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ABSTRACT

High levels of the universal bacterial second messenger cyclic di-GMP (c-di-GMP) promote the establishment of surface-attached growth in many bacteria. Not only can c-di-GMP bind to nucleic acids and directly control gene expression, but it also
binds to a diverse array of proteins of specialized functions and orchestrates their activity. Since its development in the early
1990s, the synthetic peptide array technique has become a powerful tool for high-throughput approaches and was successfully
applied to investigate the binding specificity of protein-ligand interactions. In this study, we used peptide arrays to uncover the
c-di-GMP binding site of a Pseudomonas aeruginosa protein (PA3740) that was isolated in a chemical proteomics approach.
PA3740 was shown to bind c-di-GMP with a high affinity, and peptide arrays uncovered LKKALKKQTNLR to be a putative c-diGMP binding motif. Most interestingly, different from the previously identified c-di-GMP binding motif of the PilZ domain
(RXXXR) or the I site of diguanylate cyclases (RXXD), two leucine residues and a glutamine residue and not the charged amino
acids provided the key residues of the binding sequence. Those three amino acids are highly conserved across PA3740 homologs,
and their singular exchange to alanine reduced c-di-GMP binding within the full-length protein.
IMPORTANCE

In many bacterial pathogens the universal bacterial second messenger c-di-GMP governs the switch from the planktonic, motile
mode of growth to the sessile, biofilm mode of growth. Bacteria adapt their intracellular c-di-GMP levels to a variety of environmental challenges. Several classes of c-di-GMP binding proteins have been structurally characterized, and diverse c-di-GMP
binding domains have been identified. Nevertheless, for several c-di-GMP receptors, the binding motif remains to be determined. Here we show that the use of a synthetic peptide array allowed the identification of a c-di-GMP binding motif of a putative c-di-GMP receptor protein in the opportunistic pathogen P. aeruginosa. The application of synthetic peptide arrays will facilitate the search for additional c-di-GMP receptor proteins and aid in the characterization of c-di-GMP binding motifs.

B

is-(3=-5=)-cyclic di-GMP (c-di-GMP) is a universal bacterial
secondary messenger and a key player in the decision between
the motile planktonic mode of growth and the sessile biofilmassociated mode of growth (1–3). Intracellular c-di-GMP levels
are tightly controlled in response to a broad range of environmental cues which impact the expression or the activity of two classes
of enzymes, diguanylate cyclases (DGCs) and phosphodiesterases
(PDEs) (4–9). DGCs contain a conserved GGDEF domain and
mediate the synthesis of c-di-GMP from two molecules of GTP,
whereas PDEs are EAL or HD-GYP domain-containing proteins
involved in c-di-GMP degradation. A common feature of most
DGCs is allosteric feedback inhibition, as binding of c-di-GMP to
an I-site motif within the GGDEF domain inhibits enzymatic activity (10, 11). The conserved GGDEF/EAL domains are associated with many diverse input and output domains that receive a
great variety of extracellular signals to allow the cell to respond to
a broad range of environmental cues with an adjustment of intracellular c-di-GMP levels (12, 13). In recent years, some extracellular signals, such as light, volatile compounds, and surface attachment, have been shown to regulate enzyme activity; however,
knowledge of how elevated c-di-GMP levels are translated into a
bacterial response on the single-cell level remains limited (14–20).
Insights into c-di-GMP effectors have come from the demonstration that proteins containing a PilZ domain can bind c-di-
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GMP and control phenotypes involved in motility, biofilm formation, and pathogenicity (21–24). Another class of c-di-GMP
binding proteins contains degenerate GGDEF or EAL domains
which lost their enzymatic activity but bind c-di-GMP and thus
communicate intracellular c-di-GMP levels to output domains
(14, 24–28). Furthermore, transcriptional regulators have been
demonstrated to bind c-di-GMP and to directly impact gene expression (14, 29–32). These transcription factors do not seem to
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share a c-di-GMP binding motif. Additionally, conserved RNA
domains, which reside in 5= untranslated regions of different
mRNAs, have been shown to be c-di-GMP targets and to affect
gene expression via riboswitches (33, 34). Recently, a new c-diGMP binding domain, the GIL domain, and a novel protein family, the YajQ family, were identified to be c-di-GMP effectors
(35, 36).
Despite the recent advances in the identification of diverse cdi-GMP effectors, in many bacterial species only a few of them
have been identified, and their low number does not seem to reflect the unprecedented range of effector components that are
regulated by c-di-GMP. Thus, identification of further classes of
c-di-GMP binding domains can be expected, and many questions
on the nature of the targets of c-di-GMP action are still open. We
have recently applied a chemical proteomics approach employing
a functionalized c-di-GMP analog to uncover novel candidate cdi-GMP binding proteins in the opportunistic bacterial pathogen
Pseudomonas aeruginosa (37).
In this study, we coupled chemically unmodified c-di-GMP to
a Sepharose matrix and identified two not previously detected
c-di-GMP binding proteins. One of those, PA3740, was confirmed
to bind c-di-GMP by the use of surface plasmon resonance (SPR).
To uncover the amino acid motif that binds its target c-di-GMP,
we applied a peptide array approach (38) with a series of tiled
overlapping peptides derived from the full amino acid sequence of
PA3740. We identified a LKKALKKQTNLR peptide sequence to
be a novel c-di-GMP binding motif. Interestingly, the leucine residues and the glutamate residue proved to be essential for c-diGMP binding to the peptide as well as to the purified full-length
PA3740 protein.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. P. aeruginosa PAO1 and Escherichia coli strains were cultured in lysogeny broth (LB) medium at 37°C
and 180 rpm. If required, 100 g/ml ampicillin was added. For all cloning
steps, E. coli strain DH5␣ was used. A mutant harboring a transposon
insertion within PA3740 was selected from the PAO1 mini-Tn5-lux transposon mutant library (of Robert E. W. Hancock [39]). Overexpression of
PA3740 was realized by using pJN105::PA3740, by which the PA3740 gene
was amplified with PA3740-specific forward primer fPr6 (5=-GATCGAA
TTCTAAGAAGGAGATATAATGACCATGTCCAATCAACAAC-3=) and
PA3740-specific reverse primer rPr6 (5=-GATCTCTAGAGATCAGGGC
CGCAGGCTGA-3=) and inserted between the EcoRI and XbaI restriction
sites. The mutant and the PA3740-overexpressing strain were used for
phenotypic assays.
For protein purification purposes, PA3740 was PCR amplified by the
Pfu polymerase with the gene-specific primers PA3740fPr (5=-AAAACAT
ATGATGACCATGTCCAATCAACAAC-3=) and PA3740rPr2 (5=-GATC
AAGCTTGGGCCGCAGGCTGAT-3=). The PCR product was digested
with the restriction enzymes NdeI and HindIII and cloned into pET21a⫹
(Novagen), which comprises a hexahistidine tag after the multiple-cloning site. The resulting plasmids were verified by sequencing. Alanine mutants of PA3740-His6 were generated by introducing respective point mutations into the pET21a⫹::PA3740 plasmid with the help of mutagenic
primers and a QuikChange II site-directed mutagenesis kit (Agilent Technologies). The sequences of the mutagenic primers are available upon
request.
Swimming and swarming motility. Swimming and swarming assays
were performed as previously described (56) with a slight modification:
instead of 0.5% (wt/vol) Casamino Acids, only 0.1% (wt/vol) Casamino
Acids was added to the swarm agar plates. To the motility plates, 0.5%
arabinose and 50 g/ml gentamicin were added. Bacteria were grown for
6 h at 37°C in LB medium supplemented with 50 g/ml gentamicin at 180
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rpm. Cells were harvested by centrifugation, resuspended in phosphatebuffered saline (PBS), and adjusted in respect to cell number. Each motility plate was inoculated with 1 l bacterial suspension. The plates were
incubated at 33°C in a humid atmosphere for 17 h.
Growth curve. The growth rates of wild-type planktonic cells with the
pJN105 empty vector and wild-type planktonic cells overexpressing
PA3740 from pJN105 were monitored using an automated growth analysis system (Bioscreen C MBR; iLF Bioserve, Langenau, Germany). Therefore, for each strain, triplicate precultures at an optical density at 600 nm
(OD600) of 0.07 were inoculated in a 100-well honeycomb plate (iLF Bioserve) with LB and grown overnight at 37°C. From time zero, induction
occurred with 0.5% arabinose. The plate was incubated at 37°C with continuous shaking in a computer-controlled Bioscreen incubator for 25 h.
The turbidity of the bacterial suspensions (OD600) was automatically
measured every 15 min.
Immobilization of c-di-GMP on Sepharose 6B. c-di-GMP was synthesized as previously specified (40). Preparation of c-di-GMP affinity
resin was performed as described for the immobilization of cyclic GMP
(cGMP) (41) with some modifications: a total of 500 mg epoxy-activated
Sepharose 6B (GE Healthcare) was treated 10 times with 25 ml cold deionized water. The washed resin was resuspended in 3 ml coupling buffer
(100 mM Na2B4O7, 100 mM NaCl, pH 11) and incubated with 2.2 mg (3
mol) c-di-GMP at 40°C in a thermomixer. The progression of immobilization was monitored by analytical high-pressure liquid chromatography (HPLC) using a 5% acetonitrile–20 mM triethylammonium formate
buffer, pH 6.8, as the eluent. The HPLC system consisted of an L 6200
pump, an L 4000 variable-wavelength UV detector, and a D 2500 GPC
integrator (all from Merck-Hitachi). The stationary phase was YMC
ODS-A 120-10 (YMC, Kyoto, Japan) in a stainless steel column (250 by
4.6 mm). The coupling reaction proceeded for 144 h, and any unreacted
epoxy groups were blocked with 100 mol ethanolamine in coupling
buffer for 24 h. After filtration and multiple washing steps (twice with 25
ml 20% ethanol, twice with 25 ml water, twice with 25 ml 30 mM
NaH2PO4, pH 7), the affinity resin was stored in 30 mM NaH2PO4, 1%
NaN3, pH 7, at 4°C. The ligand density was 0.45 mol/100 mg (on a dry
weight basis) resin, as determined by HPLC analysis during coupling. In a
control experiment, c-di-GMP was incubated in coupling buffer without
affinity resin at 40°C for 144 h. After this period, less than 15% degradation of c-di-GMP was detected by analytical HPLC.
To identify functional groups that react with epoxy-activated Sepharose, a model reaction was performed under the above-mentioned coupling conditions using the related cyclic nucleotide cGMP (Biolog, Bremen, Germany) and (S)-(⫺)-1,2-epoxy-butane (Aldrich). The reaction
products obtained were analyzed by HPLC, nuclear magnetic resonance
(NMR), and mass spectrometry (MS).
A control affinity resin was prepared by incubating epoxy-activated
Sepharose 6B with 100 mol ethanolamine in coupling buffer at 40°C
for 48 h.
Affinity chromatography and MS analysis. For isolation of c-diGMP binding proteins, P. aeruginosa PAO1 was cultivated in 500 ml LB
overnight at 37°C. After the bacteria were harvested by centrifugation
(4°C, 6,000 ⫻ g, 10 min) and one washing step with PBS, the pellet was
resuspended in 15 ml ice-cold PBS lysis buffer containing protease inhibitors (Roche) and 1 mM dithioerythritol. Cells were lysed by bead beating
(three times for 20 s each time at power 4.5), and cell debris was removed
by centrifugation at 4°C and 37,500 ⫻ g for 45 min. The supernatant was
collected and subsequently submitted to affinity purification using 200 l
of the c-di-GMP affinity resin equilibrated with lysis buffer. Affinity chromatography was performed as previously described (37), except that six
washing steps were performed with lysis buffer and proteins were eluted
either by heat treatment or with 0.5 mM c-di-GMP in PBS. Eluted
proteins were concentrated by trichloroacetic acid precipitation and
subjected to SDS-PAGE analysis. Coomassie-stained protein bands
were excised and analyzed by liquid chromatography (LC)-MS/MS
essentially as described previously (37). The Scaffold program (version
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Scaffold_3_00_03; Proteome Software Inc.) was used to validate the MS/
MS-based peptide and protein identifications. Proteins were accepted
only when at least 1 unique peptide showed 95% confidence and the total
protein confidence was at least 95%. Peptide probabilities were specified
by the Peptide Prophet algorithm (42), and protein probabilities were
assigned by the Protein Prophet algorithm (43).
PA3740 protein production and purification. Despite several attempts, we were not able to produce soluble recombinant PA3740 protein
in E. coli, Saccharomyces cerevisiae, or HEK293 cells and thus performed
cell-free protein synthesis. In vitro translation of PA3740 was performed
by the use of an EasyXpress protein synthesis kit (Qiagen). For protein
production, 100 ng of the pET21a⫹::PA3740 construct and its mutated
derivatives was used. Purification of the PA3740-His6 protein was carried
out by affinity chromatography using Ni-nitrilotriacetic acid-magnetic
agarose beads (Qiagen) following the manufacturer’s instructions. The
protein concentration was determined by the Bio-Rad protein assay (BioRad), which is based on the Bradford method. The purified protein was
captured at 4°C and immediately used.
c-di-GMP binding studies using SPR. Surface plasmon resonance
(SPR) interaction studies were performed using a Biacore 3000 instrument (Biacore GE Healthcare) as described by Düvel et al. (37). Briefly,
2=-O-(6-aminohexylcarbamoyl)-c-di-GMP (2=-AHC-c-di-GMP; 1 mM
in 100 mM borate running buffer, pH 8.5; Biolog, Bremen, Germany)
was immobilized via N-hydroxysuccinimide (NHS)– ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride amine coupling on a
CM5 sensor chip. A reference cell was activated and deactivated without
ligand immobilization.
All SPR analyses were performed in buffer containing 20 mM MOPS
(morpholinepropanesulfonic acid), pH 8, 300 mM NaCl, 1 mg/ml CMdextran, or 1 mg/ml bovine serum albumin plus 0.005% (vol/vol) surfactant P20 at 20°C. Association and dissociation were monitored for 4 min
each. Nonspecific binding was subtracted by performing blank runs with
the respective buffer on the reference cell.
Binding analyses were performed by injection of the PA3740 wild type
or PA3740 alanine substitution mutants over the sensor surface at a flow
rate of 30 l/min. Competition experiments were performed in the presence of c-di-GMP, cyclic AMP (cAMP), or cGMP (1 M or 10 M, as
indicated in the figure legends).
The half-maximal (50%) effective concentration (EC50) was determined in a solution competition assay (44). In brief, different concentrations of PA3740 (500 nM, 100 nM, and 50 nM) were preincubated with
various amounts of free c-di-GMP (50 pM to 5 M) for 30 min, and the
mixture was injected over the 2=-AHC-c-di-GMP surface at a flow rate of
30 l/min. The binding signals were collected at the end of the association
phase and plotted against the logarithm of the free c-di-GMP concentration. An EC50 was calculated from the dose-response curve using GraphPad Prism software (version 5.01; GraphPad Software, San Diego, CA).
After each binding experiment, the sensor surfaces were regenerated by
two injections of 3 M guanidinium HCl and one injection of 0.05% SDS,
and the drifting baseline was stabilized by one injection of 1 M NaCl.
Peptide array. Peptide arrays were synthesized by the spot technique
(38) on an amino-pegylated cellulose membrane (AIMS Scientific Products GmbH, Berlin, Germany) as described previously (45). Peptides are
N-terminally acetylated and remain covalently attached to the membrane
spot via their carboxyl terminus. For probing of the array, 10-ml volumes
of the various solutions were applied to the membrane. The peptide arrays
were conditioned in ethanol for 10 min and washed with TBS (20 mM
Tris, 137 mM NaCl, pH 7.6) three times for 5 min each time. Inactivation
of unspecific binding sites was achieved by incubation with blocking buffer (recipe, 20 ml casein-based blocking buffer [10⫻; catalog number
B6429; Sigma], 80 ml TBS-Tween, pH 8, 5 g sucrose) for 2 h. The blocked
arrays were scanned for background fluorescence. Eight hundred microliters of a 1 M solution of the fluorescence-labeled 2=-O-(6-[fluoresceinyl]aminohexylcarbamoyl)-c-di-GMP (2=-Fluo-AHC-c-di-GMP)
in blocking buffer was applied, and the membrane was incubated for 1 h
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15 min in the dark. The arrays were then washed with TBS three times for
10 min each time. Fluorescence scanning was performed with an FLA9000
reader (Fujifilm) using the settings for Sybr green. For removal of bound
2=-Fluo-AHC-c-di-GMP, the peptide arrays were washed with water
twice for 10 min each time, three times with buffer A (8 M urea, 1% SDS,
0.5% ␤-mercaptoethanol; the pH was adjusted to 7 with acetic acid) with
5 min of shaking followed by 5 min in a ultrasonic bath at 30°C, and finally
three times with buffer B (10% [vol/vol] acetic acid, 50% [vol/vol] ethanol) for 10 min each time. For short-term storage, the arrays were kept in
TBS at 4°C, and for long-term storage, they were washed twice in ethanol,
air dried, sealed in a plastic bag, and stored at ⫺20°C.
Dot blot c-di-GMP binding assay. The dot blot assays were performed as described previously (37) but with the slight modification that
the in vitro-translated protein was spotted onto the nitrocellulose membrane.

RESULTS AND DISCUSSION

Coupling of c-di-GMP to Sepharose beads. Immobilized c-diGMP has previously been used as the bait for cellular effector
molecules for affinity pulldown assays in P. aeruginosa. More precisely, the functionalized c-di-GMP analog 2=-AHC-c-di-GMP, in
which the 2=-OH group of one ribose ring was replaced by a
6-aminohexylcarbamoyl group, was coupled to NHS-activated
Sepharose beads (37).
Here we used an alternative affinity resin for pulldown experiments, in which chemically unmodified c-di-GMP was coupled
to epoxy-activated Sepharose under alkaline conditions, leading
to a final ligand density of 0.45 mol per 100 mg (on a weight dry
basis) resin. The coupling conditions most likely resulted in one
main product (more than 35%) and at least six by-products. For
the main product, a monosubstitution at position N-1 of the guanine ring was demonstrated by NMR (data not shown). The byproducts seemed to be partly multisubstituted at position N-7
(guanine ring) and position 2=OH (ribose ring), as depicted in Fig.
1. As c-di-GMP contains two guanosine moieties, the possibility
that the compound is at least partially coupled to the Sepharose
beads via both guanosine units cannot be excluded.
Affinity chromatography in P. aeruginosa PAO1. The c-diGMP-coupled Sepharose served for the isolation of c-di-GMP
binding proteins from P. aeruginosa PAO1. Epoxy-activated Sepharose transformed with ethanolamine was used as a negative
control in order to identify proteins that bind to the Sepharose
matrix nonspecifically. The freshly prepared cell lysates were incubated with the affinity resins, and following extensive washing
steps, the enriched proteins were eluted by the addition of free
c-di-GMP. Proteins that eluted in three independent pulldown
experiments were analyzed following SDS-PAGE and automated
peptide sequencing (LC-MS) as described previously (37). Seven
proteins that were enriched by the c-di-GMP-coupled Sepharose
in at least two out of three pulldown experiments but not by the
respective control Sepharose were identified. Those included the
methyltransferase PilK (PA0412), PA0174 (a protein probably involved in chemotaxis), the chemotaxis methyltransferase CheR1
(PA3348), the PilZ domain protein PA3353, PA2567 (which contains a GAF domain, a degenerate GGDEF domain, and an EAL
domain) (4, 46), PA4396 (which contains a degenerate GGDEF
domain with an intact I site) (4), and PA3740. With the exception
of PA2567 and PA3740, all proteins have previously been identified in pulldown experiments with 2=-AHC-c-di-GMP coupled to
NHS-activated Sepharose as the bait for the cellular effector molecules (37).
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FIG 1 Chemical structure of c-di-GMP. Black arrow, the main position of
c-di-GMP coupling to the Sepharose matrix; framed arrows, possible coupling
positions of by-products. The possibility of multiple substitutions within the
same guanosine moiety or with the second guanosine moiety cannot be excluded. In 2=-AHC-c-di-GMP, the 2=-OH group of one ribose ring is replaced
by a 6-aminohexylcarbamoyl group. In 2=-Fluo-AHC-c-di-GMP, 5-carboxyfluorescein has been attached to the 2=-OH group of one ribose ring via an
aminohexylcarbamoyl spacer.

It was obvious that many known c-di-GMP binding proteins
were missed by the pulldown approach used in this study. It seems
that our alternative coupling approach had a lower overall binding
efficiency than other approaches, which might have been due to
the fact that in c-di-GMP, the N-7 and O-6 of the guanine nucleobases act as main hydrogen bond acceptors (10, 27, 47–50). However, a possible advantage of this alternative Sepharose over the
one used previously is that in the majority of c-di-GMPs immobilized via position N-1, there are still two free 2=-OH groups for
interaction with c-di-GMP binding proteins. Therefore, the alternative Sepharose might pull down a different and complementary

set of c-di-GMP binding proteins in P. aeruginosa. Indeed, we
identified two proteins (PA2567 and PA3740) that were not captured in our previous 2=-AHC-c-di-GMP-coupled Sepharosebased screen.
PA3740 showed a high affinity to c-di-GMP in surface plasmon resonance binding studies. Whereas Rao et al. (46) showed
that the EAL domain of PA2567 is catalytically active, PA3740 is a
protein of unknown function which does not harbor any previously identified c-di-GMP binding domain. Furthermore, no putative nucleotide binding sites, such as those identified in GTPases
and ATPases, ATP-binding sites of ABC transporters, or proteins
binding the dinucleotide NAD or flavin adenine dinucleotide,
were identified.
To quantify the c-di-GMP binding of PA3740, we applied SPR.
2=-AHC-c-di-GMP coupled via an amino linker to a CM 5 sensor
chip, a strategy successfully applied in previous binding studies
(37), was used. PA3740 with a C-terminal His tag was expressed in
cell-free protein biosynthesis systems. An SDS gel showing protein
production and purification is provided in Fig. S1 in the supplemental material. PA3740-His6 was tested for its ability to interact
with the 2=-AHC-c-di-GMP sensor surface. The protein interacted specifically with immobilized 2=-AHC-c-di-GMP since this
binding could be completely competed with free c-di-GMP (Fig.
2A). cAMP could not compete for binding to PA3740, whereas we
observed a slight competition with cGMP (Fig. 2A). In a solution
competition assay, a constant concentration of PA3740-His6 together with increasing amounts of free c-di-GMP was injected
over the sensor chip. By plotting the residual SPR signal corresponding to each c-di-GMP concentration against the c-di-GMP
concentration, an EC50 of 30 ⫾ 12 nM (n ⫽ 3) (Fig. 2B) was
determined. This concentration is within the range of intracellular
c-di-GMP concentrations (50 nM to a few micromolar) (51). This
indicates that PA3740 shows binding to c-di-GMP comparable to
that of the high-affinity c-di-GMP receptors containing PilZ domains (1, 37, 51).
Overexpression of PA3740 retards growth and affects swimming and swarming motility. To investigate the cellular function
of the c-di-GMP binding protein PA3740 in P. aeruginosa PAO1,
we selected a PAO1 PA3740 transposon mutant (39) and monitored c-di-GMP-dependent motility phenotypes. Swimming,
swarming, and twitching motility were not influenced in the
PA3740 transposon mutant. Furthermore, the crystal violet assay

FIG 2 Analysis of c-di-GMP binding to purified PA3740 protein by SPR. (A) Analysis of binding of purified PA3740-His6 demonstrates that PA3740 (800 nM;
solid black line) binds specifically to a 2=-AHC-c-di-GMP sensor surface. This binding can be competed with c-di-GMP (1 M; dashed black line) but not with
cAMP (1 M; red line). cGMP (1 M; blue line) causes only a slight reduction in binding. (B) Solution competition assays of PA3740-His6 revealed an EC50 of
30 ⫾ 12 nM (n ⫽ 3). Normalized data are shown. log c, log concentration.
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determined that the PA3740 transposon mutant showed no altered biofilm formation.
We next tested whether overexpression of PA3740 has an effect
on the bacterial phenotype. While biofilm formation and twitching motility did not differ between the wild type, the mutant, and
the PA3740-overexpressing strain (data not shown), the overexpressing strain exhibited reduced swimming and swarming motility (Fig. 3A and B). The strain overexpressing the PA3740 protein reached the same final optical density as the wild type in
stationary phase but exhibited retarded growth due to an extension of the lag phase (Fig. 3C). Thus, the possibility that the motility phenotype is linked to growth inhibition cannot be excluded.
Identification of a novel c-di-GMP binding domain. In the
last decade, many tools that serve for the characterization of samples of genome-wide origin have been developed and advanced.
For example, spotting of oligonucleotide probes onto a planar
surface provided the bases for the hybridization of labeled DNA or
RNA target molecules and was exploited to characterize genomic
regions for which the sequence is known (52). In this respect,
oligonucleotide microarrays were used to define the transcriptional expression of particular genomic regions and also for the
discovery of DNA and protein interactions (53, 54). Other methods rapidly complemented the approach of spotting of oligonucleotides, such as the synthesis of peptides on membrane supports.
Peptide arrays are used for the analysis of immunological epitopes,
protein-protein interactions, as well as enzyme substrate recognition and represent an attractive method for mapping and analysis
of linear binding sites (55). Moreover, applications in other fields
are steadily growing, and peptide arrays are increasingly used to
identify peptides that selectively bind target molecules other than
proteins.
In this study, we performed array-based oligopeptide scanning
of the PilZ-domain protein PA3353 as a positive control and of
PA3740 that exhibited neither a conserved I site nor a PilZ domain. The PilZ domain is a prototype for cellular c-di-GMP receptors, and binding of c-di-GMP involves conserved RXXXR and
(D/N)XSXXG linear sequence motifs, whereas c-di-GMP binds to
the primary I site in DGCs which contains a conserved RXXD
motif (11, 21, 47). We designed peptide arrays which contained
15-mer peptides derived from the sequences of the PilZ domain
protein PA3353 and of PA3740, for which the c-di-GMP binding
site is unknown. The amino acid sequence of each of the peptides
was shifted by 3 amino acids; thus, neighboring peptides overlapped by 12 amino acids. We screened the arrays for binding of
fluorescently labeled 2=-AHC-c-di-GMP. As depicted in Fig. 4, the
screen revealed two consecutive c-di-GMP binding peptides in
both peptide arrays. As expected, in PA3353 the binding peptides
corresponded to the previously identified RXXXR motif of the
PilZ domain. Screening of the PA3740 peptide array revealed two
peptides exhibiting a LKKALKKQTNLR consensus sequence.
Importantly, the PA3353 peptide array also covered a region of
the protein that exhibited a second RXXXR motif which does not
belong to the PilZ domain and which also did not bind to fluorescence-labeled 2’-AHC-c-di-GMP. This result indicates that the
mere presence of two arginine residues with a 3-amino-acid spacing is not sufficient for effective c-di-GMP binding.
Consensus sequence for the LKKALKKQTNLR peptide sequence. PA3740 is a protein with unknown function; however, its
sequence is well conserved across different bacterial species. A
protein BLAST (BLASTP) alignment of the full-length sequence
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FIG 3 Phenotypic characterization. The swimming motility (A) and swarming motility (B) of wild-type PA3740 (wt), the PA3740 transposon mutant (Tn
PA3740), and the PA3740-overexpressing strain (PA3740oe) show reduced
swimming and a reduced swarming zone of the PA3740-overexpressing strain.
The wild type and the PA3740 transposon mutant contain the empty pJN105
vector. (C) Growth curves of the wild type (wt) with an empty pJN105 vector
(pJN) and the wild-type with PA3740 expressed from the vector show a growth
delay of the PA3740-overexpressing strain, although both strains reached the
same optical density.
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FIG 4 Array-based peptide scans for the identification of c-di-GMP binding motifs. The array contained 15-mer peptides derived from the amino acid sequence
from positions 13 to 263 of the PilZ domain containing the PA3353 protein and the amino acid sequence from positions 1 to 228 of PA3740. Each peptide
consisted of 15 amino acids overlapping with its neighboring peptides by 12 amino acids. (A) Peptides 46 and 47 containing the RXXXR (RNAYR) motif of the
PilZ domain-containing protein PA3353 gave a positive signal with 2=-Fluo-AHC-c-di-GMP. (B) In PA3740, peptides 18 and 19 gave positive signals, the
consensus sequence of which was LKKALKKQTNLR.

of PA3740 against the sequences in the NCBI nonredundant protein collection delivered 57 hits of homologous sequences (outside
the P. aeruginosa species with a cutoff value of ⬍E⫺10) (Fig. 5; see
also Table S1 in the supplemental material). Although the lengths

of the phylogenetic tree branches indicate quite distant evolutionary relationships between the PA3740 homologs, their common
motif shows conserved positions. As depicted in Fig. 5, two lysine
residues (KK) of the LKKALKKQTNLR amino acid sequence (un-

FIG 5 Consensus sequence for the LKKALKKQTNLR motif. A BLASTP search aligning the PA3740 sequence against the sequences in the NCBI nonredundant protein
collection was performed, with the sequences of the P. aeruginosa group (taxonomic identifier, 136841) being excluded from the search. This search delivered 57 hits
(cutoff value, ⬍E⫺10) of homologous sequences. Sequence alignment of the 57 PA3740 BLAST hits was performed using the ClustalW program, provided by the
www.phylogeny.fr web service. The phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML program (version 3.1/3.0
aLRT), which was offered on the same server mentioned above. The WAG substitution model was selected, and an estimated proportion of invariant sites of 0.017 and
4 gamma-distributed rate categories were assumed to account for rate heterogeneity across sites. The gamma shape parameter was estimated directly from the data
(gamma ⫽ 1.252). Reliability for internal branches was assessed using the approximate likelihood-ratio test (aLRT), and the output numbers are depicted on the tree
branches. The three main groups of Pseudomonas spp. (without P. aeruginosa), Marinobacter spp., and betaproteobacteria are boxed and labeled accordingly. Table
S1 in the supplemental material lists the indicated GI numbers. All 57 homologous sequences were used as an input for the creation of a consensus sequence. (Top left)
The consensus sequence logo for the c-di-GMP binding motif was created by use of the WebLogo 3 web service. The overall height of the stack indicates the sequence
conservation, while the height of the symbols within the stack indicates the relative frequency of each amino acid at that position.
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FIG 6 Dot blot assay for c-di-GMP binding. In vitro translation products with the indicated mutations were spotted onto the nitrocellulose membrane and
incubated with fluorescence-labeled 2=-AHC-c-di-GMP. Highly conserved residues are depicted in red. For each mutant, the respective wild-type control blot is
shown in a blue-framed picture.

derlined) were conserved. Furthermore, both leucine (L) residues
as well as the glutamine (Q) were highly conserved.
In order to evaluate whether the c-di-GMP binding motif is
present in proteins outside PA3740 and PA3740 homologs, we
subsequently performed a BLASTP search against the sequences
in the NCBI nonredundant protein collection by entering the LK
KALKKQTNLR motif alignment extracted from the 57 PA3740
homologs. High-quality hits (E value, ⬍E⫺7) belonged exclusively to PA3740 or its homologs, indicating that this motif is
unique.
Binding of c-di-GMP to the full-length PA3740 protein confirms the LKKALKKQ motif. We next explored whether the LK
KALKKQ amino acid sequence of PA3740 is important for c-diGMP binding to the full-length protein and aimed at confirming
the key residues of the binding motif. As depicted in Fig. 6, the
PA3740 protein and variants thereof exhibiting variations of the
putative c-di-GMP binding motif were translated in vitro, spotted
onto a nitrocellulose membrane, and incubated with fluorescence-labeled 2=-AHC-c-di-GMP. Single amino acids at positions

R53, L55, K56, K57, L59, K60, K61, and Q62 were exchanged to
alanine. We also simultaneously exchanged to alanine two amino
acids at positions R53 and K57, K56 and K57, K60 and K61, K56
and K60, and K57 and K61 and four amino acids at positions K56,
K57, K60, and K61. Very clearly, the exchange of the leucine (L)
residues at positions 55 and 59 and the exchange of glutamine (Q)
at position 62 were detrimental. The simultaneous exchange of the
two lysines (KK) at positions 56 and 57 as well as at positions 60
and 61 was also poorly tolerated.
In a parallel experiment, we also applied SPR to test for c-diGMP binding to the full-length wild-type protein and the mutants
with alanine substitutions at L55, L59, and Q62 (Fig. 7). Therefore, a 100 nM concentration of the PA3740 wild type and a 100
nM concentration of each of the respective mutant proteins were
injected over the 2=-AHC-c-di-GMP sensor surface. The wildtype protein yielded a binding signal of about 70 resonance units
(RU), whereas the L55 mutant showed a signal of only about 30
RU. The L59 and Q62 mutants gave even smaller values (⬎17
RU). These results demonstrate the importance of L55 and, in

FIG 7 Surface plasmon resonance analysis of the PA3740 binding motif mutants. 2=-AHC-c-di-GMP was immobilized covalently to the sensor surface as
described in Materials and Methods. The PA3740 wild type (gray) and mutant (red) proteins (100 nM each) were injected in the absence (solid lines) or presence
(dashed lines) of 10 M c-di-GMP. Association and dissociation phases were each monitored separately for 240 s.
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particular, of L59 and Q62 for c-di-GMP binding in PA3740, supporting the idea of a novel c-di-GMP binding motif. In contrast to
the wild-type protein, the binding signal of the mutant proteins
could not be competed to the baseline with 10 M c-di-GMP,
again indicating severe disturbance of the binding motif.
Conclusion. In this study, we identified PA3740 to be a novel
c-di-GMP binding protein in P. aeruginosa and demonstrated the
applicability of oligopeptide scanning for the identification of a
novel c-di-GMP binding motif. This motif was demonstrated to
be essential for the binding of c-di-GMP to the native full-length
protein, and mutational analysis revealed a dominant role of the
two leucine residues and the glutamine residue for c-di-GMP
binding. The crystal structure of this binding domain in complex
with c-di-GMP should uncover how the ligand is bound to the
protein, including the involvement of the two leucine residues and
the one glutamine residue and the extent to which the neighboring
amino acids are important to the high-affinity binding. Whether
c-di-GMP induces structural changes upon binding and thus affects downstream targets remains an open question, just as
whether this c-di-GMP binding domain can also be expected to be
present in other c-di-GMP effector proteins. The next challenge
will be to unravel the cellular function of PA3740 in P. aeruginosa.
Whether PA3740 inhibits motility directly or whether production
of the protein causes an additional stress that leads to a slowdown
of motility remains to be explored.
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