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The cAMP Receptor-Like Protein CLP Is a Novel
c-di-GMP Receptor Linking Cell–Cell Signaling to
Virulence Gene Expression in Xanthomonas campestris

Ko-Hsin Chin1,2, Yen-Chung Lee1, Zhi-Le Tu1, Chih-Hua Chen3,
Yi-Hsiung Tseng4, Jinn-Moon Yang5, Robert P. Ryan6, Yvonne McCarthy6,
J. Maxwell Dow6, Andrew H.-J. Wang7 and Shan-Ho Chou1,2⁎

1Institute of Biochemistry,
National Chung-Hsing
University, Taichung 40227,
Taiwan, ROC
2National Chung Hsing
University Biotechnology
Center, National Chung-Hsing
University, Taichung 40227,
Taiwan, ROC
3Institute of Molecular Biology,
National Chung-Hsing University,
Taichung 40227, Taiwan, ROC
4Institute of Microbiology,
Immunology, and Molecular
Medicine, Tzu Chi University,
Hualien 970, Taiwan, ROC
5Institute of Bioinformatics and
Systems Biology, National
Chiao-Tung University,
Hsin-Chu 30010, Taiwan, ROC
6BIOMERIT Research Center,
Department of Microbiology,
BioSciences Institute, University
College Cork, Cork, Ireland
7Institute of Biological Chemistry,
Academia Sinica, Nankang 115,
Taipei, Taiwan, ROC

Received 6 October 2009;
received in revised form
23 November 2009;
accepted 24 November 2009
Available online
18 December 2009
*Corresponding author. Institute of
E-mail address: shchou@nchu.edu.t
Abbreviations used: c-di-GMP, [b

Campestris; DSF, diffusible signal fac
SPR, surface plasmon resonance; IT

0022-2836/$ - see front matter © 2009 E
Cyclic-di-GMP [bis-(3′-5′)-cyclic diguanosine monophosphate] controls a
wide range of functions in eubacteria, yet little is known about the
underlying regulatory mechanisms. In the plant pathogen Xanthomonas
campestris, expression of a subset of virulence genes is regulated by c-di-
GMP and also by the CAP (catabolite activation protein)-like protein
XcCLP, a global regulator in the CRP/FNR superfamily. Here, we report
structural and functional insights into the interplay between XcCLP and c-
di-GMP in regulation of gene expression. XcCLP bound target promoter
DNA with submicromolar affinity in the absence of any ligand. This DNA-
binding capability was abrogated by c-di-GMP, which bound to XcCLP
with micromolar affinity. The crystal structure of XcCLP showed that the
protein adopted an intrinsically active conformation for DNA binding.
Alteration of residues of XcCLP implicated in c-di-GMP binding through
modeling studies caused a substantial reduction in binding affinity for the
nucleotide and rendered DNA binding by these variant proteins insensitive
to inhibition by c-di-GMP. Together, these findings reveal the structural
mechanism behind a novel class of c-di-GMP effector proteins in the CRP/
FNR superfamily and indicate that XcCLP regulates bacterial virulence
gene expression in a manner negatively controlled by the c-di-GMP
concentrations.
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Introduction

Cyclic-di-GMP [bis-(3′-5′)-cyclic diguanosine
monophosphate] is an important novel secondary
messenger involved in modulating a variety of
biological activities in eubacteria.1–4 In the plant
pathogen Xanthomonas campestris pv. campestris
(Xcc), c-di-GMP is implicated as a second messenger
controlling expression of pathogenicity genes in
response to the extracellular diffusible signal factor
DSF.5–8 DSF signal transduction involves the hybrid
sensor kinase RpfC and the response regulator
RpfG. DSF perception by RpfC is believed to lead
to its autophosphorylation and subsequent phos-
phorelay to RpfG. RpfG is unique in that it contains
no DNA-binding domain, but an HD-GYP domain
that exhibits phosphodiesterase activity capable of
degrading c-di-GMP to GMP.6,7,9–13 Phosphoryla-
tion is thought to activate RpfG for c-di-GMP
degradation. In this way, RpfC/RpfG link percep-
tion of the cell–cell signal DSF to alteration in the
cellular level of c-di-GMP. What is not clear,
however, is how alteration in c-di-GMP levels is
coupled to the downstream pathogenicity gene
expression that is under DSF control.
Recently, a number of studies have strongly

suggested that XcCLP, a global transcriptional
regulator with an N-terminal β-barrel domain and
a C-terminal DNA-binding domain, plays a key role
in the DSF-mediated regulatory pathways in
Xcc.9,14,15 Although XcCLP was originally named
due to its high sequence similarity with the well-
known catabolite activation protein (CAP, also
known as CRP due to its function as a cAMP
receptor protein),16–19 it does exhibit functions that
differ considerably from those ofEcCRP; knockout of
this protein in Xcc does not affect the utilization of
some carbon sources, but significantly alters the
expression profile of a number of pathogenicity
factors such as exopolysaccharide, extracellular
cellulase, and polygalacturonate lyase.16,20–23 These
data together with more recent transcriptome
profiling analysis reveal that XcCLP regulates ex-
pression of a subset of genes of the Rpf/DSF regulon.
The mechanistic link between XcRpfG and XcCLP
in pathogenicity gene regulation has, however, re-
mained obscure.9,14,24
In this article, we report the crystal structure of

XcCLP determined by X-ray crystallography and
show that it belongs to the CRP/FNR super-
family.25,26 We also show that XcCLP is unique in
this superfamily because it is intrinsically adapted
for DNA binding without the need for any ligand.
Furthermore, XcCLP is found to be released from
DNA binding when incubated with c-di-GMP in
competition electrophoretic mobility shift assay
(EMSA) and surface plasmon resonance (SPR)
assay, indicating that c-di-GMP acts as a negative
regulator for downstream pathogenic gene expres-
sion via changing XcCLP conformation. XcCLP was
also shown to directly bind c-di-GMP with a KD of
approximately 3.5 μM by an isothermal titration
calorimetry (ITC) experiment. XcCLP is thus likely
to be one of the long sought-after c-di-GMP receptor
proteins in the DSF-mediated pathways.2,15 It may
serve as a checkpoint for controlling expression of
virulence factors in response to extracellular signals
such as DSF or intracellular conditions that act to
modulate the cellular level of c-di-GMP.
Results

Preparation and characterization of native and
variant XcCLPs

Figure 1a shows the sequence and structural
alignment between XcCLP and EcCRP. Although
these two proteins bear considerable sequence
identity (∼44%), some crucial residues have been
altered. These residues are highlighted in pink, blue,
and orange, and the significant conformational
changes triggered by these residues are described
in detail in the following sections. When expressed
in Escherichia coli, XcCLP was found to be difficult to
dissolve. A higher salt concentration of 250 mM
NaCl and 100mMLiCl in 20 mMTris (pH 8.0) buffer
is necessary to increase the solubility up to 10 mg/
ml. The active form of XcCLP was confirmed by
using an EMSA experiment (Fig. 1b). Previously, we
have shown that the engA promoter upstream
region contains two XcCLP-binding sites (designat-
ed sites I and II).22 We thus used this DNA fragment
as a probe for the EMSA analysis. As shown in
Fig. 1b, an apparent DNA–protein complex was
detected for XcCLP (lane 2), which migrated at a
slower rate than the control probe (lane 1). Further-
more, the amount of complexes increases from 4 to
8 μM per reaction (lane 2 versus lane 3) of XcCLP.
The binding affinity of XcCLP for the engA promoter
DNA was also quantitated by an SPR method as
shown in Fig. 1c. A dissociation constant (KD) of
approximately 14 nM at low salt buffer or 0.36 μMat
high salt buffer (Table 1) was obtained when these
curves were fitted using the BIAevaluation software
supplied by the vendor. The value obtained at low
salt buffer is close to the KD value estimated from a
wild-type XcCLP concentration-dependent EMSA
experiment carried out before in our laboratory.22 In
addition to native XcCLP, we also prepared a series
of variants with single, double, and triple alanine
substitutions to confirm the roles played by specific
residues in DNA and c-di-GMP binding using ITC
and SPR assays.

Global structure of XcCLP

Using the new solubility condition described
above, we were finally able to grow the XcCLP
crystals that diffracted to a resolution of 2.28 Å.
They were found to belong to the monoclinic space
group P21, with unit cell parameters of a= 67.687 Å,
b=67.694 Å, and c=110.372 Å, β=104.20°. Two
dimers with a molecular mass of approximately
52 kDa are present per asymmetric unit with a



Fig. 1. Characterization of the XcCLP protein. (a) A structure-based sequence alignment of XcCLP and EcCRP. The
secondary structural elements of XcCLP are schematically shown above the alignment, with α-helices rendered as green
cylinders and β-strands as blue arrows. Identical residues are shown in red. Residues participating in unique H-bonds or
salt bridges for stabilizing the intrinsically active DNA-binding conformation for sites A, B, and C of XcCLP are
highlighted in red, blue, and orange, respectively. Residues forming salt bridges with c-di-GMP from a model study are
highlighted in green. Residues located in helix αF and participating in DNA-binding in EcCRP are marked with red dots,
while those participating in binding the C-terminal peptide of RNA polymerase are marked with blue dots. (b) Binding of
XcCLP to engA promoter at two different CLP concentrations of 4 μM (lane 2) and 8 μM (lane 3), respectively. (c) Binding
curves of SPR experiment at different concentrations of XcCLP using a biotin-labeled engA promoter DNA-coated chip.
(d) The global structure of XcCLP dimer. One subunit was colored red, while another was colored blue. The secondary
structures of α-helices are rendered as cylinders and sequentially marked by letters (left-hand subunit), while β-strands
are rendered as curved arrows and sequentially marked by numbers (right-hand subunit). The N- and C-termini of the
right subunit are also labeled with green N and C letters, respectively.
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Table 1. Binding affinities of native and mutant CLPs
with promoter DNA determined by SPR under low salt
and high salt buffer conditions

Low salta High saltb

KD (M)c Fold KD (M)c Foldd

Native CLP 1.40E-08 1.0 3.62E-07 25.8
K173A/E174A/E176A 1.56E-08 1.1 4.19E-7 26.9
E99A 4.45E-07 31.8 ND
R150A 1.96E-07 14.0 ND
E99A/R150A 5.72E-06 408.6 ND
R195A 3.60E-07 25.8 ND
D162A 1.75E-07 12.5 ND
V165A 2.35E-07 16.8 ND
D70A 2.80E-08 2.0 ND
R154A 1.90E-08 1.4 ND
R166A 2.56E-08 1.8 ND
D170A 1.70E-08 1.2 ND
R166A/D170A 2.52E-08 1.8 ND

ND, non-determined.
a Low-salt buffer: 80 mM NaCl, 20 mM Tris (pH 8.0), and

20 mM LiCl.
b High-salt buffer: 250 mM NaCl, 20 mM Tris (pH 8.0), and

100 mM LiCl.
c Average values from three separate runs.
d The ratio between high salt and low salt KD values.
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solvent content of 49.25%. Since sequence identity
between the XcCLP and EcCRP proteins is rather
high (∼44%), we used the EcCRP structure in the
EcRCP–DNA–cAMP complex [Protein Data Bank
(PDB) code 2CGP] as the template to determine the
protein phases by a molecular replacement method-
ology.27,28 The final result indicates that the apo
XcCLP structure is roughly similar to the EcCRP
structure in the EcCRP–cAMP–DNA complex,18

even when XcCLP was crystallized in the absence
of either cAMP or DNA. The electron density map
was rather clear (see Supplementary Fig. S1) and the
model could be well fit throughout the sequence
except for the first 21 N-terminal residues, the last
Arg residue, and a few loop residues, such as K173,
E174, and E176, the side chains of which remain
invisible even after repeated iterative refinement,
possibly due to the higher flexibility in this region.
XcCLP is found to adopt a dimeric structure similar
to the other members in the CRP/FNR super-
family,26 comprising an N-terminal domain (resi-
dues 21–127) and a C-terminal DNA-binding
domain (residues 158–230) linked by a dimerization
domain consisting of a long α-helix (residues 128–
157) (Fig. 1d). The N-terminal domain is a classical
eight-stranded antiparallel β-barrel (β1–β8) flanked
by two α-helices (αA and αB). The C-terminal
Fig. 2. XcCLP adopts an intrinsically active DNA-bindin
binding domains of XcCLP (red) and EcCRP–cAMP (blue) in ri
αF, and β-strands β9–β12 is obvious from this figure (indica
global structure of EcCRP and (c) the corresponding XcCLP st
structures ofXcCLP and EcCRP–cAMP. The left subunits A of b
of XcCLP is shown in red and that of EcCRP in blue. The cAM
interaction sites (sites A, B, and C) important for maintaining an
red, blue, and orange and are enlarged as close-ups in Fig. 3a
for c-di-GMP binding was circled in green (site D) and expan
domain consists of three α-helices (αD–αF) and
four antiparallel β-strands (β9–β12), with the two α-
helices, αE (residues 191–197) and αF (201–213), and
the connecting loop, αE–αF (198–200), constituting
the well-known helix–turn–helix (HTH) motif as
also observed in many other DNA-binding proteins
(Fig. 1d). However, some notable differences be-
tween the XcCLP and EcCRP structures are evident.
The most prominent one is that XcCLP forms a
mainly symmetrical dimer, with each subunit
adopting a closed form suitable for DNA binding
(Fig. 1d); no molecule other than XcCLP and water
was detected in the electron map. This is in marked
contrast to EcCRP,19,29 which adopts a dimer of
nonsymmetrical nature, with one subunit adopting
an open form and another a closed form, even when
it was crystallized in the presence of cAMP. It only
formed a symmetrical dimer when crystallized in
the presence of both cAMP and cognate DNA.18

The structural difference between the XcCLP and
the EcCRP–cAMP complex is most obvious in the C-
terminal DNA-binding domain, which was depicted
in the superimposition figure of Fig. 2a. As clearly
shown in the figure, when superimposition was
carried out based on the A subunits, the conforma-
tions of the DNA-binding domains of the B subunits
experience a considerable shifting; the DNA con-
tacting helix αF of XcCLP (colored red) was shifted
rightward, with the whole C-terminal domain
shifted downward toward the N-terminal domain
compared to those of EcCRP (indicated by cyan
arrows in Fig. 2a). These movements decrease the
gap between the N- and C-terminal domains, which
is characteristic of a closed and active form of the
EcCRP–cAMP complex. It is intriguing to observe
that the apo form of XcCLP can assume an intrin-
sically active DNA-bound conformation without the
need for conformational changes induced by an
effector ligand bound to the N-terminal domain,
which is the case for all other CRP/FNR superfamily
proteins described so far.26 Previous structural and
functional studies have clearly shown that the DNA-
binding activity of EcCRP is greatly facilitated by
conformational change associated with cAMP bind-
ing within the nucleotide-binding pocket located in
the N-terminal β-barrel domain. The conformational
change is then transmitted through the helical
dimerization domain, the hinge region, and finally
to the C-terminal HTH motif (colored by dotted
orange lines and a curved yellow arrow in Fig. 2b).30

How does apoXcCLP form a similar active structure
in the absence of cAMP induction? Through detailed
g comformation. (a) Superimposition between the DNA-
bbon representation. The significant shifting of helices αD,
ted by green arrows). Cartoon representations of (b) the
ructure. (d) Line drawing of the superimposition of global
oth structures are shown in gray, while the right subunit B
Ps in EcCRP are shown in stick representation. The three
active DNA-bound conformation forXcCLP are circled in

–c, respectively. The modeled region putatively important
ded in Fig. 5.



Fig. 2 (legend on previous page)
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Fig. 3. Close-up of important interaction sites of XcCLP compared to those in EcCRP–cAMP. (a) Site A, (b) site B, and
(c) site C. Residues participating in specific interactions are drawn in stick representation, with nitrogen atoms colored
blue, oxygen atoms red, and carbon atoms green for XcCLP and gray for EcCRP. The carbon atoms of cAMP for EcCRP
are colored pink. Residues are labeled in blue letters for EcCRP and in green letters for XcCLP. Residues from opposing
subunits are further labeled with a prime. H-bonds or salt bridges are marked with dotted lines, while hydrophobic
interactions in (c) are marked with thicker dotted gray lines. Side chains experiencing crucial rotations are indicated by
curved yellow arrows, and domain shifting is indicated by orange arrows.
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structural studies, we have identified three unique
locations (sites A, B, and C) in apo XcCLP that
appear to be crucial in carrying out this structural
communication pathway. These regions are shown
as red, blue, and orange circles in Fig. 2d, and
interactions between these regions are shown in
cartoon representation in Fig. 2c and annotated by a
dotted red line, a dotted blue line, and a dotted
orange line, respectively. The extensive molecular
interactions in these locations are further shown
expanded in Fig. 3a–c for closer examination. While
site A represents the region experiencing conforma-
tional changes due to alteration of residues affecting
interaction between the N-terminal cyclic nucleotide
binding domain and the dimerization helical (αC)
domains, site B represents those residue changes
affecting interaction between the N-terminal and the
C-terminal DNA-binding domains, and site C
represents those residue changes affecting interac-
tion between the dimerization domain and the
DNA-binding domain. Altogether, we believe that
these structural changes culminate in rearrangement
of the XcCLP HTH motif, allowing it to adopt a
proper conformation suitable for target DNA
binding.

Close-up of site A region

Figure 3a shows the stereo superimposition of the
effector binding motifs in the XcCLP and EcCRP–
cAMP structures. In this region, most of the residues
are similar and their backbones well superimposed,
except for the two crucial residues, S84 and E130′
(primed residues are from the neighboring subunit)
in EcCRP, corresponding to E99 and R150′ in
XcCLP, respectively. The results of these two muta-
tions have, however, elicited dramatic change in the
side chains of these two residues (indicated by
curved yellow arrows in Fig. 3a, with the electron
density of the XcCLP site A depicted in Supplemen-
tary Fig. S1a) and associated changes in the
capability of XcCLP to bind cAMP. This is consistent
with the previous report that cAMP exhibited no
effect on the growth of X. campestris and binding of
cAMP to XcCLP was very weak (Ka ∼15 mM).16

Previous data have shown that S84 residue is the
most crucial residue in positioning the cAMP ligand
in EcCRP.19 It forms a direct H-bond with the O1P
atom of cAMP and an indirect H-bond with the N7
atom of cAMP through a bridging water molecule,
which also forms a H-bond with the side-chain atom
of S129′ from helix αC′ of the dimerization domain.
The O1P atom further forms a H-bond with the
backbone N atom of R83. Thus, the single key
residue S84 alone positions the cAMP effector in the
EcCRP–cAMP complex structure through five direct
or indirect H-bonds (indicated by red dotted lines in
Fig. 3a). However, in XcCLP, the corresponding
residue is a larger and negatively charged residue,
E99. Also, the corresponding residue of the nearby
negatively charged E130′ in EcCRP is positively
charged (R150′) in XcCLP. The alternative interac-
tion between the S84–S129′ pair in EcCRP and the
E99–E130′ pair in XcCLP seems to dramatically
change the local environment of the cAMP binding
pocket, accounting for the abolishment of the cAMP-
binding capability of XcCLP. This effect is due to the
flipping of the E99 side chain away from the ligand
binding site (indicated by a curved yellow arrow in
Fig. 3a) and the rotation of the side chain of R150′
toward E99, allowing these two nearby residues to
form a new salt bridge. Besides, a water molecule
was found to bridge the side chains of R150′ and E99
by forming two H-bonds with the R150′Nɛ and the
E99Oɛ1 atoms, respectively (see Fig. 3 and Supple-
mentary Fig. S1). The mutation of S84 to E99 in the
cyclic nucleotide binding pocket removes a key
functional group and causes structural changes that
lead to a loss of all five H-bonds present in the
EcCRP protein. This can account for the very weak
binding of cAMP within this pocket. Since it is
generally believed that cAMP binding to residue
T128 in the helix αC and to residue S129′ in the helix
αC′ is essential for transmitting the conformational
changes emanating from the nucleotide-binding
domain to the dimerization domain in EcCRP,19
the absence of effector binding in XcCLP seems to be
partially compensated for by the formation of the
new E99–H2O–R150′ salt bridge–H-bond network,
which possibly achieves the similar transmission
effect through residue R150′ located in helix αC′.

Close-up of site B region

Site B seems to control the dimension of the gap
between the N-terminal and the C-terminal domains
of XcCLP within the same subunit. In this site,
although only one corresponding residue is changed
(Q175 to R195), this mutation nevertheless exerts
considerable effect on reducing this gap dimension.
As shown in Fig. 3b, alteration of this single residue
from Q175 in EcCRP to R195 in XcCLP has caused
the flipping of residue E192 in XcCLP to form a salt
bridge with the altered residue R195. The flipped
residue E192 is found to further form a H-bond with
residue Y79 located at the β5 strand in the N-
terminal domain (the electron density of XcCLP site
B is depicted in Supplementary Fig. S1b). As a result,
the gap dimension between the N-terminal and the
C-terminal domains is now considerably reduced by
approximately 6 Å to form a closed conformation
(marked by a down orange arrow in Fig. 3b and
circled blue in Fig. 2d).

Close-up of site C region

Site C is possibly the most crucial region in
positioning the DNA-contacting HTH domain im-
plicated in DNA binding. This also involves the
hinge region that has been extensively investigated
previously and found to confer EcCRP* mutants the
constitutive DNA-binding activity.30,31 According to
previous results, amino acid residues 139 (located
within the hinge region) and 142 (located in the αD
helix adjacent to the hinge) in EcCRP* need to be
polar to achieve the cAMP-independent transcrip-



653CLP, c-di-GMP, and Virulence Gene Expression in Xcc
tion by EcCRP, suggesting the requirement for αC
and αD helices to come together.31 As a result, the
αF helix is released from the αD helix to interact
with DNA. Furthermore, it was found that residue
145 in the αD helix of EcCRP* is crucial in interacting
with the αF helix, and replacement of this residue
by an amino acid with a bulky side chain, regardless
of its nature, results in cAMP-independent DNA
binding.31 These two requirements are both fulfilled
in the current XcCLP sequence, as shown in Figs. 1a
and 3c. The corresponding residue G142 of EcCRP is
indeed an asparate (D162) in XcCLP, which forms
two H-bonds with the side-chain atoms of residue
D159 (marked by dotted red lines in Fig. 3c) to draw
near the αC and αD helices. In addition, the cor-
responding residue A145 in the αD helix of EcCRP is
also changed to a rather bulky and hydrophobic
residue (V165 in XcCLP) to push and orient the αF
helix for better DNA interaction (the electron
density of XcCLP site C is depicted in Supplemen-
tary Fig. S1c).
Thus, although XcCLP shares a considerable

sequence similarity with EcCRP (∼44%), and adopts
a similar global structure, some subtle structural
differences do exist due to the amino acid alterations
at several crucial positions described above. These
differences allow XcCLP to adopt an intrinsically
active DNA-bound conformation without the need
of any ligand induction as has been described for
related variants of EcCRP*.30 This contention is
strongly supported by the good superimposition
between the apo XcCLP structure and the cAMP-
induced EcCRP structure in the EcCRP–DNA
complex (see Supplementary Fig. S2) and by the
extensive SPR studies on variant XcCLP proteins
described below.

SPR studies confirm that E99, R150, R195, D162,
and V165 residues are critical for XcCLP binding
to promoter DNA

As outlined above, the X-ray crystal structure of
XcCLP indicates that the residues E99, R150, R195,
D162, and V165 are essential for the intrinsic
capability of XcCLP to bind promoter DNA. The
role of these residues in DNA bindingwas examined
directly by SPR experiments using variant XcCLP
proteins with alanine substitutions at these posi-
tions. As shown in Table 1 and Supplementary
Fig. S3, XcCLP variants E99A, R150A, R195A,
D162A, and V165A bound promoter DNA less
strongly than did the native protein, with KD values
Fig. 4. Interaction of XcCLP with promoter DNA by compe
DNA complex and interaction of XcCLP with c-di-GMP by I
current EMSA experiments. Positions of the probes are numbe
gene. (b) Competitive EMSA experiments in the absence (indica
c-di-GMP indicated above the figures using probes a, b, and
experiments using increasing amounts of c-di-GMP. (d) ITC: X
binding buffer at 25°C. The power necessary to maintain
(microcalories per second), corresponding to the heat released
of c-di-GMP (left) and integrated over time to obtain a plot of
ranging from 13- to 32-fold higher than for the
native XcCLP. The E99A/R150A double variant had
a KD that is approximately 400-fold higher than that
of the native protein, indicating the potential
cumulative influence of the identified residues for
promoter DNA binding. In contrast, alanine sub-
stitutions of residues not predicted to be involved in
DNA binding (including D70A, R154A, R166A,
D170A, R166A/D170A double substitution, and
the K173A/E174A/E176A triple substitution) had
little or no effect on KD values, which differ only
by 1.2- to 2.0-fold from that of the native protein
(Table 1). These SPR studies confirm the importance
of the residues revealed from crystal structure for
the intrinsic DNA-binding capability of XcCLP.

c-di-GMP directly binds XcCLP

Deletion of the rpfG gene in Xcc leads to elevated
cellular levels of c-di-GMP32 and coordinates down-
regulation of expression of a number of pathogenic-
ity genes, some of which are positively regulated by
XcCLP.14,15 On the basis that XcCLP adopts an
intrinsically active conformation for DNA binding,
we hypothesized that c-di-GMP binds XcCLP and
negatively influences the transcriptional capability
of XcCLP, thus linking c-di-GMP level with patho-
genicity gene expression.
To test this scenario, we carried out a competition

EMSA experiment, incubating the XcCLP–DNA
complex mixture with different amounts of c-di-
GMP to see if c-di-GMP is able to affect XcCLP
binding to DNA. The results are shown in Fig. 4.
First, three different DNA probes containing both
site I and site II promoter sequences (probe a),
containing only a single site II promoter sequence
(probe b), and containing no promoter sequence
(probe c), were designed.22 The probe is used as a
control because it contains no promoter sequence
for efficient XcCLP binding. This is shown in lane c
of Fig. 4b, in which no XcCLP–DNA complex is
observed even when XcCLP is present at an
amount of 1000 ng. However, both probe a and
probe b bind XcCLP (the position of the XcCLP–
DNA complex is marked by gray arrows in Fig. 4b
and c). The binding is stronger for probe a because
it contains a tandem set of two promoter binding
regions. XcCLP can be dissociated from both
XcCLP–probe a and XcCLP–probe b complexes
when 10 μM c-di-GMP is present in the mixture. In
Fig. 4c, different amounts of c-di-GMP are applied
to the (more stable) XcCLP–probe a complex to
titive EMSA experiments of c-di-GMP against the XcCLP–
TC experiment. (a) PCR fragments used as probes in the
red relative to the translation initiation site of the Xcc engA
ted by a bar) or the presence of various amounts of CLP or
c. Probe c was used as a control. (c) Competitive EMSA
cCLP (25 μM) was titrated with c-di-GMP (0.375 mM) in
a constant temperature during the titration experiment
upon binding, was measured over a series of 13 injections
enthalpy versus ligand–protein molar ratio (right).
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assay the efficiency of c-di-GMP inhibition of DNA
binding. It is clear that at 20 μM, c-di-GMP is able
to almost completely inhibit XcCLP from binding
Fig. 4 (legend on
DNA probe a. This competitive EMSA experiment
strongly suggests that c-di-GMP is able to bind
XcCLP to relieve it from binding cognate DNA
previous page)
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promoter and hence inactivate the downstream
pathogenicity gene expression.
The inhibitory effect of c-di-GMP on XcCLP

binding to promoter DNA could be potentially
exerted through binding of the nucleotide to
promoter DNA, perhaps causing duplex distortion,
or to XcCLP. These possibilities were tested exper-
imentally. SPR has been found to be sensitive
enough to detect binding to double-stranded DNA
for drugs with molecular mass as small as 300 Da.33

Nevertheless, in SPR experiments in which solutions
of c-di-GMP (690 Da) were passed over a promoter
DNA chip, no binding of c-di-GMP to DNA was
detected. On the contrary, XcCLP was found to bind
c-di-GMP in an ITC experiment. XcCLP (200 μl of
25 μM solution at high salt buffer) was titrated with
an injectant solution of 0.375 mM c-di-GMP at high
salt buffer (3 μl each time) at 25°C and the heat
released upon binding was measured by integration
of power over a range of ligand concentrations (left,
Fig. 4d). The fitting of the binding isotherm data
(plotted as specific binding enthalpy versus recep-
tor/ligand molar ratios) suggests a modest affinity
(KD= 3.5 μM; Table 2) and a 1:1 stoichiometry
binding of c-di-GMP with XcCLP (right, Fig. 4d).
This binding affinity is within the range of physio-
logical c-di-GMP levels in proteobacterial species34

and is similar to the binding affinity in other known
c-di-GMP receptors.35 For example, affinities of
0.1 μM and 5.2–8.4 μM have been reported for the
PilZ domain c-di-GMP sensors PlzD36 and Alg44,37

and affinities of 1.0 μM and 15–25 μM for the PelD38

and FleQ transcription factor,34 respectively. How-
ever, it should be noted that the ITC experiment of
XcCLP binding with c-di-GMP had to be carried out
under high salt buffer, which may increase the KD
value due to the higher dielectric constant compared
to that of low salt buffer.

Molecular modeling of XcCLP–c-di-GMP
complex

After proving that c-di-GMP is able to directly bind
with XcCLP and that this results in its dissociation
from DNA, we further carried out an extensive
docking study to identify potential c-di-GMP bind-
ing sites in XcCLP. Interestingly, most of the docked
c-di-GMP turn out to be residing in a local positively
Table 2. Binding affinities of native and mutant CLPs
with c-di-GMP determined by ITC under high salt buffer

KD (M) Fold
△H

(cal/mol)
△S (cal/mol
per degree)

Native CLP 3.5E-6 1 −1.4E3 20.7
K173A/E174A/E176A 3.8E-6 1 −1.35E3 18.5
D70A 9.5E-5 27 −1.5E4 −15.8
R154A 3.0E-5 8 −2.5E4 −63.5
R166A 4.0E-5 11 −1.86E4 −40
D170A 3.8E-5 11 −1.92E4 −44
R166A/D170A 8.8E-5 25 −2.48E4 −64

High-salt buffer: 250 mMNaCl, 20 mMTris (pH 8.0), and 100 mM
LiCl.
charged space between the bottom of helix αC and
the top of helix αD (Fig. 5a), a region that has been
demonstrated to exert the most prominent effect on
theDNA-binding strength ofEcCRP.31 In the docked
model, c-di-GMP binds in a cis configuration, with
both guanine bases oriented parallel with each other
(Fig. 5b).36 The top guanine base forms three specific
H-bonds (between the side-chain carboxylate of D70′
and the N1 and N2 atoms of guanine base, and
between the side-chain guanido HN of R166 and the
O6 of guanine base), while the bottom guanine base
forms one specificH-bond (between backboneHNof
R154 and O6 of guanine base) with XcCLP,
respectively. Another key c-di-GMP recognition
motif involves residues R150 and R154 from helix
αC. The side chain of R154 is found to be extended
and interdigitated between the two guanine bases,
with one of its guanido HNs forming a H-bond with
the c-di-GMP phosphate oxygen atom.36 The side
chain of R150 is also found to be extended and forms
a salt bridge with the second c-di-GMP phosphate
oxygen atom (Fig. 5b). The positively charged
guanidine group of R154 is able to make a π−π
interaction with the six-member ring of the lower
guanine base, which is stacked below by the
extended side chain of K151 (Fig. 5b). Similarly, the
side chain of H169 is also found to be situated in
hydrophobic interaction distance to the five-member
ring of the upper guanine base. The c-di-GMP is thus
stably wedged in the docked space, forming seven
specific H-bonds and a variety of hydrophobic
interactions with XcCLP. More importantly, c-di-
GMP binding also seems to stabilize the core
conformation of XcCLP by forming four extra
specific salt bridges between the side-chain atoms
of D70′ and R166 and the side-chain atoms of R154
and D170 (Fig. 5b) from this modeling result.

Binding analyses using variant proteins with
alanine substitutions for key residues support
the model for c-di-GMP binding to XcCLP

The importance of XcCLP residues that putatively
interact with c-di-GMP as revealed from modeling
studies was examined experimentally. The binding
of c-di-GMP with XcCLP variants D70A, R154A,
R166A, D170A, and R166A/D170A was measured
by ITC. The results (Table 2) indicated the affinity of
all these variant proteins was reduced by between 8-
and 27-fold, although more drastic reduction in
affinity for the R166A/D170A double mutant is ex-
pected. In contrast, c-di-GMP binding to the XcCLP
triple variant (K173A/E174A/E176A), which has
alterations in residues not involved in c-di-GMP
binding as revealed from the modeled complex, was
unaltered.
The importance of binding of c-di-GMP by these

residues to the inhibition of XcCLP binding to
promoter DNA was also addressed by competition
SPR experiments. For these experiments, native
XcCLP and variants (0.4 μM) alone or in the pre-
sence of increasing concentrations of c-di-GMP (0,
0.1, 0.2, 0.4, 0.8, and 2 μM) were applied to a



Fig. 5. Docked model of c-di-GMP–XcCLP complex. (a) XcCLP dimer drawn in electrostatic surface (positive, blue,
and negative, red), with the c-di-GMP molecule drawn in van der Waals (nitrogen atoms in blue, oxygen atoms in red,
and carbon atoms in green). The docked region is circled in yellow and expanded in a close-up at right. Specific H-bonds
between c-di-GMP and XcCLP are indicated by yellow dotted lines. (b) Specific interactions between c-di-GMP and
XcCLP drawn in cartoon representation. Residues participating in these interactions are drawn as sticks, with H-bonds or
salt bridges shown as dotted red lines. (c) Superimposition between the DNA-binding domains of apoXcCLP (cartoons in
red) and the XcCLP–c-di-GMP complex (cartoons in blue). Carbon atoms of the apo XcCLP are colored pink, while those
in the c-di-GMP–XcCLP are colored gray. Binding of c-di-GMP seems to change the conformation of XcCLP to an inactive
open form (blue) compared to the active closed form (red) of apo XcCLP (indicated by curved cyan arrows).
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promoter DNA chip. As shown in Supplementary
Fig. S4, an IC50 value of approximately 0.2 μM was
obtained for both the native XcCLP and the K173A/
E174A/E176A triple variant, indicating that the
residues not participating in c-di-GMP binding do
not influence the competition. However, although
XcCLP D70A, R154A, R166A, D170A, and R166A/
D170A variants all bind promoter DNA with
affinities that are very similar to that of the native
protein, this binding was not sensitive to the
presence of c-di-GMP even at 2 μM (Supplementary
Fig. S4). These competition SPR results thus gave
further support for the importance of D70, R154,
R166, and D170 residues in binding c-di-GMP.

Binding of c-di-GMP may affect helix αD of
XcCLP to inactivate DNA binding

Contrary to the case of EcCRP, in which the
binding of cAMP was found to induce the structural
rearrangements to a closed form required for DNA-
binding,30 binding of c-di-GMP appears to trigger
the intrinsically active XcCLP conformation into an
open form or inactive state, hence abolishing its
DNA-binding ability. This effect is best shown in the
superimposition figure of the HTH motifs between
the apo XcCLP (colored orange) and the modeled
XcCLP–c-di-GMP complex (colored blue, Fig. 5c). It
is likely that c-di-GMP binds in the space between
helices αC and αD, pushing upward several crucial
residues such as R166 and D170 located in the helix
αD. The most important one to be affected is
probably residue V165, which is also located in
helix αD and found to interact strongly with residue
L211 located in the DNA-contacting helix αF.31 The
upper movements of residue V165 will thus push
upward the DNA-contacting helix αF, resulting in
an open and inactive conformation for XcCLP
(annotated by curved cyan arrows in Fig. 5c, see
also the region circled in green in Fig. 2a), and
explaining the inactivation of DNA binding of
XcCLP triggered by c-di-GMP binding.
Discussion

Transcriptional regulators belonging to the CRP/
FNR superfamily are generally activated by a small
effector such as cAMP, O2, or others.

26 Here we have
described the structural basis for the binding of
promoter DNA by XcCLP, which unusually occurs
in the absence of any ligand. Furthermore we have
addressed the molecular basis of the influence of c-di-
GMP in inhibition of DNA binding by XcCLP. The
findings provide a mechanistic link between cell–cell
signaling involving the Rpf–DSF system,which acts to
modulate cellular levels of c-di-GMP,32 and regulation
of expression of particular virulence genes. More
importantly, the appreciation that a member of the
CRP family of proteins responds to c-di-GMP as a
ligand expands the range of c-di-GMP plain effector
proteins identified in bacterial cells beyond those
alreadyknown,which include thePelD regulator from
P. aeruginosa,38 FleQ regulator from P. aeruginosa,34

and various proteins with a PilZ domain.35–37
The requirements to switch a cAMP-dependent

CRP to a cAMP-independent CRP* variant have
been well fulfilled in the native XcCLP sequence that
forms a stable tertiary structure intrinsically adapted
for cognate promoter DNA binding. Variations that
lead to the cAMP-independent transcription by
EcCRP*, such as changes of residues 139 (located
within the hinge region) and 142 (located in the αD
helix adjacent to the hinge) to polar residues,31 are
observed in our native XcCRP crystal structure as
shown in Fig. 3c. In addition, the requirement for a
bulky residue at position 145 of the αD helix of
EcCRP* is also satisfied by V165 in XcCLP.31

Furthermore, the proposed unique domain–domain
interactions between residue Y64 in the β5 strand
and residue E172 in the αD helix that can contribute
to the EcCRP* stability30 is also well reflected in our
crystal structure (Fig. 3b). However, in XcCRP, it is
R195 (corresponding to residue Q175 in EcCRP) that
causes rotation of the side chain of residue E192
(which corresponds to residue E172 in EcCRP). The
two side-chain oxygen atoms of E192 then connect
the DNA binding domain with the N-terminal
domain by forming two H-bonds with R195 located
at the αD helix and with Y79 located at the β5
strand, respectively. Recently, a G145S variant of
PrfA, the key virulence regulator from the Gram-
positive bacterium Listeria monocytogenes, has been
found to exhibit better DNA-binding affinity
through the stabilization of the HTH motif.39 The
G145S mutant of this constitutively active PrfA
protein is akin to the A145T mutant of EcCRP. Both
mutations are located in helix αD, with a similar
activation mechanism. This is also the case for
XcCLP, with the similar position being altered to
another bulky V165 residue as described above.
Cyclic-di-GMP seems to be less effective in binding

XcCLP (KD= 3.5×10− 6, Table 2) than binding
promoter DNA (KD= 1.4×10−8, Table 1), and one
may wonder whether c-di-GMP is effective enough
to compete with promoter DNA for XcCLP binding.
However, it is important to note that these two
binding affinities were measured by different bio-
physical methods under different salt concentra-
tions. Cyclic-di-GMP–XcCLP binding wasmeasured
using ITC200 that requires a higher stock XcCLP
concentration (25 μM) and hence a higher salt
concentration to dissolve it. Instead, c-di-GMP–
DNA binding wasmeasured using SPR that requires
only a lower XcCLP concentration (2 μM) and hence
a lower salt concentration. When the XcCLP binding
and the K173A/E174A/E176A triple mutant bind-
ing with promoter DNA were carried out under
similar high salt buffer, it was found that their KD
values do increase by approximately 26-fold (Table
1), reflecting the increasing dielectric constants of the
higher salt buffer to shield the binding strength
between two charged molecules. In fact, when the
competition SPR experiments were carried out at
the same low salt concentration, we found that
c-di-GMP is indeed able to compete efficiently with
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promoter DNA for binding XcCLP with an IC50 of
approximately 0.2 μM (Supplementary Fig. S4).
Together, the docking analysis and the experi-

mental findings indicate that D70, R154, R166, and
D170 of XcCLP are required for c-di-GMP binding.
Examination of the amino acid sequence of XcCLP
indicates that R154 and D170 are present within
motifs with some similarity to those required for c-
di-GMP binding by PilZ domains; specifically
150RxxxR154 motif and the DxS sequence in the
170D/NxSxxG motif of PilZ. This limited similarity
and the additional involvement of the residues D70
and R166 may suggest that the XcCLP binding site
for c-di-GMP is novel, although direct evidence such
as the determination of the crystal structure of the
XcCLP–c-di-GMP complex is necessary to establish
this notion.
Fig. 6. Cartoon models of sequence evolution from EcCRP to
It is intriguing to note that nature has evolved
very similar regulatory proteins (EcCRP andXcCLP)
that are controlled in a divergent fashion by dif-
ferent cyclic mono- or dinucleotides. Our findings
suggest that this is not simply due to alteration in the
cyclic mononucleotide-binding pocket, because c-di-
GMP binds to XcCLP at a different site from cAMP
binding to EcCRP. A possible evolutionary pathway
between EcCRP and XcCLP (Fig. 6) envisages evolu-
tion of EcCRP, which is only active in transcriptional
regulation in the presence of cAMP, to an EcCRP*-
like protein through accumulation of mutations
leading to structural alterations that mimic the
cAMP-induced conformational changes of EcCRP.
Further mutations render the intrinsic action of the
EcCRP*-like protein XcCLP in binding to promoter
DNA responsive to c-di-GMP. Since no adenylate
XcCLP. The evolution pathway is boxed in dotted orange.



659CLP, c-di-GMP, and Virulence Gene Expression in Xcc
cyclase or CRP gene can be detected in the
genomes of Xanthomonas spp., the c-di-GMP/CLP
pair rather than the cAMP/CRP pair may be the
major player in regulating gene expression in
Xanthomonas spp.
In conclusion, we propose that the influence of the

second messenger c-di-GMP on the promoter bind-
ing capability of the transcription factor XcCLP is
the mechanistic link between cell–cell signaling
mediated by the Rpf/DSF system and the expression
of specific pathogenicity genes in Xcc. This mecha-
nism of regulation by c-di-GMPmay extend to other
xanthomonads including the clinically relevant
Stenotrophomonas maltophilia,40,41 which all have
CLP proteins that are highly related to XcCLP. It
remains to be seen whether more distantly related
members of this family from unrelated bacteria
have similar structure and are similarly regulated.
Quenching bacterial quorum-sensing pathways is
becoming a new paradigm for developing the next-
generation drugs to combat pathogenic bacteria
without potentially eliciting drug resistance.42 The
DSF/Rpf signaling network in S. maltophilia may
serve as a good target for such drug development.43
Many potential targets for interference are possible,
including those involved in quorum-sensing signal
generation, signal detection, or signal transduc-
tion.44,45 SmCLP may represent an attractive down-
stream target for attenuating the S. maltophilia
pathogenicity if a suitable inhibitor can be found.
After completion of this article, a paper describing a

similar inhibition of c-di-GMP against DNA binding
by CLP from Xanthomonas axonopodis pv. citri was
published.46 A somewhat weaker binding affinity of
XaCLP toward its target DNA than XcCLP (60 nM
versus 14 nM) and a somewhat stronger XaCLP
binding toward c-di-GMP than XcCLP (1 μM versus
3.5 μM) were reported. These small differences could
be due in part to differences in salt and buffer con-
dition utilized. A commentary regarding the signif-
icance of this finding has also followed. Interestingly
this identifies the questions of structure–function and
c-di-GMPbinding that the submittedpaper addresses
as being of great importance.47
Experimental Procedures

Cloning, expression, and purification of native
and variant XcCLPs

Two primers, one forward (5′-GCCTACATATGAGCC-
TAGGGAACACGAC-3′), and one reverse (5′-GCTCTA-
GATTAGCGCGTGCCGTACAACAC-3′) containing se-
quences for the NdeI and XhoI restriction sites, were
designed on the basis of the genome sequence of
Xanthomonas campestris pv. campestris (Xcc) strain 17.
DNA fragment encoding the clp gene was PCR-amplified
and cloned into the NdeI–XhoI sites of the pET32a vector.
E. coliBL21(DE3) cells harboring the recombinant plasmids
were grown at 310 K in 800 ml of LB medium containing
ampicillin (100 μg/ml) to an OD600 of 0.7–0.9. Expression
of the target clp gene was induced by the addition of
0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at
301 K for 8 h. Overexpressed XcCLP protein with a His6-
tag at the C-terminal end was purified by an immobilized
nickel-ion column (Qiagen, Valencia, CA) and analyzed by
SDS-PAGE. The purified XcCLP exhibits a molecular mass
of about 26 kDa, corresponding to the calculated mass of
tagged translation products. The D70A, R154A, R166A,
D170A, and R166A/D170A variants for confirming
residues essential for intrinsic XcCLP–promoter binding,
the E99A, R150A, E99A/R150A, K195A, D162A, and
V165A mutants for confirming residues participating in
c-di-GMP binding, and the K173A/E174A/E176A triple
variant as a control were prepared by using the Quik-
Change site-directed mutagenesis kit (Stratagene) and the
appropriate primers,48 with the resulting sequences
confirmed byDNA sequencing. Due to the lower solubility
of XcCLP, a higher salt concentration of 250 mMNaCl and
100 mM LiCl in 20 mM Tris (pH 8.0) buffer was applied
during its purification procedure.
Crystallization of XcCLP

Purified XcCLP was concentrated using the Amicon 3
kD at 20 °C to a final stock concentration of 10 mg/ml in
250 mM NaCl, 100 mM LiCl, 20 mM Tris (pH 8.0) buffer
and 1% glycerol. The stocked protein solution was
screened for crystal formation in 600 different conditions
using a robot system. Initial crystallization condition of
25% PEG (polyethylene glycol) 3350, 0.2 M Li2SO4, and
0.1 M Tris buffer (pH 8.5) was identified. The screened
condition was further adjusted manually to improve the
crystal quality, leading to a final condition of 23% PEG
3350, 0.15M Li2SO4, and 0.1M Tris buffer (pH 8.0). Several
crystals of mutant XcCLP large enough for X-ray diffrac-
tion were obtained after incubation for 1 week and
diffracted to a resolution better than 2.3 Å.
Data collection and structural refinement

XcUMPK crystals were flash-cooled at 100 K under a
stream of cold nitrogen. X-ray diffraction data were
collected using the National Synchrotron Radiation Re-
search Center (NSRRC) beamline 13B1 in Taiwan. The data
were indexed and integrated using HKL2000 processing
software,49 giving data that were larger than 97% complete
with overall Rmerge of 3.9% on intensities. A molecular
replacement methodology by employing the AMoRe
software27 was carried out using the EcCRP structure in
the EcCRP–DNA–cAMP complex (PDB code 1CGP) as the
template. The model was manually adjusted using the
XtalView/Xfit package.50 CNS was then used for data
refinement to a final Rcryst of 22.6% and Rfree of 25.8%,
respectively.51 The crystals belong to the P21 space group.
Based on the molecular mass of XcCLP (25.6 kDa) and
space group, it was assumed that the crystal contained four
molecules per asymmetric unit. The assumption gives aVM
value of 2.42 Å3/Da and a solvent content of 49.25%.52 The
detailed statistics about data collection and refinement of
XcCLP crystals are summarized in Table 3.
Activity assay

EMSA

The DNA-binding assay of native and XcCLP were
carried out by employing an EMSA method according to
the previously reported protocol.22 DNA probes used for
EMSA analysis were prepared by PCR amplification of



Table 3. Statistics of data collection and structural
refinement of native XcCLP

Data collection
Space group P21
Unit cell parameters a= 67.687 Å, b= 67.694 Å,

c= 110.372 Å, β= 104.20°
Wavelength (Å) 0.97622
Resolution range(Å) 30–2.28 (2.36 –2.28)
Total observations 183,340
Redundancy 4.3 (3.7)
Completeness (%) 97.1 (97.5)
Rmerge (%) 3.9 (40.4)
I/σ(I) 24.5 (3.1)
Refinement statistics
Rfree test set size (%) 5
R/Rfree (%) 22.6/25.8
Average B-factors (Å2)
All 48.13
Main chain 39.82
Side chain 52.13
Water molecules 48.65
Model content
Residues 208×4
Water molecules 307
r.m.s.d. from ideal geometry
Bonds (Å) 0.0066
Angles (°) 1.2267
Solvent content/Matthews

coefficient (Å3/Da)
49.25/2.42

Values in parenthesis are for the outermost shell, while the
preceding values refer to all data.
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the upstream region of the Xcc engA promoter, using
labeled 5′-biotin-GCGATGTGATCGGTGCGGCAAT-3′
and 5′-biotin-GCTCGACACCCGA GCGCGGTAA-3′ oli-
gonucleotides as primers. The amplified DNA fragment
(102 bp) was purified from an agarose gel and applied for
shift assay by using a LightShift™ Chemiluminescent
EMSA kit (PIERCE). In competition EMSA experiments,
different DNA probes containing both site I and site II
engA promoter sequences (probe a), a single site II
promoter sequence (probe b), and no promoter sequence
(probe c), were used. Different amounts of c-di-GMP were
incubated in the XcCLP–DNA complex mixtures.

SPR and competition SPR

For SPR experiments, a double-stranded biotinylated
oligonucleotide containing the XcCLP binding site I (−55
to −85 from the transcription initiation site) was immo-
bilized onto a streptavidin-coated chip. Purified XcCLP
dissolved in a low salt buffer [80 mM NaCl, 20 mM Tris
(pH 8.0), and 20 mM LiCl] of different concentrations
ranging from 0.25 to 6 μM was passed through a DNA
chip containing a double-stranded biotinylated oligonu-
cleotide with the XcCLP binding site I for 60 s, allowing
the resonance signal to reach a plateau value. The protein-
free low salt buffer was then passed over the chip to
dissociate XcCLP from the DNA chip, followed by
washing of high salt solvent (1 M NaCl and 50 mM
NaOH) to regenerate the chip. The dissociation constants
(KD) of the XcCLP–DNA complex were determined using
a 1:1 protein/ligand stoichiometry mode by the BIAeva-
luation software supplied by the vendor. For competition
SPR experiments, XcCLP (0.4 μM) alone or in the presence
of increasing concentrations of c-di-GMP (0, 0.1, 0.2, 0.4,
0.8, and 2 μM) in the low salt buffer was injected over a
flow cell of a BIAcore sensor chip containing the promoter
double-stranded DNA. The steady-state binding res-
ponses recorded at the end of each injection for the native
XcCLP and the triple mutant were plotted against the
concentration of c-di-GMP. IC50 values were obtained as
the concentration of the c-di-GMP causing 50% decrease of
the SPR signal compared to the corresponding negative
control with zero competitor concentration.53,54

ITC

ITC experiments were carried out using an iTC200
microcalorimeter (MicroCal). A solution of 25.0 μM native
XcCLP or XcCLP mutants dissolving in high salt buffer
was titrated with 13 injections at 3-min intervals of 3 μl
each of a 0.375 mM stock solution of c-di-GMP in high salt
buffer. Heat of binding (ΔH), the stoichiometry of binding
(n), and the dissociation constant (KD) were calculated
from plots of the heat evolved per mole of ligand injected
versus the molar ratio of ligand to receptor55 using the
software provided by the vendor. The ΔH and ΔS values
obtained are listed in Table 2.

Molecular modeling and docking

To model the XcCLP–c-di-GMP complex, we have
carried out a docking analysis using the homemade
GEMDOCK program56,57 to predict the potential c-di-
GMP binding sites in XcCLP. The coordinates of c-di-GMP
were obtained from the published structure (PDB code
2rde),58 which was first minimized by SYBYL before
docking. GEMDOCK was chosen for docking study
because it is a well-developed tool that has been
successfully applied in virtual screening57,59 and in
binding site prediction60 and found to perform better
than other comparative approaches, such as GOLD and
FlexX, on a diverse data set of protein–ligand complexes.61

Top-rankingmodelswere then optimized using the SYBYL
energy-minimization protocol. The DNA-bound XcCLP
model (see supplementary material) was used as the
template for docking by c-di-GMP. Final results showed
that most of the c-di-GMPs are situated at the hinge region
of XcCLP, and binding of c-di-GMP causes XcCLP to be
released from DNA-binding.

PDB accession number

The coordinates and structural factors of XcCLP have
been deposited in the PDB with accession number 3IWZ.
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