinases
are enzymes that play a significant role in the
maceration of plant tissue, which gives rise to the
characteristic symptoms.10,11

PecS belongs to the branch of the MarR (multiple
antibiotic resistance regulator) family that is charac-
terized by the ability to bind specific promoter
d.
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sequences (causing transcriptional repression) and
the ability to associate with a small molecule
ligand.12 When the ligand is bound, derepression
occurs to permit the expression of a regulon. For
MarR, this means the expression of antibiotic
resistance genes upon binding to antibiotics.13–15

For PecS, it means the expression of a regulon
associated with host colonization; however, the
natural ligand has not been identified.11,16

As plants respond to invading bacteria by pro-
ducing ROS, urate is generated as a byproduct.17

However, urate is also a potent antioxidant that may
be specifically produced in response to oxidative
stress.18–20 For example, cellular levels of endogenous
urate are tightly regulated inDeinococcus radiodurans,
a nonpathogenic bacterium known for its remarkable
ability to withstand exposure to ionizing radiation
and other sources of DNA damage, including that
induced by oxidative stress.21–24 We recently charac-
terized the D. radiodurans-encoded MarR homolog
HucR (hypothetical uricase regulator), which func-
tions as a transcriptional repressor, regulating its own
expression and that of a divergent gene encoding a
uricase.25,26 Uricase catalyzes the conversion of urate
to 5-hydroxyisourate, which is enzymatically or
spontaneously broken down to allantoin.27,28 Urate
is the natural ligand for HucR, and in vivo studies
have shown that whenD. radiodurans is grown in the
presence of urate, hucR and uricase transcripts are
upregulated.25

We report here that urate is a ligand for the subset
of MarR homologs previously annotated as PecS.
Specifically, we show that Agrobacterium tumefaciens
(Rhizobium radiobacter) encodes a PecS homolog
whose repressor function is alleviated by urate
both in vitro and in vivo. These data not only reveal
the ligand for a critical transcription factor implicat-
ed in the bacterial colonization of host plants but
also suggest a novel function for urate in signaling
such colonization.

Results

Urate-coordinating residues are conserved in
PecS homologs

We recently identified four residues involved in
urate binding to HucR and in conferring attenuated
DNA binding; while W20 and R80 of HucR directly
coordinate urate, D73 is repelled by deprotonated
urate, resulting in a movement of the DNA recog-
nition helix that is otherwise held in place by a salt
bridge between D73 and R106.29 Alignment of the
HucR amino acid sequence with that of other MarR
homologs reveals the conservation of residues
involved in coordinating urate and in communicat-
ing its binding to the DNA recognition helix in only
a subset of these homologs, including PecS from the
plant pathogens E. chrysanthemi and A. tumefaciens
(Fig. 1a). Notably, proteins such as Escherichia coli
MarR,31 Salmonella typhimurium SlyA (Protein Data
Bank ID 3DEU), and Methanobacterium thermoauto-
trophicum MTH313,32 which respond to the ligand
salicylate, do not conserve these residues; this is
consistent with the observation that salicylate is not
an efficient ligand for HucR.25 What is also notable
is that all residues are conserved on an all-or-none
basis, consistent with their role in a common
function.
As noted above, these plant pathogens encode a

highly conserved genomic locus that includes the
MarR homolog PecS. As is the case for other MarR
homologs, divergently oriented genes are predicted
to be repressed by the binding of PecS to the inter-
genic region, followed by derepression once the
natural ligand is bound by PecS. In the plant
pathogens, the locus includes PecM, a membrane
protein with 10 predicted membrane-spanning
segments that has been shown in E. chrysanthemi to
be involved in the efflux of the antioxidant
indigoidine.7,9

The annotated PecS homologs share a higher
degree of sequence identity with HucR compared to
other MarR homologs, with a 35.3% sequence
identity between HucR and A. tumefaciens PecS
and only an 18.4% identity between HucR and E. coli
MarR. Accordingly, the HucR structure is identified
by SWISS-MODEL as the appropriate structure on
which to model PecS with less than 0.1 Å rmsd
between Cα positions (Fig. 1c). A notable feature of
HucR (and presumably of PecS) is the existence of an
additional N-terminal helix not present in other
homologs such as E. coliMarR andMTH313;31,32 one
of the urate-coordinating residues (W20 in HucR)
protrudes from this N-terminal helix.

PecS binds a tandem palindrome

To determine whether urate indeed serves as a
ligand for PecS homologs, we cloned A. tumefaciens
pecS, expressed it in E. coli, and purified it to N95%
homogeneity (Fig. 2a). Size-exclusion chromatogra-
phy shows that PecS exists as a dimer of 43.7±
0.7 kDa (including 6× His tag) in solution, closely
matching its theoretical molecular mass of 46.1 kDa
(Fig. 2b). PecS has a melting temperature of 61.3±
0.5 °C, as determined by differential scanning
fluorometry, using SYPRO Orange as fluorescent
reporter for protein unfolding as a function of tem-
perature (Fig. 2c). The thermal stability of PecS is
comparable to that of other MarR homologs, all
having relatively high melting temperatures com-
pared to the physiological growth temperatures of
the respective organisms.25,33
HucR binds a 9 bp imperfect inverted repeat.25

Accordingly, PecS was predicted to bind an identi-
fied 9 bp inverted repeat in the intergenic region of



Fig. 1. (a) Sequence alignment of HucR and homologs encoded by plant pathogens. Residues involved in coordinating
urate in HucR or in communicating its binding to the recognition helix are enclosed in red boxes. Secondary structure
elements are from the structure of HucR;30 N-terminal helix α1 is absent in other MarR structures. Note that, in this figure,
sequences are truncated from the C-termini. (b) Phylogenetic analysis of selected MarR homologs deduced from an
analysis of amino acid sequences. A phylogenetic tree was constructed by neighbor joining, where gaps were excluded.
The tree was drawn to scale, and the scale bar represents an evolutionary distance of 0.1 amino acid substitution per
position in the sequence. (c) Modeled structure of PecS. Each monomer (in teal and light pink) is modeled on chains A and
B of HucR, respectively. DNA binding domains are shown in blue, while residues predicted to bind urate and to transmit
the urate binding signal to the recognition helix are shown in red (stick representation).
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the divergently oriented pecS and pecM genes.
However, in electrophoretic mobility shift assays,
PecS was unable to form a stable complex with DNA
containing this complete palindrome (data not
shown). Instead, it has a high affinity for a 190 bp
fragment, including also an adjacent double over-
lapping pseudo-palindrome (ψ2pal) with an appar-
ent dissociation constant (Kd) of 0.41±0.03 nM (Fig.
3a and c). PecS–pecO (190 bp) association is specific,
as shown by complete retention of the complex
during competition with N1000-fold excess binding
site equivalents of nonspecific DNA. Titrating the
PecS–pecO (190 bp) complex with DNA containing
only the complete palindromic sequence (50 bp)
shows that it can compete for binding to the 190 bp
duplex, albeit not as efficiently as the 190 bp DNA,
suggesting that PecS does bind DNA with a single
palindromic sequence in solution (Fig. 3b). The
interaction between PecS and pecO appearsmodestly
cooperative with a Hill coefficient of 1.16±0.04 (Fig.
3c); the double-reciprocal plot shows an upward
curvature consistent with positive cooperativity.
This was further evidenced by the convex curvature
of a Scatchard plot (data not shown). While a PecS



Fig. 3. Electrophoretic mobility shift assays showing
DNA binding and specificity of PecS. (a) PecS binding to a
190 bp fragment of the shared operator region (PecO) of
PecS and PecM; complex (C) and free DNA (F) identified
on the left. (b) PecS (10 nM dimer) binding to PecO (1 nM)
challenged with increasing concentrations (5–20 nM) of
nonspecific plasmid DNA (pLexLacZ), 190 bp pecO, or
50 bp (50–500 nM) fragment containing only the perfect
palindromic sequence. (c) Fractional complex formation
with 190 bp PecO plotted as a function of PecS
concentration. Inset: Double-reciprocal plot.

Fig. 2. PecS was purified to N95% purity. (a) Purified
PecS was electrophoresed on a 15% SDS-PAGE gel: lane 1,
molecular weight marker; lane 2, 5 μg of PecS; lane 3, 5 μg
of PecS after cleavage of 6× His tag. (b) Gel-filtration
analysis of PecS against molecular weight standards. The
Kav of molecular weight standards (black open circles) and
PecS (red open square) was graphed against the logarithm
of molecular weight. (c) Melting temperature of PecS
determined by differential scanning fluorometry. The
fluorescence emitted from SYPRO Orange upon binding
to denatured protein is measured as a function of
temperature. Fluorescence is reduced after it reaches the
maximum; this may be a result of the aggregation of
denatured protein and dye, causing quenching.
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complex with DNA containing only the complete
palindrome is not stable to electrophoresis, PecS
forms a stable complex with DNA representing the
overlapping pseudo-palindromic sequence (ψ2pal)
(Fig. 4a).
DNase I footprinting confirms that PecS protects a

region spanning the two identified sequences
(Fig. 5). On the forward strand (with respect to
pecM), PecS protects DNA bases 17–39 and 50–92,
counting from the first base of the start codon of
pecS, including the perfect and overlapping pseudo-
palindromes, respectively. With respect to the foot-
print on the reverse strand, protection is shifted
towards pecS (Fig. 5d). The extent of protection in
the ψ2pal region suggests that two PecS molecules
may associate. Indeed, titration of ψ2pal DNA with
PecS under stoichiometric conditions shows that it
binds two PecS molecules (Fig. 4). Consistent with
cooperative binding, protection of both sites occurs
simultaneously (Fig. 5a). Notably, protection of the
overlapping palindromic sequence extends well into
the coding region of pecM. Considering that the
centers of the overlapping palindromes are 15 bp
apart, our data suggest that two PecS dimers bind

image of Fig. 3
image of Fig. 2


Fig. 4. PecS–ψ2pal binding stoichiometry. (a) Increas-
ing concentrations of PecS (dimer) were incubated with
100 nM ψ2pal, and the complexes were resolved on an 8%
polyacrylamide gel. (b) Plot of percent complex versus the
ratio of pecS concentration to ψ2pal concentration. Error
bars represent the SD derived from three experiments. The
blue arrow points to the calculated stoichiometry.
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the ψ2pal site on opposite faces of the DNA duplex.
The two protected regions are ∼10 bp apart and
show cleavage enhancement, suggesting altered
DNA conformation.

PecS responds to urate

DNA binding by HucR is attenuated by urate and,
to a lesser extent, by xanthine, its immediate precur-
sor in the purine degradation pathway. In contrast,
no effect on DNA binding was observed upon
addition of hypoxanthine or allantoin.29 Complexes
of PecS and pecO were therefore challenged with
increasing concentrations of urate, xanthine, hypo-
xanthine, or salicylate; the latter is a compound seen
to attenuate DNA binding by several MarR homo-
logs (Fig. 6a). Urate and xanthine attenuate DNA
binding with IC50 values of 3.1±0.3 mM and 2.3±
0.1 mM respectively, while hypoxanthine did not
affect complex formation. At lower concentrations,
PecS–pecO complex formation is significantly re-
duced, followed by a more gradual reduction, with
b20% of the complex remaining at 25 mM urate. In
contrast, incubation with xanthine reaches a plateau
of ∼50% complex at 12 mM xanthine, beyond which
no further PecS–pecO complex dissociation is seen
(Fig. 6b). Salicylate also shows a concentration-
dependent effect on DNA binding with an IC50 of
7.3±0.5 mM.
PecS contains a single Trp residue located in the

predicted urate binding site. As seen with HucR,
the microenvironment of this residue changes upon
binding of specific ligands, manifested as concen-
tration-dependent fluorescence quenching. Analy-
sis of fluorescence quenching as a function of
ligand concentration reveals that urate and xan-
thine bind PecS with comparable affinities. Urate
binds with Kd=8.5±2.3 μM and negative coopera-
tivity (nH=0.7±0.2), whereas xanthine, having a
comparable Kd of 9.1±1.5 μM, does not show
cooperativity (nH=0.9±0.2) (Fig. 6c). Taken togeth-
er, these data show that urate is a ligand for PecS,
and that urate attenuates DNA binding in vitro.
To assess whether the conserved residues in the

predicted ligand binding pocket, as well as the
arginine that is proposed to anchor the recognition
helix to the scaffold helix α3 of the DNA binding
domain, indeed function in urate-mediated attenu-
ation of DNA binding, we mutated these residues;
R95 of the recognition helix is predicted to anchor the
recognition helix via a salt bridge to D62 of α3, while
W18 and R69 are predicted to contact urate directly.
Replacing D62 with S and replacing R69 with S
significantly lower the responsiveness of the PecS
variant to urate, indicating that these residues are
important for binding urate and for relaying the
occupancy of the binding pocket to the recognition
helix (Fig. 7a and b); while DNA binding by PecS-
R69S is unaltered upon addition of urate, DNA
binding by PecS-D62S is verymodestly attenuated in
the presence of urate. Furthermore, mutation of R69
to S does not cause a significant change in the DNA
binding affinity of PecS, with an apparent dissocia-
tion constant of 0.8±0.1 nM, while mutation of D62
to S significantly lowers the affinity of PecS for its
cognate DNA (Kd=3.0±0.2 nM). PecS-W18F could
not be analyzed, as the mutation of W18 to F caused
the protein to aggregate and bind DNA non
sequence specifically (data not shown), showing
that this Trp residue is important for the proper
folding of PecS. As shown for HucR, R95 was found
to be vital for the proper arrangement of the recog-
nition helix; when R95 was mutated to N, PecS lost
both binding affinity and specificity (Fig. 7c).
Mid-log phase cultures of A. tumefaciens were

exposed to exogenous urate and hydrogen peroxide
to evaluate their effect on the transcription of pecS
and pecM genes in vivo. As evidenced by quantita-
tive RT-PCR analysis, upon addition of urate, pecS
and pecM transcript levels increased by 17.0±2.8-
fold and 15.0±1.7-fold, respectively, while subject-
ing the cells to oxidative stress did not have a
significant effect on transcript levels (0.5±0.2 and
0.6±0.1) (Fig. 8). This indicates that urate functions
as a ligand for PecS in vivo, causing derepression of

image of Fig. 4


Fig. 5. DNase I footprint analysis of PecS–pecO interaction. (a) Forward and reverse strands are annotated with respect
to the coding strand of PecM. The first lane of each subset has the undigested DNA control (F), followed by A/G chemical
sequencing ladder. Increasing amounts of PecS were incubated with 32P-labeled forward or reverse strands, followed by
DNase I digestion. (b) Better-resolved upper protected area (ψ2pal, forward strand on the left; pal, reverse strand on the
right). (c) Densitometric trace of the DNase I digest of unbound (gray) and 2 μM PecS-bound (black) forward-strand-
labeled pecO. Protected areas are separated by ∼10 bp, and cleavage enhancement between the two protected areas is
visible; perfect palindromic sequence (pal) and pseudo-palindromic sequences (ψ2pal). (d) Illustration of the intergenic
sequence between pecS and pecM. Start codons of the two divergently oriented genes are marked with arrows pointing in
the direction of transcription. Continuous lines mark the palindromic sequences in the pal and ψ2pal regions, while the
DNase-I-protected areas are shown in boldface.
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both pecS and pecM. That oxidative stress does not
result in elevated transcript levels suggests that
urate is not produced in response to such challenge.
Discussion

Upon sensing bacterial invasion, plants upregu-
late an array of defense mechanisms, of which
oxidative burst is among the early responses.1,3 A
primary source of oxidative radicals is xanthine
oxidase, which also produces the antioxidant urate
as a product.17,34 We show here that exogenous
urate causes a significantly elevated expression of
pecS and pecM genes in vivo, and that urate mediates
this effect by binding the transcriptional regulator
PecS.
While PecS has been shown to be a critical regula-

tor of infectivity and disease progression in Erwinia,
a natural ligand for PecS has never been identified.
Analysis of annotated PecS homologs reveals that all
residues involved in urate binding to HucR are
conserved. Furthermore, cosegregation of HucR
with PecS in evolutionary tree analysis (Fig. 1b) is

image of Fig. 5


Fig. 6. (a) PecS–pecO complexes (C) challenged with
increasing concentrations of urate, xanthine, hypoxan-
thine, or salicylate. The first lane of each gel, along with
the corresponding parallel bands, contains a free probe
(F). Note that assays are performed at high ionic strength,
which is necessary to maintain the pH upon the addition
of ligands dissolved in sodium hydroxide, and that the
affinity of ligands is reduced at such high ionic strength.
(b) Normalized PecS–pecO complex formation as a
function of increasing ligand concentration. Error bars
represent the SD of three independent experiments. (c)
PecS response to urate, xanthine, and hypoxanthine. The
change in intrinsic fluorescence at 330 nm was measured
with an excitation of 295 nm after the addition of
increasing concentrations of each ligand. The plot indi-
cates fluorescence quenching at 330 nm as a function of
ligand concentration.

Fig. 7. DNA binding by PecS mutants. (a) Effect of
urate on complex formation between PecS, PecS-D62S,
and PecS-R69S, assayed by electrophoretic mobility shift
assay. The first lane in each panel contains free DNA (F).
(b) Normalized PecS–pecO complex formation as a func-
tion of increasing ligand concentration. Error bars
represent the SD of three independent experiments. (c)
DNA binding affinity and specificity of the PecS mutant
R95N. The first lane contains free DNA (F). Increasing
concentrations of nonspecific DNA (pLexLacZ) are in-
cluded as indicated.
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consistent with these proteins sharing a conserved
mechanism of regulation that has evolved around
specific effector molecules.

PecS binds multiple sites within the
pecS–pecM region

Generally, MarR homologs bind inverted repeat
sequences of 16–18 bp, and such sequences can be
degenerate, as shown with SELEX (systematic
evolution of ligands by exponential enrichment)-
isolated sequences binding E. chrysanthemi PecS.16

PecS from A. tumefaciens protects two regions

image of Fig. 6
image of Fig. 7


Fig. 8. Relative abundance of the transcript levels of
pecS and pecM genes after the addition of 10 mM urate and
250 μM H2O2. mRNA levels were measured with
quantitative RT-PCR, and relative abundance was calcu-
lated with comparative CT method, with reference to the
transcript level of the control group. Error bars represent
the SD of three experiments.
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∼10 bp apart. The protected region towards pecS
consists of a single palindromic sequence, while
protection extending into the coding region of pecM
has two overlapping pseudo-palindromic sequences
(ψ2pal). Since the centers of the overlapping pseudo-
palindromes are out of phase with the helical repeat,
our data suggest that two PecS dimers bind on
opposite faces of the double helix. As binding to the
ψ2pal site appears more stable, as reflected in com-
plexes being stable to electrophoresis, we speculate
that this binding mode has evolved to ensure a more
stringent control of pecM expression. In vivo, such
differential expression might be manifested under
conditions of limiting urate concentrations.

Urate is a ligand for PecS

That urate effects attenuated DNA binding by
PecS and HucR via a similar mechanism is cor-
roborated by their comparable ligand specificities.
Both urate and xanthine cause a concentration-
dependent disruption of the PecS–DNA complex
while hypoxanthine does not; attenuated DNA
binding was previously inferred to require the
repulsion of conserved D73 by an N3-deprotonated
ligand (a charge not present in hypoxanthine).
Mutational analysis confirms that the residues
proposed to be involved in the urate-mediated
attenuation of DNA binding by HucR also play a
vital role in the PecS response to ligands. While we
were unable to analyze the W18F mutant due to its
aggregation, the altered properties do indicate that
W18 is necessary for the proper folding of PecS.
Notably, R69S substitution abolishes the response to
urate, consistent with the central prediction that R69
is important for urate binding. That binding of a
negatively charged ligand is required for attenuated
DNA binding is evidenced by the inability of hypo-
xanthine to affect DNA binding, and the inference
that charge repulsion is required to bring about a
conformational change in the DNA recognition helix
is confirmed by the observation that a D62S muta-
tion in PecS severely attenuates the response to
urate. The residual response to urate by the PecS-
D62S mutant suggests that occupancy of the binding
pocket may impose minor conformational changes
that translate into modestly attenuated DNA bind-
ing, even in the absence of the predicted salt bridge
between D62 of the scaffold helix and R95 of the
recognition helix.
Substitution of R95 results in a weak and

nonspecific association with pecO. DNA binding
by PecS appears to be more adversely affected by
mutation of this residue compared to HucR;
molecular modeling indicates that R95 forms the
predicted salt bridge with D62, suggesting that this
contact is important for anchoring the recognition
helix to the scaffold helix α3. This is consistent with
the lower DNA binding affinity of PecS-D62S, which
would eliminate the predicted salt-bridge contact
with R95. However, other contacts with residues of
the recognition helix that are seen in the HucR
structure may not occur in PecS; for example, a
hydrophobic contact between L110 of the recogni-
tion helix and L74 of the scaffold helix in HucR
may not be as favorable in PecS, which has valine
in place of leucine at this position of α3 (Fig. 1).
Taken together, our data indicate that the residues
seen to be required for ligand-mediated attenuation
of DNA binding in HucR serve equivalent func-
tions in PecS. Furthermore, as for HucR, PecS binds
urate with negative cooperativity, while binding of
xanthine shows no cooperativity. This further
corroborates the inference that the mechanism by
which urate causes attenuated DNA binding is
conserved.
Uric acid is produced by xanthine oxidase during

oxidative burst in plants, triggered by invading
pathogens.35,36 Since uric acid is a potent antioxi-
dant, plants may benefit from it in preventing
extended tissue necrosis, and we speculate that the
invading bacteria may exploit it to upregulate their
own defense mechanisms. The observed upregula-
tion of pecS and pecM genes by ∼15-fold can be
attributed to the urate-induced disruption of PecS–
pecO interaction. Consistent with a more stable
association of PecS at ψ2pal, which extends into the
coding sequence of PecM, an association perhaps
stabilized by protein–protein contacts, PecM levels
may require tight regulation, as it may not be
highly selective for the small molecules it exports.

image of Fig. 8
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Through transcriptomic analysis, Hommais et al.
showed that pecM levels increase by ∼9-fold, and
that indigoidine biosynthesis genes are also upre-
gulated upon deletion of pecS in E. chrysanthemi,
indicating that PecS is directly involved in repres-
sing these genes.11

Expression of pecS or pecM genes is not induced
upon oxidative stress (Fig. 8). It has been previously
reported that the ΔpecS strain of E. chrysanthemi is
less susceptible to oxidative stress (consistent with
PecS repressing the biosynthesis of the antioxidant
indigoidine), and that subjecting the wild-type
strain to oxidative stress upregulates indigoidine
biosynthesis genes by about 4-fold.8,11 However,
this upregulation may have resulted from the low
growth rate phenotype under oxidative stress, and
direct regulation of pecS–pecM expression under
these circumstances was not reported.
Salicylic acid was also able to attenuate DNA

binding of PecS. Although salicylate affects DNA
binding by many MarR homologs, including HucR,
a physiological relevance for such phenomenon
was not characterized. Salicylate is a known
phytoalexin and, more interestingly, it is being
investigated as an endogenous signaling molecule
that upregulates the genes involved in systemic
acquired resistance in plants.37–39 In the context of
A. tumefaciens, PecS response to salicylate may also
signal the pathogen to upregulate its defense
mechanisms during invasion.
In conclusion, our results show that urate is an

efficient natural ligand for PecS, attenuating the
binding of PecS to its operator DNA in vitro.
Furthermore, exogenous urate causes upregulation
of both pecS and pecM genes, suggesting that it can
function as an efficient effector in vivo. Taken
together, our results identify the previously elusive
ligand for an important transcriptional regulator
involved in controlling plant host colonization, and
they suggest the possibility that urate plays a novel
role in signaling such colonization.

Experimental Procedures

Sequence alignment, phylogenetic analysis, and
model building

Amino acid sequences of the selected MarR homologs
were aligned using Clustal W, and a neighbor-joining tree
was generated with MEGA4.40–42 Sites containing gaps
were eliminated from the data set to reduce systematic
errors. Confidence in neighbor joining was determined by
analyzing 500 bootstrap replicates, where the percentages
of replicate trees in associated taxa are shown next to
branches.43 The tree is drawn to scale; computed
evolutionary distances are expressed as the number of
amino acid substitutions in a site. Global alignment
parameters (including gaps) were calculated according
to the Needleman–Wunsch algorithm (matrix: EBLO-
SUM62; gap penalty: 10.0; extend penalty: 0.5) through
EMBOSS:needle†.44

A model of A. tumefaciens PecS was built using SWISS-
MODEL Workspace.45 Among the available structural
data for MarR homologs, the HucR structure (Protein Data
Bank ID 2fbk),30 with a 33.54% sequence identity, was
automatically selected as the template. PecS monomers
were separately modeled on chains A and B of HucR with
minimum steric clashes, the coordinates were assembled,
and the figure was generated with PyMOL.46

Cloning and purification

The gene encoding PecS was amplified by PCR from A.
tumefaciens genomic DNA using the forward primer 5′-
CACC ATG GTG ATG AGC AAG AAG AAA C-3′,
which introduces the TOPO recognition sequence (the 4-
bp leader is shown in boldface), and the reverse primer 5′-
GAC GTA AAT CTA TTC CTC GAA GTC C-3′. The
resulting PCR product was cloned into the expression
vector pET100/D-TOPO (Invitrogen), which introduces
an amino-terminal 6× His fusion tag, and was transformed
into E. coli TOP-10 cells. The correct construct (named
pAtPecS) was confirmed by sequencing and transformed
into E. coli BL21(DE3)pLysS for overexpression of protein.
An overnight culture started from a well-isolated single
colony was diluted 1:500 in Luria–Bertani (LB) media (4 L
of total volume, 250 rpm at 37 °C), and the protein was
overexpressed at an OD600 of ∼0.5 with 0.5 mM isopropyl
β-D-1-thiogalactopyranoside. Induced cultures were
grown for 2 h and chilled on ice for 20 min, and cell
pellets harvested by centrifugation were stored at −80 °C.
The cell pellets were thawed and resuspended in lysis
buffer [20 mM potassium phosphate buffer (pH 7.4),
50 mM KCl, 4.5% glycerol, 10 mM imidazole, 0.15 mM
phenylmethylsulfonyl fluoride (PMSF), and 10 mM 2-
mercaptoethanol] and treated with 200 μg/mL lysozyme
for 1 h on ice. Lysis was completed with 0.05% Triton X-
100 and immediate addition of 500 mMNaCl. After a brief
sonication, the suspension was spun down, and the super-
natant was loaded onto a Ni-agarose column (1 mL/min).
The column was washed with 10 bed volumes of lysis
buffer, and the protein was eluted with a linear gradient of
imidazole from 10 mM to 250 mM. The purest fractions
were pooled and dialyzed overnight against HA buffer
[20 mM potassium phosphate buffer (pH 7.0), 50 mMKCl,
4.5% glycerol, 0.2 mM ethylenediaminetetraacetic acid
(EDTA), 0.15 mM PMSF, and 10 mM 2-mercaptoethanol]
and loaded onto a heparin–agarose column equilibrated
with the same buffer. After the column had been washed
with 10 bed volumes of HA buffer, the protein was eluted
with a linear gradient of KCl (50 mM–1 M) created with
HB buffer [20 mM potassium phosphate buffer (pH 7.0),
1 M KCl, 4.5% glycerol, 0.2 mM EDTA, 0.15 mM PMSF,
and 10 mM 2-mercaptoethanol]. The purest fractions were
pooled, and glycerol content was raised to 20% before the
fractions were flash frozen on dry ice and stored at −80 °C.
Polyhistidine tag was cleaved with Enterokinase (Nova-
gen). Five hundred micrograms of protein was incubated
with 50 U of recombinant Enterokinase at room temper-
ature for 16 h, followed by 1 h of incubation with Ni-

http://www.ebi.ac.uk
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agarose and 0.2 mM PMSF. Undigested protein and the
cleaved polyhistidine tag were removed by centrifugation.
The concentration of purified proteins was determined
with the Micro BCA Protein Assay Kit (Pierce) using
bovine serum albumin (BSA) as standard, and purity was
determined by SDS-PAGE, followed by Coomassie
brilliant blue staining.
PecS was mutated by whole-plasmid PCR using

pAtPecS as template and the following primer pairs
(5′→3′ orientation): W18F, Fw-GCG CAA TTC CGC
AAG GAA CGA and Rv-GAG AAT ATG GTC GAC GTG
GTCCAT; D62S, Fw-GCT TTCAGTGTGCTGGCGACA
and Rv-GGA GGA GGA GAG GCC ATG TTT TA; R69S,
Fw-ACA TTG CGA AGC GCG GGC and Rv-CGC CAG
CAC ATC GAA AGC G; R95N, Fw-ACA AAC AAT ATC
GAC CAG CTG GAA AAA GC and Rv-CAT GGT GCC
GGA GCT AAC CAT. All mutated PecS variants were
overexpressed in 250 mL cultures according to the
protocol for wild-type protein, except for PecS-R95N, for
which cells were grown at 30 °C in 1 L of LBmedia starting
from a freshly transformed single colony. Cells were
induced at an OD600 of ∼0.2 for 4 h at 20 °C and pelleted
down. All cell pellets were disrupted by sonication in
buffer Co [50 mM KCl, 4.5% glycerol, 0.15 mM PMSF, and
10 mM imidazole in 20 mM potassium phosphate buffer
(pH 7.4)], followed by 30 min of centrifugation at
15,000 rpm (4 °C) to remove cell debris. Proteins were
purified using TALON® Co affinity resin (Clontech). Cell
lysate was incubated with the resin for 1 h, followed by an
extensive washing step (N100 bed volumes) with buffer
Co containing 20 mM imidazole. After the suspension had
been transferred to a gravity flow column, pure protein
was eluted with 500 mM imidazole in buffer Co. All
mutants were purified to ∼98% homogeneity; assessment
of purity and storage of the protein were carried out as
described above for wild-type PecS.
Gel filtration

A Superdex™-200 column (Hi load™ 16/60; GE
Healthcare) with a mobile phase of 20 mM Tris (pH 7)
and 150 mM NaCl was used and standardized with the
following size markers: thyroglobulin, 670,000 Da; γ-
globulin, 158,000 Da; ovalbumin, 44,000 Da; myoglobin,
17,000 Da; vitamin B12, 1350 Da (Bio-Rad). The Kav for
each standard and PecS was calculated using the equation
Kav=(VE−VO)/(VT−VO), where VE, VO, and VT are the
retention (elution) volume of the protein, the void volume
of the column, and the geometric bed volume of the
column, respectively. A standard curve was obtained as a
plot of Kav as a function of the log10 of molecular weight.
Protein melting temperature

PecS (5 μM) was added to a buffer with 50 mM Tris
(pH 8.0), 100 mM NaCl, and 5× SYPRO Orange (Invitro-
gen) as reference fluorescent dye. Fluorescence emission
upon binding of the dye to unfolded protein was
measured over a temperature range of 5–90 °C in 1°
increments for 45 s using an Applied Biosystems 7500
Real-Time PCR System (filter: SYBR green). The total
fluorescence yield measured was corrected using reactions
without protein. Data were analyzed with a two-state
unfolding model using KaleidaGraph 4.0 (Synergy Soft-
ware) with nonlinear least-squares fit, assuming that the
enthalpy change between the unfolded state and the
native state is constant for PecS.47–49

DNA binding

The pecS–pecM intergenic segment pecO was PCR
amplified from A. tumefaciens genomic DNA with the
primers pecO-Fw 5′-CATTGCGCGAGAATTCGGTCGA-
3′ and pecO-Rv 5′-CAGATGGCGAATTCAAGTGC-
TGTGA-3′. Five picomoles of a 190 bp DNA fragment
was 5′ end labeled with [γ32P]ATP and T4 polynucleotide
kinase. Increasing concentrations of purified PecS were
incubated, at 25 °C for 30min,with 0.1 nM 32P-labeled pecO
in a binding buffer containing 20 mM Tris (pH 8.0), 50 mM
NaCl, 0.06% BRIJ58, 20 μg/mL BSA, and 1.5% glycerol.
Complexeswere separated on an 8%polyacrylamide gel in
1× Tris–acetate–EDTA buffer at 7.5 V/cm (4 °C). Gels were
dried under heat and vacuum, exposed to storage phos-
phor screens overnight, and scanned with Storm 840
PhosphorImager (GE Healthcare). Densitometric data
obtained with ImageQuant 5.1 (Molecular Dynamics)
were analyzed with KaleidaGraph 4.0 (Synergy Software)
by fitting the binding isotherm to the Hill equation
[normalized fractional saturation of pecO: f= fmax[PecS]

n/
(Kd+[PecS]

n), where [PecS] is the protein concentration, Kd
is the apparent equilibrium dissociation constant, and n is
the Hill coefficient].
The specificity of the interaction between PecS and its

mutants with pecO was analyzed by challenging the
preformed complex with a molar excess of binding site
equivalents from a nonspecific plasmid pLexLacZ (Invi-
trogen) and by challenging the 32P-labeled 190 bp pecO–
PecS complex with unlabeled 190 bp pecO. The 190 bp
pecO–PecS complex was also challenged with an increas-
ing concentration of unlabeled 50 bp pecO containing only
the perfect palindromic sequence.
Selected ligands were dissolved in 0.4 M NaOH. To

analyze the effect of ligands on DNA binding, we used a
binding buffer composed of 0.5 M Tris (pH 8.0). Binding
reactions containing PecS concentrations similar to its
apparent Kd and 0.2 nM 32P-labeled pecOwere challenged
with increasing concentrations of urate, xanthine, hypo-
xanthine, or salicylate. Reactions were incubated for
30 min at room temperature, loaded onto an 8%
acrylamide gel (in 50 mM Tris and 40 mM NaCl), and
subjected to electrophoresis at 7.5 V/cm at 4 °C. Similarly,
complexes between PecSmutants D62S andR69S and pecO
were challenged with increasing concentrations of urate.
Gels were processed and visualized as explained above.
Densitometric data from three independent experiments
were analyzed by nonlinear curve fitting to a two-
component exponential decay.29

DNase I footprinting

The 190 bp PCRproduct forDNAbindingwas usedwith
either a top strand or a bottom strand selectively end
labeled by PCR amplification, using either a 5′-32P-labeled
forward primer or a 5′-32P-labeled reverse primer. The PCR
products were purified by passive elution after elec-
trophoretic separation on an 8% polyacrylamide gel,
followed by phenol–chloroform extraction and ethanol
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precipitation. Binding reactions containing increasing
concentrations of PecS and ∼5 nM pecO were incubated
for 30 min at room temperature (25 °C) in a binding buffer
containing 20 mM Tris (pH 8.0), 50 mM NaCl, 0.06%
BRIJ58, 20 μg/mL BSA, 1.5% glycerol 5 mM MgCl2, and
2.5 mM CaCl2 at room temperature. DNA was digested
with 20 U of DNase I (New England Biolabs) for 30 s, and
the reactions were terminated with an equal volume of
formamide loading dye (80%deionized formamide, 10mM
EDTA, 0.1% bromophenol blue, and 1 mM NaOH). A/G
chemical sequencing ladders of PecO-Fw and PecO-Rv
were generated in accordance with Sambrook and
Russell.50 Samples were heated at 90 °C for 5 min before
being fractionated on an 8% denaturing gel [19:1 acrylam-
ide/bis-acrylamide, 8 M urea, and 1× Tris–borate–EDTA
buffer (pH 8.3)], where the gelwas prerun at∼1.5W/cm to
reach ∼45 °C and run at the same wattage and tempera-
ture. After electrophoresis, the gel was dried at 80 °C under
vacuum and exposed to a phosphor-imaging screen.

DNA binding stoichiometry

Complementary synthetic oligonucleotides spanning
the pseudo-palindromic region on the footprint (excluding
the complete palindrome) were purchased (ψ2pal), puri-
fied by denaturing gel electrophoresis followed by passive
elution, and 5′ 32P end labeled with [γ32P]ATP and T4
polynucleotide kinase. Reactions containing 100 nM
duplexed ψ2pal and increasing concentrations of PecS in
a reaction buffer containing 20 mM Tris (pH 8.0), 50 mM
NaCl, 0.06% BRIJ58, 20 μg/mL BSA, and 1.5% glycerol
were incubated for 0.5 h, followed by electrophoretic
resolution through an 8% polyacrylamide gel in 1× Tris–
acetate–EDTA buffer at 7.5 V/cm. Gels, dried under heat
and vacuum, were exposed to storage phosphor screens
(Molecular Dynamics) and scanned with Storm 840
PhosphorImager (GE Healthcare). Data were plotted as
percent complex versus the ratio of PecS concentration to
ψ2pal concentration. The value of x at the intersection
between tangents to the linear portions of the graph was
calculated algebraically to obtain the stoichiometry of
PecS–ψ2pal interaction upon saturation.

Tryptophan fluorescence measurement

PecS was resuspended in FL buffer [40 mM Tris–HCl
(pH 8.0), 0.2 mM EDTA, 0.1% (wt/vol) BRIJ58, 100 mM
NaCl, and 10 mM MgCl2] to a final concentration of
0.03 mg/mL. Ligands were dissolved in 0.1 M NaOH,
and reactions containing varying ligand concentrations
added from an equal volume in 0.1 M NaOH were
incubated for 5 min before fluorescence was measured.
Emission spectrum was scanned from 300 nm to 360 nm
with an excitation of 295 nm on a Jasco FP-6300
spectrofluorimeter at 25 °C using a 0.5-cm pathlength
cuvette. Correction for inner filter effect, calculation of
fluorescence quenching, and fitting to the Hill equation
were carried out as described previously.26

In vivo response to urate

Overnight culture of A. tumefaciens was diluted 1:100 in
fresh 2× LB [2% (wt/vol) tryptone, 1% (wt/vol) yeast
extract, and 1% (wt/vol) NaCl] and challenged with either
urate or H2O2 at final concentrations of 10 mM and
250 μM, respectively. Cells were harvested by centrifuga-
tion after 30 min, followed by isolation of total RNA with
illustra RNAspin Mini Isolation Kit (GE Healthcare).
cDNA was prepared from 2 μg of total RNA with AMV
reverse transcriptase in accordance with Sambrook and
Russell, and quantitative PCR was carried out with an
Applied Biosystems 7500 Real-Time PCR system.50 pecS,
pecM, and the internal control gene rpoA were amplified
with specific primers using SYBR green I fluorescence as
amplification reporter. Necessary controls and validations
had been carried out before the comparative CT (2−ΔΔCT)
method was applied for data analysis.51
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